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Introduction


During the past two decades, tremendous progress has been
made in the field of asymmetric catalysis.[1±3] A number of
highly enantioselective as well as practical catalysts have been
developed for the synthesis of chiral organic compounds
including drug molecules and agricultural products. Because
the optically active catalysts are often quite expensive to
prepare, it is highly desirable if they can be easily recovered
and reused. For this purpose, the application of both hetero-
geneous and homogeneous polymer-supported chiral catalysts
to asymmetric synthesis has been studied.[4±6] The large size
differences between macromolecules and small molecules
make it easy to recycle the chiral polymer catalysts. The
heterogeneous polymer-supported chiral catalysts are recov-
ered by simple filtration and the homogeneous polymer-
supported chiral catalysts by either membrane filtration or
precipitation with poor solvents followed by filtration. The
polymer-supported catalysts can also be used for continuous
production of chiral products in flow reactors or flow
membrane reactors. Traditionally, the polymer-supported
chiral catalysts are prepared by anchoring highly enantiose-
lective monomeric catalysts to flexible and sterically irregular
polymer supports. Although a few enantioselective polymer
catalysts have been obtained in this manner, a significant
reduction of enantioselectivity is often observed after a
monomeric catalyst is attached to a polymer support. This
indicates that the microenvironment of the polymer is very
important for the stereoselectivity of the catalyst. Because of
the stereo-irregularity and flexibility of the traditional poly-
meric chiral catalysts, their catalytic sites do not have well-
defined microenvironment. It is very difficult to systematically
modify the microenvironment of the catalytic sites in these
polymers to improve their enantioselectivity.


Discussion


Recently, we have carried out a program to use optically pure
1,1'-binaphthyl molecules[7] to build novel rigid and sterically
regular chiral polymers[8, 9] and have studied their applications
as asymmetric catalysts.[10±16] Polymer 1 represents a general
structure for the binaphthyl-based polymeric chiral catalysts.
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Owing to the rigidity and stereoregularity of the polymer, its
metal centers, that is, the catalytic sites, have much better
defined microenvironments compared with those in the
traditional polymer catalyst 2.[6] Therefore, when the polymer
catalyst 1 does not perform satisfactorily in an asymmetric
reaction, it is possible to systematically vary the R groups and/
or the Ar linkers of 1 to modify both the steric and electronic
environments of the catalytic sites to improve the stereo-
selectivity. The development of enantioselective polymeric
catalysts is thus reduced to be very similar to the development
of normal monomeric chiral catalysts. Using this strategy, we
have obtained highly enantioselective polymer catalysts. We
have further demonstrated that the rigid and sterically regular
polymer chains can be used to preserve the catalytic proper-
ties of enantioselective monomer catalysts.


Polymer (R)-4 is the first binaphthyl polymer prepared in
our laboratory for asymmetric catalysis.[10, 11] It is synthesized
from the Ni0 or NiII/Zn mediated polymerization of 6,6'-
dibromo binaphthyl monomers (R)-3 followed by hydrolysis
(Scheme 1). Polymer (R)-4 is soluble in benzyl alcohol, DMF,


and basic aqueous solution, but insoluble in methylene
chloride, chloroform, benzene, toluene, and THF. This
polymer, after treatment with diethyl aluminum chloride,
was used to catalyze the Mukaiyama aldol condensation of
benzaldehyde with 5 to give 6 (Scheme 2). Although both the


aluminum complexes made
from polymer (R)-4 and the
monomer (R)-1,1'-bi-2-naph-
thol showed no enantioselectiv-
ity for this reaction, the poly-
mer-based Lewis acid complex
had a greatly enhanced catalyt-
ic activity over the monobi-
naphthyl complex. The high
activity of the polybinaphthyl-
aluminum complex probably
results from the empty p orbi-
tals on its AlIII centers, which
cannot form the intermolecular
AlÿOÿAl bridging bonds as in
the monomer case and are thus
available to activate the car-
bonyl group of benzaldehyde.


We have also examined the
application of (R)-4 to the
asymmetric reaction of diethyl-
zinc with benzaldehyde to pro-


duce a secondary chiral alcohol
7 (Scheme 3).[12, 13] This poly-
mer again showed very low
chemoselectivity as well as
enantioselectivity. Besides the
addition product 7, a side-prod-
uct, benzyl alcohol, was also
generated from the reduction
of benzaldehyde. This reaction
was carried out in methylene chloride, in which (R)-4 was
insoluble and acted as a heterogeneous catalyst. In order
to improve the catalytic properties of the polymer catalyst,
a soluble polymer (R)-8 was prepared by linking the binaph-


thyl units at the 6,6'-position
with phenylene spacers contain-
ing flexible hexyloxyl groups
through a Suzuki coupling
polymerization.[12, 13] This poly-
mer was used to catalyze the
reaction of benzaldehyde with
diethylzinc. Although improve-
ments were seen, both the che-
moselectivity and enantio-
selectivity were still low.


In catalysis conducted by polymers (R)-4 and (R)-8, the
catalytically active species should be the in situ generated zinc
complexes from the reaction of diethylzinc with the binaphth-
yl hydroxyl groups of the polymers. Therefore, the steric and
electronic environments around the binaphthyl-zinc centers


Scheme 1. Synthesis of the 1,1'-binaphthol polymer (R)-4. i) Ni0 or NiII/Zn; ii) hydrolysis.


Scheme 2. A Mukaiyama reaction catalyzed by the polybinaphthyl
aluminum complex.


Scheme 3. An asymmetric di-
ethylzinc addition to benzalde-
hyde catalyzed by the poly-
binaphthyl zinc complex.
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need to be modified to adjust the catalytic properties of the
polymers. A polymer (R)-9 with a molecular weight of either
MW� 6700 (PDI� 1.5) or MW� 24,300 (PDI� 2.5) (meas-
ured by gel permeation chromatography relative to poly-
styrene standards) was then prepared.[12, 13] This polymer


possesses two features that are different from polymers (R)-4
and (R)-8 : 1) The phenylene spacers in (R)-9 are linked at the
3,3'-positions of the binaphthyl units rather than the 6,6'-
positions. This is expected to provide better steric control at
the catalytic sites. 2) The hexyloxyl groups in (R)-9 not only
make this polymer soluble in organic solvents, but also can act
as ligands to coordinate to the metal centers introduced to the
binaphthyl units. Thus, the catalytic sites in (R)-9 are both
sterically and electronically different from those of (R)-4 and
(R)-8.


When (R)-9 was used to catalyze the reaction of diethylzinc
with benzaldehyde, both the chemoselectivity and enantiose-
lectivity were greatly enhanced. At 0 8C in toluene solution,
(R)-9 (5 mol % based on the binaphthyl unit) catalyzed the
formation of (R)-7 with high yield and excellent ee (92 %). No
benzyl alcohol side product was observed. This polymer was
also found to catalyze the diethylzinc addition to a number of
para-substituted benzaldehydes with excellent ee's (�90 %).
For the reaction of aliphatic aldehydes, up to 83 % ee was
observed. (R)-9 was easily recovered by precipitation with
methanol. The recovered polymer showed the same catalytic
properties as the original polymer. We have also found that
the enantioselectivity of the reaction is independent of the
method used to prepare the polymer, the polymer molecular
weight, and the molecular weight distribution.


Polymers (R)-4 and (R)-8 are prepared by carrying out the
polymerization at the major-groove of the binaphthyl mono-
mers, and are designated as the major-groove polybinaph-
thyls. Polymer (R)-9 is thus the minor-groove polybinaphthyl.
The UV spectra of the polymers show that there is a blue-shift
going from the major-groove polymer (R)-8 to the minor-
groove polymer (R)-9. This indicates a reduced conjugation in


the minor-groove polymer, probably arising from the steric
interaction between the alkoxyl groups on the phenylene
spacer and the hydroxyl groups on the binaphthyl unit; this
disrupts the planarity of the arylene repeating unit. The
major-groove polymer (R)-8 does not have this steric inter-
action, leading to a better conjugation within the repeating
units. We have shown that the conjugation of the binaphthyl-
based chiral conjugated polymers are identical to that of their
repeating units with no extended conjugation across the 1,1'-
binaphthyl bonds.[8b,c]


Although both (R)-8 and (R)-9 contain the same R
binaphthyl units in the polymer chain, their positive and
negative circular dichroism (CD) signals in solution are
completely inverted, with the signals of (R)-8 red-shifted
because of better conjugation. It has been previously ob-
served that an optically active 2,2'-substituted 1,1'-binaphthyl
molecule can exist in either cisoid or transoid conforma-
tion.[17-20] As shown in Figure 1, the cisoid conformation has a


Figure 1. Cisoid and transoid conformations of 1,1'-binaphthyl molecules.


dihedral angle of less than 908 between the two naphthyl rings
and the transoid conformation greater than 908. Molecules
containing 2,2'-substituents that are either small or capable of
intramolecular hydrogen bonding prefer the cisoid conforma-
tion. Whereas, increased steric interaction between the 2,2'-
substituents will favor the transoid conformation. These two
conformations gave the opposite CD signals even though the
chiral configuration of the compounds are the same. There-
fore, the observed opposite CD effects of the minor-groove
polymer (R)-9 versus the major-groove polymer (R)-8 suggest
that the minor-groove polymer might contain transoid bi-
naphthyl units because of the large steric interaction among
the alkoxyl groups on the phenylene spacer and the binaph-
thyl dihydroxyl groups, but the major-groove polymer might
have cisoid binaphthyl units.


In order to study the effect of the size of the alkoxyl groups
in the minor-groove polybinaphthyl (R)-9 on the catalytic
property, a polymer (R)-10 containing isopropyloxyl groups
was synthesized.[21] When this polymer was used to catalyze
the reaction of benzaldehyde or cyclohexanecarboaldehyde
with diethylzinc, it exhibited both slightly lower catalytic
activity and enantioselectivity. This indicates that merely
increasing the steric bulkiness at the catalytic sites of the
polymer cannot further enhance the enantioselectivity.


We have also prepared (R)-11 as the monomeric model
compound of (R)-9.[14] When used in the diethylzinc addition,
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this monobinaphthyl compound shows very general enantio-
selectivity for the reaction of a broad range of aldehydes. Over
90 % ee's were observed for the reactions of many aromatic,


aliphatic and a,b-unsaturated alde-
hydes. The enantioselectivity of (R)-
11 is much more general than that of
polymer (R)-9.


Unlike the amino alcohol catalysts
that were found to exist as dimers
when treated with diethylzinc,[22] (R)-
11 exists as a monobinaphthyl com-
pound in solution after treatment with


two equivalents of diethylzinc as revealed by a cryoscopic
experiment.[16] (R)-12 is the proposed structure for the zinc
complex, which can be a mixture of diastereomers because of
the increased rotation barriers around the naphthyl ± phenyl
bonds. (R)-12 cannot react with one equivalent benzaldehyde


to give the alcohol product 7. This indicates that the ethyl
groups in (R)-12 cannot migrate to the carbonyl group of the
aldehyde substrate. When the concentration of (R)-11 was
reduced from 5 mol % to 0.5 mol %, although the reaction
became very slow, there was no change in enantioselectivity.
We have further found that there is a linear relationship
between the ee of (R)-11 and the ee of the product (R)-7 from
the reaction catalyzed by (R)-11. All these evidences support
the assumption that in the reactions carried out with (R)-11,
the catalytically active species should be monomeric rather
than the monomer aggregate. A transition state 13 is proposed
for the reaction. In 13, the ethyl group from the coordinated
diethylzinc migrates to the re face of the coordinated
benzaldehyde to generate the corresponding (R)-7. It is not
clear whether there is a cooperative effect between the two
zinc centers in (R)-12.


Structure (R)-14 is proposed as the catalytically active
species for the diethylzinc addition catalyzed by polymer (R)-
9. Since both of the alkoxyl oxygens on the phenylene spacer
of (R)-9 can coordinate to the zinc atoms in the adjacent


binaphthyl units, the resulting electronic and steric environ-
ment of the catalytic sites in (R)-14 is different from that of
(R)-12. This could explain the significantly different enantio-


selectivity between monomer (R)-11 and polymer (R)-9.
Monomer (R)-11 is good for almost all types of aldehyde
substrates, but the high enantioselectivity of (R)-9 is limited to
para-substituted benzaldehydes.


In order to avoid the interference between the adjacent
binaphthyl units as shown in (R)-14, we have designed and
synthesized a new polymer (R)-15 that contains long and rigid
triphenylene linkers for the asymmetric reaction of aldehydes
with organozincs.[15] The molecular weight of this polymer is


MW� 25,800 (PDI� 1.8) as measured by gel permeation
chromatography relative to polystyrene standards. In this
polymer, both the steric and electronic environments of the
monomeric catalyst (R)-11 are mostly preserved. We thus
expect that the catalytic properties of (R)-11 should also be
preserved in (R)-15.


Indeed, polymer (R)-15 has exhibited excellent enantiose-
lectivity for the diethylzinc addition to many types of
aldehydes including para-, ortho-, or meta-substituted aro-
matic aldehydes, linear or branched aliphatic aldehydes, and
a,b-unsaturated aldehydes. The catalytic properties of (R)-15
are almost identical to those of the monomeric catalyst (R)-11.
Table 1 shows the selected results obtained by using the chiral
binaphthyl polymers (R)-4, (R)-8, (R)-9, and (R)-15 in the
asymmetric organozinc additions to aldehydes. As shown in
the table, a systematic improvement of the enantioselectivity
from the major-groove binaphthyl polymers to the minor-
groove binaphthyl polymers is observed. In addition to the
diethylzinc reaction, polymer (R)-15 also shows high enantio-
selectivity for the reaction of dimethylzinc and diphenylzinc
with aldehydes.[1b] (R)-15 can be easily recovered by precip-
itation with methanol and the recycled catalyst shows the
same catalytic properties as the original polymer. This
polymer is the best catalyst yet reported for the reaction of
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aldehydes with organozinc reagents to generate chiral sec-
ondary alcohols.


As we have discussed earlier, the major-groove polybi-
naphthyl (R)-8 is not a good catalyst for the diethylzinc
addition to benzaldehyde.[12, 13] However, with the addition of
[Ti(OiPr)4], (S)-8 can catalyze the reaction with both high
chemoselectivity (100 %) and high enantioselectivity
(86 % ee).[23] The catalytic properties of the polybinaphthyl-
titanium complex (S)-16, generated from the reaction of (S)-8
with [Ti(OiPr)4], are very similar to those of the titanium
complex derived from the monomer 1,1'-bi-2-naphthol.[24]


Thus, the rigid polymer structure of (S)-16 has preserved the
catalytic properties of the monomeric catalyst.


The use of the mono- and polybinaphthyl zinc complexes
for the asymmetric reduction of prochiral ketones has been
studied. In the presence of a zinc complex generated from the
reaction of (S)-9 with diethylzinc, catecholborane reduced
acetophenone to 1-phenylethanol (17) with 67 % ee
(Scheme 4).[16] When monomer (R)-11 was used, the ee was
significantly increased to 81 %. Polymer (R)-15 showed
almost the same enantioselectivity as (R)-11 for the catalytic
reduction of acetophenone (80 % ee). This again demonstrates
that the steric and electronic environment of monomer (R)-11
is maintained in polymer (R)-15. This polymer also catalyzed
the asymmetric reduction of other aryl methyl ketones in the
presence of diethylzinc with 70 ± 80 % ee.


Through collaboration with Jùrgensen and co-workers, it
was found that an aluminum complex of the major-groove


Scheme 4. An asymmetric reduction of acetophenone catalyzed by the
polybinaphthyl zinc complexes.


binaphthyl polymer (S)-8 prepared by treatment with tri-
methyl aluminum catalyzed the hetero-Diels ± Alder reaction
of ethyl glyoxylate with 2-methyl-1,3-butadiene to give 18
with up to 95 % ee (Scheme 5).[25] The enantioselectivity of


Scheme 5. An asymmetric hetero-Diels ± Alder reaction catalyzed by the
polybinaphthyl aluminum complex.


this polymer catalyst is much higher than that prepared from
the insoluble polymer (R)-4. The catalytic properties of (S)-8
are very similar to those of the monomeric 1,1'-bi-2-naphthol-
aluminum complex.[26]


The zinc complex of polybinaphthyl (R)-9 can also catalyze
the asymmetric epoxidation of a,b-unsaturated ketones in the
presence of tBuOOH with up to 81 % ee as well as complete
diastereoselectivity (Scheme 6).[27] In this case, the enantio-
selectivity of both the long linker polymer (R)-15 and
monomer (R)-11 is much lower than that of (R)-9, indicating
a positive cooperative effect between the adjacent binaphthyl
units in (R)-9.


Collaboration with Jùrgensen and co-worker led to the
discovery that polymer (R)-9 in combination with AlMe3 had
excellent regio-, diastereo- and enantioselectivity for the 1,3-
dipolar cycloaddition of nitrones 19 with alkenes 20
(Scheme 7).[28] Table 2 summarizes the results for the use of
(R)-9�AlMe3 in the 1,3-dipolar cycloaddition. The reaction
was carried out at room temperature in methylene chloride in
the presence of 20 mol % of (R)-9�AlMe3 unless indicated
otherwise. After precipitation and centrifugation to remove
the polymer catalyst at the completion of the reaction, the
isoxazolidine products 21 were essentially both chemically
and enantiomerically pure. This demonstrates that using the
polymeric catalyst not only makes it easy to recover the chiral
catalyst, but also greatly simplifies the purification of the
product. The catalytic properties of (R)-9 are almost identical
to those of monomer (R)-11. This indicates that the catalytic


Scheme 6. An asymmetric epoxidation of a,b-unsaturated ketones cata-
lyzed by the polybinaphthyl zinc complexes.


Table 1. Selected enantiomeric excess� [%] for the asymmetric reactions of aldehydes with organozinc reagents catalyzed by the chiral
binaphthyl polymers.


[a] R� n-C5H11. [b] R� n-C7H11. [c] R�C2H5.
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Schema 7. An asymmetric 1,3-dipolar cycloaddition catalyzed by the
polybinaphthyl aluminum complex.


environment of the polymeric aluminum complex is the same
as that of the monomer and the interference between the
adjacent binaphthyl units shown in the zinc complex (R)-14
does not exist in the aluminum complex.


In summary, using optically active 1,1'-binaphthyl struc-
tures, we have developed novel rigid and sterically regular
polymeric catalysts for asymmetric catalysis. Good to excel-
lent enantioselectivties have been achieved for reactions
including the organozinc addition to aldehydes, the reduction
of ketones with catecholborane, the hetero-Diels ± Alder
reaction of ethyl glyoxylate with a conjugated diene, the
epoxidation of a,b-unsaturated ketones, and the 1,3-dipolar
cycloaddition of nitrones with alkenes. Our studies on the use
of polymers (R)-4, (R)-8, (R)-9, and (R)-15 and monomer (R)-
11 in asymmetric catalysis have introduced two new concepts
for the development of enantioselective polymer catalysts: 1)
The microenvironment of the catalytic sites in rigid and
sterically regular polymers can be systematically modified to
produce highly enantioselective polymeric catalysts. 2) The
enantioselectivity of a monomeric catalyst can be maintained
in a polymer catalyst by using a rigid and sterically regular
polymer backbone. Compared with the traditional polymer-
supported catalysts where flexible and sterically irregular
polymers are used, this new approach can better preserve the
catalytic environment of the monomeric catalysts in the
polymer as long as the catalytically active species are not
aggregates of the monomers. These strategies not only make it
possible to obtain easily reusable and highly enantioselective
polymeric catalysts for many asymmetric reactions, but also
can be further extended to construct polymeric chiral catalysts
that are capable of multiple asymmetric catalytic reactions by
incorporating different catalytic species in a polymer chain.
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Table 2. The reaction of 19 with 20 catalyzed by (R)-9 � AlMe3


(20 mol %).


R1 R2 Isolated exo :endo[a] ee (exo)[b]


Yield [%] [%]


1 Ph Et 97 > 98:2 99
2[c] Ph Et 80 > 98:2 94
3 Ph tBu 86 > 98:2 95
4 p-tolyl tBu 77 > 98:2 94
5 Ph Bn 72 > 98:2 93


[a] Determined by 1H NMR. [b] Determined by HPLC using Chiralcel OD
column. [c] 10 mol % of (R)-9 � AlMe3 was used.








Introduction


Host ± guest molecular aggregates, as prototype examples of
multicomponent self-organization,[1,2] constitute an essential
link between chemistry and molecular biology[3] and open up
multifaceted areas of application stretching from enantiomer
separation through polymerization in matrices to the protec-
tion of sensitive pharmaceuticals.[4]


Crystallization and structure determination : On optimizing
the crystallization of N,N'-ditosyl-p-phenylendiamine, a useful
synthesis intermediate, from various solvents,[5a] we serendip-
itously discovered its ability to act as a hydrogen-bonded host
lattice and have since isolated 13 inclusion compounds with a
variety of guest molecules as single crystals and characterized
them structurally (Figure 1).[5a±d] In addition, eight inclusion
compounds of N,N'-di(4-ethylphenylsulfuryl)- and N,N'-di-
(nitrobenzosulfuryl)-p-phenylenediamine derivatives have
been reported up to now.[1f]


The crystalline host ± guest aggregates (Figure 1) can be
unequivocally subdivided into clathrates with weak interac-
tions between host and guest (Figure 2: type I and II) and
lattice inclusion compounds with energetically favorable host
´´ ´ guest hydrogen bonds (Figure 2: type III). The clathrates
might be further classified according to their sulfonamide ´´´
sulfonamide hydrogen bond motifs as well as to the N,N'-
ditosyl-p-phenylenediamine conformations within the host
lattices containing different cavities for guest molecule
insertion (Figure 2 A and B, shaded areas). Two classes of
isostructural inclusion compounds can be distinguished,
represented here with acetone/tetrahydrofuran (Figure 2 A,
type I) and benzene (Figure 2 B, type II).[5b, c] The inclusion
compound with dimethyl sulfoxide is selected as example for
the crystal packing dominated by host ´ ´ ´ guest hydrogen
bonds (Figure 2 C, type III).[5d]


In the crystal structure of guest-free N,N'-ditosyl-p-phenyl-
enediamine[5a] and its numerous clathrates[5b±d] (Figure 2 A
and B) the dominant intermolecular interactions are sulfona-
mide ´´´ sulfonamide hydrogen bonds. A search in the Cam-
bridge Structural Database[6] reveals that both H bond motifs,
sulfonamide catemer chains (Figure 2 B,3 ) and eight-mem-
bered ring dimers (Figure 2 A, 3 ), are of comparable
abundance. Their largely matching distances as well as angles
and density functional theory (DFT) calculations suggest that
the energies of both should be about equally favorable.
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Supramolecular Principles: Conformational Changes in the
Hydrogen-Bonded Host Lattice of N,N'-Ditosyl-p-phenylenediamine Support


the Inclusion of Rigid Guest Molecules
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Abstract: Crystals of thirteen novel inclusion compounds
with a host lattice of N,N'-ditosyl-p-phenylenediamine
were investigated. The conformational flexibility and the
acidic hydrogens of the sulfonamide links enable the
incorporation of a variety of guest molecules within the
cavities of the host matrix. The crystalline host ± guest
aggregates can be subdivided into clathrates with weak
interactions between host and guest and lattice inclusion
compounds with energetically favorable host ´´ ´ guest
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In the acetone clathrate (Figure 2 A, 1 ±4 ), which is
isostructural with five other ones of ketones and ethers
(Figure 1 and 2 A,5 ),[5b] the guest molecules are deposited in
the channels available in the host matrix fixed by cyclic
sulfonamide ´´ ´ sulfonamide H bond dimers (Figure 2 A, 2 ).
The ketone and ether guests each form two additional weak H
bonds to the surrounding N,N'-ditosyl-p-phenylenediamine
host molecules (Figure 2 A, 4 and 5 ). Crystals of these
channel clathrates, therefore, weather outside the mother
liquor rather fast to microcrystalline guest-free N,N'-ditosyl-
p-phenylenediamine, characterized by powder diffraction.[5b]


In the benzene clathrate (Figure 2 B) as well as in the one
isostructural with furan[5c] (Figure 1), single guest molecules
are encapsulated in cages of the host matrix fixed by catemer-
type sulfonamide ´´´ sulfonamide hydrogen bonds (Figure 2 B,
3 ). The walls of the benzene cages consist of two phenylene
and six tolyl rings, arranged similarly to the crystal packing in
the high-pressure modification of benzene.[7] The crystals,
therefore, decompose more slowly when stored outside the
mother liquor.[5c]


The third type of host ± guest inclusion compounds of N,N'-
ditosyl-p-phenylenediamine presented are the hydrogen-
bond adducts to suitable acceptor guest molecules (Figure 1)
such as dimethyl sulfoxide, which is inserted into host lattice
channels in double stacks parallel to the crystallographic a
axis (Figure 2 C, 1 ).[5d] Each p-phenylenediamine unit is
hindered by two energetically favorable hydrogen bonds to
dimethylsulfoxide molecules (Figure 3 C, 2 ) to form a
hydrogen-bonded sulfonamide host matrix. Altogether, the
five hydrogen-bond adducts investigated differ in their crystal
packing, especially of the host matrices with their specific
cavities, and in the conformation of the N,N'-ditosyl-p-


phenylenediamine building blocks.[5d] The host ± guest aggre-
gates with dioxane or morpholine, which exhibit rather
complex intermolecular interactions, cannot be unequivocally
assigned to any of the three categories.


Discussion


The spatial filling of the 14 different crystals of N,N'-ditosyl-p-
phenylenediamine, which can be characterized by the packing
coefficient CK,[8] differs only slightly and fits in the expected
range for crystals of organic molecules (Figure 4). Obviously
(Figure 4), guest-free N,N'-ditosyl-p-phenylenediamine pos-
sesses a packing coefficient close to the center of the
distribution and, therefore, excludes a low packing density
as origin of the clathrate formation (Figure 1). The additional
intermolecular interactions such as hydrogen bonds to
adjacent oxygen centers CÿH ´´´ O, contacts CÿH ´´´ p be-
tween adjacent phenyl rings, and weak van der Waals attrac-
tions and repulsions are comparable both in number and in
energy contribution. For the apparently energetically favor-
able clathrate formation of N,N'-ditosyl-p-phenylenediamine,
therefore, the conformational changes of the host molecule
documented in the 14 crystal structure determinations (Fig-
ure 3 A) are the most likely of other possible reasons. This fact
may also be important for the crystallization of the hydrogen-
bond adducts. The conformation of the host molecule with its
center of inversion in all crystal structures (Figure 1 and 2) can
be unequivocally defined using only the three torsional angles
around the sulfonamide bonds SÿN, SÿC and NÿC (Figure 3).


The density functional theory (DFT) energy profiles[9] for
the rotations around the sulfonamide bonds have been


Figure 1. Crystallization conditions and structure details of the 13 inclusion compounds of N,N'-ditosyl-p-phenylenediamine so far isolated as single crystals
(unshaded: host compound; light shading: solvents; dark shading: molecules diffused into the crystallization solutions; C6H14 ; n-hexane; boxes: crystal
characterization).
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performed for smaller model molecules to avoid the tremen-
dous CPU times required for the large parent system, namely,
for N-methyl methanesulfonamide (Figure 3 B, w1(CNÿSC)),
N-methyl benzenesulfonamide (Figure 3 C, w2(NSÿCC)) and
N-phenyl methanesulfonamide (Figure 3 D, w3(SNÿCC)). The
results are supported by crystal structure statistics of sulfon-
amide conformations in the Cambridge Structural Databa-


Figure 4. The packing coefficients CK for 14 different crystal structures of
N,N'-ditosyl-p-phenylenediamine with and without guests.


se:[5a, 6] For a rotation around the central bond NÿS, two
pronounced minima at w1�ÿ60� 208 and 100� 208 result
(Figure 3 B, nitrogen R configuration; for S configuration sign
change) and for those around SÿC or NÿC flatter minima,
which correspond to easily movable sulfonamide substituents.
It is, therefore, the altogether flexible sulfonamide group of
the N,N'-ditosyl-p-phenylenediamine that permits the impres-
sive conformational changes (Figure 3 A) of the backbone,
despite the rather rigid (NÿS) bond (Figure 3 B), and thus the
adaptation of the hydrogen-bonded host matrix to the spatial
demand of the guest molecules. The conformational changes
are supported by the correlated intermolecular interactions in
the variety of inclusion aggregates formed (Figure 1).


Figure 2. Representative crystal structures selected from the 13 host ±
guest inclusion components in different hydrogen-bonded N,N'-ditosyl-p-
phenylenediamine lattices at 200 K:[5] (A) Type I with acetone as guest
molecule:[5b] 1 unit cell (monoclinic, C2/c, Z� 4), 2 space-filling
representation,3 hydrogen-bond motif of the cyclic sulfonamide dimers,
4 arrangement of the acetone guest molecules and 5 isostructural
example with tetrahydrofuran;[5b] (B) Type II with benzene as guest
molecule:[5c] 1 unit cell (monoclinic, P21/c, Z� 2), 2 space-filling
representation, 3 catemer hydrogen-bond motif along the sulfonamide
chains and4 space-filling representation of the benzene guest molecule in
the cage formed by phenylene and toluene six-membered rings; (C) Type
III containing hydrogen-bond fixed dimethyl sulfoxide as guest molecule:
1 unit cell (triclinic, P 1Å, Z� 1) and2 structural details of the H bonds at
both sides of N,N'-ditosyl-p-phenylenediamine (50 % thermal ellipsoids).


Figure 3. The differing conformations of N,N'-ditosyl-p-phenylenediamine
in guest-free and in host ± guest crystals as likely origin of the clathrate
formation: (A) superposition of the experimentally determined conforma-
tions of 15 crystallographically independent host molecules showing the
distribution range of the three torsional angles w1(CNÿSC), w2(NSÿCC)
and w3(SNÿCC), as well as (B, C, D) density functional theory (DFT)
energy profiles[9] for the rotation around the bonds SÿN, SÿC, and NÿC in
model compounds (cf. text).
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Conclusion and Perspectives


To summarize, thirteen serendipitously discovered novel
inclusion compounds in the host lattices of N,N'-ditosyl-p-
phenylenediamine have been presented. Because of the
rather unfavorable conformation determined in the guest-
free crystal, the conformational flexibility and the acidic
hydrogens of the sulfonamide links, diverse guest molecules
crystallize within the cavities of the host matrices. We hope
that the multitude of information provided will stimulate
further investigations of analogous self-recognition and self-
organization phenomena[10] and, above all, will contribute to
the present efforts concerning details of seeding forma-
tion[11, 12] in the crystallization of organic molecules.
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Synthesis of Conformationally Restricted Mimetics of g-Turns and
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Vasopressin
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Abstract: Mimetics of tripeptides
adopting inverse and classical g-turn
conformations have been designed and
synthesized by an enantioselective ap-
proach and then incorporated in an
analogue of the hormone vasopressin.
In the mimetics one of the amide bonds
of the g-turn has been exchanged for a
Y[CH2O] isostere and the hydrogen
bond between residues i and i�2 of the
turn has been replaced by a methylene
bridge to give a six-membered, morpho-
lin-3-one ring. The turn mimetics were
assembled from three types of building


blocks: azido epoxides, a-bromo acids
and b-amino alcohols. Of these, the
stereochemistry of the azido epoxide
determines whether a classical or an
inverse g-turn is mimicked. The key
azido epoxide building blocks were
prepared in six steps and approximately
40 % overall yield, whereas the a-bromo
acids and b-amino alcohols were either


commercially available or readily pre-
pared from amino acids. The building-
block approach allowed substantial var-
iation of the side chains of the mimetics,
together with complete stereocontrol, as
well as use of uniform conditions for
preparation of both classical and inverse
g-turn mimetics. Conformational studies
based on ab initio calculations and
1H NMR spectroscopy revealed that
the minimum-energy conformations of
the mimetics closely resembled inverse
or classical g-turns.


Keywords: azides ´ conformation
analysis ´ g-turn ´ hormones ´
peptidomimetics


Introduction


Turns, defined as regions where a peptide chain reverses its
overall direction, constitute an important class of polypeptide
secondary structure.[1] When direction reversal occurs over
four residues in such a way that the carbonyl oxygen atom of
the first residue (i) and the amide NH proton of the fourth
residue (i�3) come close in space a b-turn is formed. In most
cases this involves formation of an intramolecular hydrogen


bond between residues i and i�3 to give a pseudo-ten-
membered ring. Similarly, in g-turns a hydrogen bond may be
formed between the C�O of residue i and the NH of residue
i�2, thereby generating a pseudo-seven-membered ring.


Turns may account for as many as one third of the residues
of globular proteins.[1b] They are often located at the surface of
proteins where they can undergo posttranslational modifica-
tion and serve as recognition sites for interactions with
receptors and antibodies.[1, 2] In addition, structural studies
revealed that a large number of small peptides functioning as
hormones or neurotransmitters, or having other regulatory
roles in organisms, may adopt b- or g-turn conformations.
Examples include the hormones oxytocin,[3] which induces
labor and lactation in mammals, vasopressin,[4] which regu-
lates water readsorption in the kidneys, and LHRH,[5] which
releases sex-specific hormones from the testes and ovaries.
Furthermore, turns have been found in the endogenous
morphinelike substance Leu-enkephalin,[6] as well as angio-
tensin II[7] and bradykinin,[8] which are involved in regulation
of blood pressure. b-Turns are more frequent than g-turns in
these biologically active peptides, but vasopressin, Leu-
enkephalin, angiotensin II and bradykinin have been found
to populate g-turn conformations.
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Peptides display a multitude of diverse and important
biomedicinal activities, as illustrated by the above examples.
Moreover, biological evaluation of libraries of peptides
prepared by combinatorial chemistry continuously provides
further peptide leads for drug development. Unfortunately,
the poor pharmacokinetic properties of peptides, namely low
uptake on oral administration, rapid enzymatic degradation
and facile excretion, often restrict their use as drugs.[9] In
addition, conformational flexibility may reduce the biological
activity and receptor selectivity of peptides, and unfavourable
solubility often imposes restrictions on their use under
physiological conditions. To circumvent these problems large
efforts have been devoted to the design and preparation of
peptidomimetics, compounds that have chemical structures
different from those of peptides but are nevertheless ligands
at the same receptor as the parent peptide.[10]


Ideally, several requirements should be fulfilled by mim-
etics of peptide secondary structure, such as b- and g-
turns.[10b, c] First, the conformation of the mimetic should
accurately resemble that of the peptide backbone in the turn.
Since it is well-known that the side chains of biologically
active peptides have crucial roles in receptor recognition it is
also essential that these can be introduced at desired positions
in the mimetic with correct stereochemistry. Finally, the
synthetic route to the mimetic should be short and efficient.
Peptidomimetics that meet the first two criteria can also be
expected to suffer from fewer pharmacokinetic problems than
peptide drug candidates because the replacement of amide
bonds with isosteric groups[11] both decreases enzymatic
degradation and improves uptake[12] across membranes.[13]


Owing to their rigid nature, mimetics are also useful tools
for establishing the bioactive conformation of peptides.
Furthermore, since rigid analogues pay a lower entropy cost
upon binding to a receptor, they should be more potent and
more selective for a specific type of receptor.[10a, 14]


Herein we describe a novel approach which provides access
to conformationally restricted mimetics of both inverse and
classical g-turns. In contrast to most,[7, 8, 15] but not all,[16] of the
previous routes to g-turn mimetics, our approach does not
suffer from drawbacks such as lack of possibilities for
introducing side chains at appropriate positions of the
mimetic or to control their stereochemistry. To illustrate the
scope of our approach, several g-turn mimetic building blocks
with different side chains were prepared. One of these was
then incorporated into the drug desmopressin (1; [1-desami-
no-8-d-arginine]vasopressin DDAVP, Figure 1),[17] which is a


Cys-Tyr-Phe-Gln-Asn-Cys-Pro-Arg-Gly-NH2


Mpa-Tyr-Phe-Gln-Asn-Cys-Pro-D-Arg-Gly-NH2


2:  Vasopressin


1:  Desmopressin


Figure 1. Structures of the drug desmopressin (1) and the hormone
vasopressin (2). Desmopressin was developed[17] from vasopressin by
structural modifications.


synthetic analogue of the neurohypophyseal peptide hormone
vasopressin (2).[18] Compared with vasopressin, desmopressin
has a prolonged antidiuretic effect, but does not cause
vasoconstriction and contraction of smooth muscles, and is
therefore used for treatment of diabetes insipidus.[19] It is also
useful in treatment of patients with mild haemophilia A,
von Willebrand�s disease and thrombocyte dysfunction prior
to surgery.[20] The conformation of desmopressin, when bound
to its cellular membrane receptor, has not been determined
because of the difficulty of isolating intact receptor molecules.
However, the conformations adopted by desmopressin in
different solutions,[4c, 21] as well as when bound to the carrier
protein neurophysin,[22] have recently been calculated based
on NMR data. It was thus found that desmopressin populates
different b-turn conformations when bound to neurophysin[22]


and in solutions containing trifluoroethanol,[21] whereas an
inverse g-turn encompassing residues Phe3-Asn5 is formed in
aqueous solution under physiological conditions.[4c]


Results and Discussion


Design and molecular modelling of g-turn mimetics : g-Turns
are stabilized by an intramolecular hydrogen bond between
residues i and i�2 and are classified either as inverse or
classical depending on the values of the backbone torsional
angles F and Y for the second (i�1) residue of the turn
(Figure 2).[1] g-Turns have been termed open when no hydro-
gen bond is formed and the F, Y angles are within 308 of those
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Figure 2. g-Turns are divided into inverse and classical g-turns depending
on the F and Y torsional angles of the i�1 residue of the turn. Morpholin-3-
ones having substituents in positions 2, 4, and 6 are able to mimic both
inverse and classical g-turns depending on the stereochemistry at C-6.


given in Figure 2.[1] In inverse g-turns, the side chain of the i�1
residue assumes a pseudoequatorial orientation. In contrast, it
is pseudoaxial in classical g-turns. The distance between the
carbonyl carbon atom of residue i and the nitrogen atom of
the amino group of residue i�2 in ideal g-turns is 3.0 �,[23]


suggesting that the intramolecular hydrogen bond between
these functionalities could be replaced by a methylene bridge.
Simultaneous replacement of the amide bond between
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residues i and i�1 with a methylene ether isostere revealed
that morpholin-3-ones, with appropriate substituents in posi-
tions 2, 4 and 6, are g-turn mimetics (cf. 3 and 4, Figure 2).
Moreover, construction of molecular models indicated that
the morpholin-3-ones are able to mimic either inverse or
classical g-turns depending on the stereochemistry at C-6.


Ab initio calculations performed on the simplified inverse
g-turn mimetic 5, which has three methyl group substituents
on the morpholin-3-one ring (Figure 3 A), revealed that it


Figure 3. A) The substituent corresponding to the i�1 side chain in the
minimum energy conformation of the simplified mimetic 5 occupies a
pseudoequatorial orientation and 5 thereby mimics an inverse g-turn; B)
energy minimization of 6 revealed that the i�1 side chain is located in a
pseudoaxial orientation and 6 thus mimics a classical g-turn; C) and (D)
superimpositions of mimetics 5 and 6 on Ala-Ala-Ala tripeptides oriented
as an ideal inverse g-turn (F�ÿ77.58 and Y� 658) and an ideal classical g-
turn (F� 77.58 and Y�ÿ658), respectively. Oxygen atoms are grey and
nitrogen atoms black.


adopted a half-chair minimum-energy conformation with the
C-2 substituent in a pseudoequatorial orientation, and that it
thereby mimicked an inverse g-turn.[24] Furthermore, the
torsional angles for the i�1 residue of energy-minimized
conformation of mimetic 5 (F�ÿ578, Y� 458) were found to
be close to those of an inverse g-turn (cf. values given in
Figure 2). Consequently, superimposition of energy-mini-
mized 5 on an Ala-Ala-Ala tripeptide oriented as an ideal
inverse g-turn revealed an excellent overlap with deviations
of only 0.1 ± 0.3 � between the a-carbon atoms of the
tripeptide and the corresponding atoms in the mimetic
(Figure 3 C). Ab initio calculations performed on the diaster-
eomeric, classical g-turn mimetic 6 showed that it adopted a
minimum energy conformation with the substituent corre-
sponding to the side chain of residue i�1 in a pseudoaxial
orientation (Figure 3 B). In this case a boatlike conformation
with the i�1 substituent in an equatorial orientation was


found to be a local energy minimum located 2 kcal molÿ1


above the global minimum. In analogy with inverse g-turn
mimetic 5, the torsional angles of mimetic 6 (F� 528, Y�
ÿ418) were close to those of a classical g-turn, and mimetic 6
superimposed well on a tripeptide oriented as a classical g-
turn (Figure 3 D).


A retrosynthetic analysis suggested that bromo acids 9,
diastereomeric azido epoxides 10 and 11, and protected b-
amino alcohols 12 were suitable building blocks for synthesis
of g-turn mimetics 3 and 4 in enantiomerically pure form
(Scheme 1). In these building blocks the azido group in 10 and
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Scheme 1. Retrosynthetic analysis reveals that mimetics of inverse and
classical g-turns can be prepared from a-bromo acids 9, azido epoxides 10
or 11, and b-amino alcohols 12.


11 serves as a precursor for the amino group of the first
residue of the turn, while the silylated hydroxymethyl group in
12 corresponds to the carboxylic acid group of the third
residue of the turn. The success of this approach relies on a
route that provides ready access to both 10 and 11 in
enantiomerically pure form, since the stereochemistry at C-2
of the epoxides determines which type of g-turn, inverse or
classical, will be prepared. Protected b-amino alcohols 12 may
be prepared in a few steps from amino acids and then used for
opening of 10 or 11 to give 7 or 8. Acylation of 7 or 8 by (R)-2-
bromo acids 9, which are commercially available or prepared
by diazotization of d-a-amino acids,[25] and intramolecular
substitution of the bromine atom then complete the synthesis
of g-turn mimetics 3 and 4. Because of our interest in
replacing the Phe3-Gln4-Asn5 inverse g-turn in desmopressin
with turn mimetics, we focused on preparation of azido
epoxides in which Ri is a benzyl group. Since glutamine at
position 4 in desmopressin can be replaced by alanine, a-
aminobutyric acid or valine with little decrease in or even
enhanced activity,[26] we chose methyl, ethyl and isopropyl
groups for the Ri�1 position of the turn mimetics. Asparagine
is required at position 5 for the activity of desmopressin and
therefore amino alcohol 12 was prepared from asparagine.


Synthesis of mimetics of inverse and classical g-turns : The two
key diastereomeric azido epoxides 17 and 18 were prepared by
slight modifications of a published procedure (Scheme 2).[27]


Wittig olefination of phenylacetaldehyde (13) and subsequent
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Scheme 2. a) i) Ph3PCHCO2Et, CH2Cl2, RT, 2 h, 81 %; ii) DIBAL-H,
CH2Cl2, ÿ78 8C, 1 h, 81%; b) Ti(OiPr)4, tBuOOH, d-(ÿ)-diethyl tartrate,
CH2Cl2, ÿ20 8C, 24 h, 87 %; c) [Ti(OiPr)2(N3)2], benzene, reflux, 30 min,
95%; d) i) TsCl, DMAP (cat.), pyridine, 0 8C, 2 h, 92 %; ii) NaH, DMF, 0 8C,
1 h, 76 %; e) i) BzCl, collidine, CH2Cl2, ÿ78 8C!RT, 18 h, then MsCl,
0 8C!RT, 24 h, 91%; ii) NaOMe, THF, RT, 15 min, 80 %.


reduction with diisobutylaluminium hydride gave allylic
alcohol 14. This was subjected to Katsuki ± Sharpless asym-
metric epoxidation to give epoxide 15 (>95 % ee based on
1H NMR analysis of a Mosher ester derivative),[28, 29] followed
by regioselective nucleophilic opening of the epoxide with
Ti(OiPr)2(N3)2


[30] to furnish azido diol 16. Both azido epoxides
were then prepared in enantiomerically pure form from this
intermediate. Tosylation of the primary hydroxyl group of 16,
followed by sodium hydride induced intramolecular substitu-
tion, gave azido epoxide 17 in 38 % yield from 13.[27, 31] The
preparation of azido epoxide 18 (39 % yield from 13) was
accomplished by benzoylation of the primary hydroxyl group
of 16, mesylation of the secondary hydroxyl group and sodium
methoxide mediated intramolecular ring closure.[27, 31]


Mimetics of inverse g-turns corresponding to the tripep-
tides Phe-Gly-Ala and Phe-Ala-Ala, which have nonreactive
side chains, were first chosen as synthetic targets in order to
establish suitable conditions for conversion of 3-azido epox-
ides 17 and 18 into g-turn mimetics. Regioselective nucleo-
philic attack at the primary position of epoxide 18 with
silylated (S)-(�)-2-amino-1-propanol (19) was achieved in
refluxing EtOH to give amino alcohol 20 (68 %) (Sche-
me 3).[32] 2-Amino alcohols have previously been converted
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Scheme 3. a) EtOH, reflux, 96 h, 68 %; b) NaH, THF, RT, 30 min, then add
ethyl bromoacetate, RT!reflux, 5 h, 22%.


into morpholin-3-ones by treatment with ethyl chloroacetate
and sodium hydride as part of a synthetic route to Y[CH2O]
dipeptide isosteres.[33] Attempted cyclization of 20 with the
more reactive ethyl bromoacetate under basic conditions did
indeed give morpholine-3-one 21, which is a Phe-Gly-Ala


inverse g-turn mimetic, but only in a 22 % yield. Furthermore,
this one-step procedure failed with more hindered a-halo
esters such as esters of (R)-(�)-2-bromopropionic acid. Thus,
preparation of g-turn mimetics having side chains other than a
hydrogen atom at the i�1 position of the turn was not possible
by this route.


In efforts to improve the yield in the conversion of 20 to
morpholin-3-ones, and to allow introduction of side chains at
C-2 of the morpholinone ring, we turned our attention to a
two-step acylation ± intramolecular ring closure sequence
(Scheme 4); a method which has been applied previously for
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Scheme 4. a) Et3SiCl, imidazole, CH2Cl2, 0 8C!RT, 4 h, 73%; b) (R)-(�)-
2-bromopropionic acid, diisopropylcarbodiimide, CH2Cl2, 0 8C, 4 h, then
aqueous workup followed by 2m aqueous HCl/THF (3:2), RT, 96 h, 67%;
c) KH, THF/DMF (3:1), 0 8C, 55 min, 86%; d) TBAF, THF, RT, 2 h, 100 %;
e) NaIO4, RuCl3 ´ H2O (cat.), H2O/CCl4/CH3CN (3:2:2), RT, 2 h, 86 %.


preparation of stereochemically well-defined Y[CH2O] iso-
steres.[34] All attempts to acylate the amino group of 20
regioselectively in the presence of the hydroxyl group were
unsuccessful. Therefore, the secondary hydroxyl group was
first protected by silylation with triethylsilyl chloride to give
22 (73%). Then the amino group was acylated with an excess
of (R)-(�)-2-bromopropionic acid activated with diisopropyl-
carbodiimide. In spite of substantial efforts the desired amide
could not be obtained completely free from diisopropylurea,
the side-product of the coupling. However, removal of the
triethylsilyl group by treatment with aqueous HCl allowed
remaining diisopropylurea to be removed by flash column
chromatography and hydroxyamide 23 was isolated in 67 %
yield from 22. Inclusion of additives during the coupling such
as 1-hydroxybenzotriazole[35a] (HOBt) or 1-hydroxy-7-aza-
benzotriazole[35b] (HOAt), which are used to suppress race-
mization during synthesis of peptides, or use of other coupling
reagents (1-ethyl-3-(3'-dimethylaminopropyl)carbodiimide
hydrochloride (EDC) or the HOAt-derived HATU (O-(7-
azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexa-
fluorophosphate[36]) did not result in any further improve-
ments in yield for these two steps. The key cyclization of 23
was then achieved by converting 23 into the corresponding
alkoxide with potassium hydride in a mixture of THF and
DMF at 0 8C. This resulted in a spontaneous intramolecular
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ring closure to give morpholin-3-one 24 in high yield (86 %).
Formation of side-products due to b-elimination or epimeri-
zation of the stereocentre a to the carbonyl group in 24 could
not be detected in the ring-closure reaction (cf. discussion for
compound 36 below). Finally, deprotection of the primary
hydroxyl group in 24 with tetrabutylammonium fluoride
(quantitative) and subsequent oxidation of 25 to the carbox-
ylic acid stage with the biphasic RuCl3 ± NaIO4 system gave
the desired inverse g-turn mimetic 26 (86%),[37] which has
side-chain functionalities corresponding to those of the
tripeptide Phe-Ala-Ala.[38]


After establishing this synthetic approach to inverse g-turn
mimetics it was important to investigate whether it was
compatible with incorporation of different side chains at
positions i�1 and i�2 of the turn. As our aim was to prepare
turn mimetics replacing the Phe3-Gln4-Asn5 segment of
desmopressin (1), we chose Asn for the i�2 position, and the
side chains of alanine, a-aminobutyric acid and valine were
selected for the i�1 position. The required Asn building block
was prepared from commercially available Fmoc-Asn(Trt)-
OH (Trt� triphenylmethyl) by conversion into a mixed
anhydride followed by reduction with sodium borohydride[39]


and subsequent protection of alcohol 28 as a tert-butyldiphe-
nylsilyl ether to give 29 (Scheme 5). Deprotection of the Fmoc
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Scheme 5. a) N-methylmorpholine, isobutyl chloroformate, THF, ÿ10 8C,
10 min, then NaBH4, 15 min, followed by MeOH, 0 8C, 15 min, 70 %; b) tert-
butylchlorodiphenylsilane, imidazole, CH2Cl2, 0 8C!RT, 1.5 h, 77%;
c) morpholine, RT, 1 h, 88%.


group with morpholine gave the asparaginol derivative 30
with a free amino group (52% yield over 3 steps). The
triphenylmethyl group was chosen for protection of the side-
chain amide functionality because of its compatibility with the
conditions used in Fmoc solid-phase peptide synthesis. Of the
required a-bromo acids that constitute building blocks for the
i�1 residue of the turn, (R)-(�)-2-bromopropionic acid and
(R)-(�)-2-bromo-3-methylbutyric acid are commercially
available, whereas (R)-2-bromobutyric acid was prepared by
diazotization of d-a-aminobutyric acid.[25] Three mimetics of
inverse g-turns corresponding to the sequences Phe-Ala-Asn,
Phe-gAba-Asn and Phe-Val-Asn were then assembled from
these building blocks by the sequence of transformations used
in the preparation of Phe-Ala-Ala mimetic 26 (Scheme 6).
Regioselective nucleophilic opening of azido epoxide 18 with
protected asparaginol 30 was performed under the conditions
employed in the reaction between 18 and alaninol 19, and
gave amino alcohol 31 in an almost identical yield (66 %). The
secondary hydroxyl group in 31 was then protected by silylation
to give amine 32 (91 %), which was acylated with (R)-(�)-2-
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Scheme 6. a) EtOH, reflux, 96 h, 66%; b) Et3SiCl, imidazole, CH2Cl2,
0 8C!RT, 4 h, 91 %; c) (R)-(�)-2-bromopropionic acid or (R)-2-bromo-
butyric acid or (R)-(�)-2-bromo-3-methylbutyric acid, diisopropylcarbo-
diimide, CH2Cl2, 0 8C, 4 ± 21 h, then aqueous workup followed by 2m
aqueous HCl/THF (3:2), RT, 48 ± 96 h, 67% for 33, 31 % for 34, 40% for
35 ; d) KH, THF/DMF (3:1), 0 8C, 40 ± 60 min; 84% for 36, 63 % for 37, 69%
for 38 ; e) TBAF, THF, RT, 3 h, 98% for both 39 and 40 ; f) NaIO4, RuCl3 ´
H2O (cat.), H2O/CCl4/CH3CN (3:2:2), RT, 3 h; 81 % for 41, 72 % for 42.


bromopropionic acid, (R)-2-bromobutyric acid and (R)-(�)-
2-bromo-3-methylbutyric acid by means of diisopropylcarbo-
diimide as a coupling reagent. After removal of the triethyl-
silyl protective group the three hydroxyamides 33, 34 and 35
were obtained in 67, 31 and 40 % yields, respectively.[40]


Potassium hydride induced cyclization of 33 ± 35, which is
the key step of the synthetic route, furnished morpholin-3-
ones 36 ± 38 in 63 ± 84 % yields. Competing b-elimination was
not observed in any of these cyclizations, including cyclization
of sterically hindered 35. Moreover, this base-induced cycli-
zation was shown to proceed without epimerization of the
stereocentre a to the carbonyl group in the morpholin-3-one
ring (C-2). This was demonstrated by acylation of amine 32
with racemic 2-bromopropionic acid and subsequent cycliza-
tion, which gave 36 as an inseparable mixture with the
corresponding C-2 epimer. The 1H NMR spectrum of this
mixture contained doublets at d� 1.47 and 1.38 derived from
the methyl group in each of the two diastereomers. Of these
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doublets, the one at d� 1.47 matched the sole doublet from
the methyl group in 36. Finally, the tert-butyldiphenylsilyl
ether in 36 and 38 was cleaved and the resulting primary
alcohols 39 and 40 were oxidized to give acids 41 and 42 (79 %
and 71 % yields respectively, over two steps).


Mimetics of classical g-turns can be prepared by an analogous
route (Scheme 7). Thus, compound 48, which is a mimetic of a
classical Phe-Ala-Asn g-turn, was prepared from azido
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Scheme 7. a) EtOH, reflux, 43 h, 72%; b) Et3SiCl, imidazole, CH2Cl2,
0 8C!RT, 1.5 h, 95 %; c) (R)-(�)-2-bromopropionic acid, diisopropylcar-
bodiimide, CH2Cl2, 0 8C, 1 h, then aqueous workup followed by 2m aqueous
HCl/THF (3:2), RT, 96 h, 58 %; d) KH, THF/DMF (3:1), 0 8C, 4 h, 84%;
e) TBAF, THF, RT, 2 h, 100 %; f) NaIO4, RuCl3 ´ H2O (cat.), H2O/CCl4/
CH3CN (3:2:2), RT, 3 h; 96%.


epoxide 17, the asparagine building block 30 and (R)-(�)-2-
bromopropionic acid by the same transformations as were
used for synthesis of the inverse g-turn mimetics. The yields of
the steps leading to mimetic 48 closely resembled those
observed in the synthesis of the diastereomeric inverse g-turn
mimetic 41. This allowed mimetic 48 to be obtained in an
overall yield of 32 % from azido epoxide 17. As for inverse g-
turn mimetics, the diastereomeric purity of morpholin-3-one
46 was probed in a control experiment starting from racemic
2-bromopropionic acid. Once again, 1H NMR spectroscopy
confirmed that the stereocentre a to the carbonyl group in the
ring of 46 had not undergone detectable epimerization during
the base-promoted cyclization of 45.


Incorporation of an inverse g-turn mimetic in desmopressin
and preliminary conformational studies : The Phe-Ala-Asn
inverse g-turn mimetic 41 was incorporated in the desmo-
pressin analogue 49 by means of solid-phase synthesis,
thereby revealing that the g-turn mimetics can be used as


building blocks under standard conditions for Fmoc solid-
phase peptide synthesis (Scheme 8). Synthesis of 49 was
performed on a polystyrene resin grafted with polyethylene-
glycol chains functionalized with the Rink linker.[41] Na-Fmoc
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Scheme 8. Incorporation of mimetic 41 in the desmopressin analogue 49 in
23% overall yield by solid-phase synthesis.


amino acids carrying standard side-chain protecting groups
were coupled to the resin as benzotriazolyl (HOBt) esters,[35a]


whereas mimetic 41 was activated as a more reactive HOAt
ester.[35b] This allowed complete acylation of the resin-bound
Cys-Pro-d-Arg-Gly tetrapeptide with only 1.3 equivalents of
the valuable 41 relative to the capacity of the resin. After
attachment of 41 to the solid phase the azido group was
reduced by treatment with tin(ii) chloride in the presence of
thiophenol and triethylamine.[42] The reduction could be
monitored conveniently by the disappearance of the N3


stretch in the IR spectrum obtained from a few resin beads.[43]


The azido group had thus served as a masked amino group
throughout the synthesis of 41 and was unmasked at the latest
possible stage of the synthesis. After completion of the
synthesis, the peptide was cleaved from the resin, and the
amino acid side chains were simultaneously deprotected by
treatment with trifluoroacetic acid. Disulfide bond formation
was effected by oxidation with iodine in methanol,[44] and
purification by reversed-phase HPLC gave the desmopressin
analogue 49 in 23 % overall yield, based on the resin capacity.
The structure of analogue 49 was confirmed by means of fast
atom bombardment mass spectroscopy, amino acid analysis,
and 1H NMR spectroscopy (Table 1).[45]


The conformations of the inverse g-turn mimetics 26, 41
and 42 were investigated in chloroform solution by NOESY
spectroscopy. For each of them a strong NOE was observed
between the protons on C-2 and C-6 in the morpholin-3-one
ring (Figure 4). This observation supported the prediction that
the inverse g-turn mimetics adopt the calculated half-chair
conformation, with the substituents on the morpholin-3-one
ring in pseudoequatorial or equatorial orientations and the
C-2 and C-6 protons in pseudoaxial and axial positions
(Figure 3 A). Furthermore, a strong NOE was observed
between the C-2 and C-6 protons of the morpholin-3-one
ring in an aqueous solution of the desmopressin analogue 49.
Thus, the conformation of the morpholin-3-one inverse g-turn
mimetic appears to be unaffected both by the incorporation in
the macrocyclic peptide and by the solvent. In comparison,
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Figure 4. NOEs which support the calculated conformations for inverse
(26, 41, and 42) and classical (48) g-turn mimetics.


the NOESY spectrum of the classical g-turn mimetic 48
displayed a strong NOE between the methyl group at C-2 and
the proton at C-6 of the six-membered ring (Figure 4). Again,
this confirms predominant population of the half-chair
calculated minimum-energy conformation, in which the
methyl group is positioned pseudoaxially and the substituents
at C-6 and N-4 occupy equatorial and pseudoequatorial
orientations (Figure 3B).


Conclusions


We have developed an enantioselective synthetic approach to
mimetics of both inverse and classical g-turns and shown that
the mimetics can be employed in solid-phase synthesis of
peptides using the Fmoc strategy. The turn mimetics were
assembled from three types of building blocks: azido epox-
ides, a-bromo acids and b-amino alcohols; of these, the
stereochemistry of the azido epoxide determines if a classical
or an inverse g-turn is mimicked. The flexible synthetic
approach allows introduction of different side chains in the
turn mimetics with full stereochemical control. In addition,
this approach may allow preparation of libraries of g-turn
mimetics, since i) the synthetic route to the key azido epoxides
allows preparation of >10 g amounts in less than two weeks,
and ii) a-bromo acids and b-amino alcohols are either
commercially available or readily prepared from amino acids.
Finally, conformational studies based on ab initio calculations
and 1H NMR spectroscopy revealed that the minimum-energy
conformations of the mimetics closely resembled inverse or
classical g-turns.


Experimental Section


General methods and materials : All reactions were carried out under an
inert atmosphere with dry solvents under anhydrous conditions, unless
otherwise stated. CH2Cl2 and THF were distilled from calcium hydride and
sodium benzophenone, respectively. DMF was distilled and then dried over
two portions of 3 � molecular sieves. TLC was performed on silica gel
60F254 (Merck) with detection by UV light and charring with phosphomo-
lybdic acid in EtOH (26 mmol lÿ1). Flash column chromatography (eluents
given in brackets) was performed on silica gel (Matrex, 60 �, 35 ± 70 mm,
Grace Amicon).
1H and 13C NMR spectra were recorded on a Bruker DRX-360, a Bruker
DRX-400 or a Bruker ARX-500 spectrometer for solutions in CDCl3


(residual CHCl3 (dH� 7.26) or CDCl3 (dC� 77.0) as internal standard) at
298 K. The NMR sample of the desmopressin analogue 49 was prepared by
dissolving 49 (4 mg, 3.95 mmol) in 0.05 mL phosphate buffer (200 mm in
D2O, pD 6.41) and 0.45 mL of a 0.3mm solution of NaN3 in doubly distilled
water (concentration of the sample: ca. 8mm, pH 6.70). Spectra of 49 were
recorded on a Bruker Avance DRX-600 spectrometer with HDO (dH�
4.98) as internal standard at 278 K. First-order chemical shifts and coupling
constants were obtained from one-dimensional spectra and proton
resonances were assigned from appropriate combinations of COSY,[46a]


TOCSY,[46b] ROESY[46c] and NOESY[46d±f] experiments. Ratios of diaster-
eomeric or rotameric mixtures were determined by integration of 1H NMR
resonances. The index A refers to the major, B to the minor isomer.


IR spectra were recorded on an ATI Mattson Genesis Series FTIR
spectrometer. Optical rotations were measured with a Perkin ± Elmer 343
polarimeter. Positive fast atom bombardment mass spectra (FAB MS) were
recorded on a JEOL SX102 A mass spectrometer. Ions for FAB MS were
produced by a beam of xenon atoms (6 keV) from a matrix of glycerol and
thioglycerol. Combustion analyses were performed by F. Hambloch,
Institute of Organic Chemistry, University of Göttingen (Germany).


Compounds 17[27, 31] and 18[27, 31] were prepared essentially as outlined in the
cited references. Experimental procedures describing the syntheses of 17
and 18 are provided as Supporting Information. (R)-(�)-2-Bromopropionic
acid and (R)-(�)-2-bromo-3-methylbutyric acid were purchased from
Fluka (Switzerland) and Aldrich (USA), respectively, whereas (R)-(�)-2-
bromobutyric acid was prepared by diazotization of (R)-2-aminobutyric
acid as described previously.[25] (S)-Alaninol and Fmoc-Asn(Trt)-OH were
purchased from Aldrich (USA) and Bachem (Switzerland), respectively.


Molecular modelling : Energy minimization of the simplified g-turn
mimetics 5 and 6 was performed by ab initio molecular orbital calculations
with the Spartan RHF 4.1 program[47] using the STO-3G[48] basis sets.
Superimposition of energy-minimized conformations of 5 and 6 on ideal
inverse and classical g-turns, respectively, was performed using the
MacMimic 3 program.[49] In the superimpositions atoms C-6, C-2, and
N-4 in the morpholinone ring of each mimetic were superimposed on the
C�O, C-a and NH atoms, respectively, of residues i, i�1, and i�2 of the
corresponding g-turn.


(2S)-1-(tert-Butyldiphenylsilyloxy)propyl-2-amine (19): Imidazole (1.216 g,
17.87 mmol) was added to (S)-alaninol (0.610 g, 8.12 mmol) in CH2Cl2


(40 mL) at room temperature. After cooling of the mixture to 0 8C, tert-
butylchlorodiphenylsilane (3.99 mL, 4.23 g, 17.1 mmol) was added; the
reaction mixture was stirred for 3 h, poured into satd. aqueous NaHCO3


and extracted with CH2Cl2 (3� 30 mL). The combined organic phases were
dried with Na2SO4 and concentrated. Flash chromatography (heptane/ethyl
acetate 2:1, then EtOH) of the residue yielded 19 (2.419 g, 95 %): [a]20


D �
�3.3 (c� 1.9 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.74 ± 7.65 (m,
4H; Ph), 7.46 ± 7.34 (m, 6 H; Ph), 3.55 (ABX-type dd, J� 9.8 and 4.3 Hz,
1H; CH2OSi), 3.36 (ABX-type dd, J� 9.8 and 7.5 Hz, 1H; CH2OSi), 3.10 ±
3.00 (m, 1 H; CHNH2), 2.17 (br s, 2H; NH2), 1.06 (s, 9H; tBu), 1.00 (d, J�
6.5 Hz, 3H; CH3); 13C NMR (100 MHz, CDCl3): d� 135.5 (2 C), 129.6,
127.6, 70.4, 48.5, 26.8, 26.7, 19.2; IR (neat): nÄ � 1425 cmÿ1 (CÿO); HR FAB
MS calcd for C19H28NOSi [M�H] 314.1940, found 314.1945; C19H27NOSi
(313.5): calcd C 72.79, H 8.68, N 4.47; found C 72.67, H 8.87, N 4.42.


(2S,3S)-3-Azido-1-[(1S)-2-(tert-butyldiphenylsilyloxy)-1-methylethylami-
no]-4-phenylbutan-2-ol (20): Azido epoxide 18[27, 31] (0.151 g, 0.798 mmol)
and the O-silylated alaninol 19 (0.238 g, 0.760 mmol) were refluxed in
EtOH (5 mL) for 96 h. The solvent was evaporated and flash chromatog-
raphy (heptane/ethyl acetate 1:1, then EtOH) of the residue yielded 20


Table 1. 1H NMR data (d) for the desmopressin analogue 49 in aqueous
solution.[a]


Residue NH H-a H-b H-g Others


Mpa1 2.61[b] 3.30, 2.82
Tyr2 8.33 4.11 2.40[b] 6.72 and 6.67 (H arom)
Mimetic
Phe3 7.72 4.24 2.97, 2.88 7.34 ± 7.17 (H arom), 3.90 (CHO)
Ala4 4.29 1.43
Asn5 4.28 2.90, 2.65 7.71 and 6.91 (CONH2)
bridge 3.23 and 3.68 (CH2N)
Cys6 8.11 4.63 3.14, 2.87
Pro7 4.37 2.24, 1.83 1.99[b] 3.83 and 3.56 (H-d)
d-Arg8 8.89 4.20 1.83, 1.70 1.58[b] 3.12 (H-d),[b] 7.23 (NH-e)
Gly9 8.33 3.86, 3.81 6.88 and 6.42 (CONH2)


[a] Obtained at 600 MHz, 278 K, and pH� 6.70 (phosphate buffer) for an �8 mm
solution of 49 in water containing 10% D2O [HDO (d� 4.98) as internal
standard]. [b] Degeneracy has been assumed.
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(0.260 g, 68%): [a]20
D �ÿ1.0 (c� 0.4 in CHCl3); 1H NMR (400 MHz,


CDCl3): d� 7.68 ± 7.62 (m, 4H; Ph), 7.46 ± 7.23 (m, 11H; Ph), 3.63 ± 3.57 (m,
2H; CH2OSi and CHOH), 3.50 (ABX-type dd, J� 10.2 and 6.4 Hz, 1H;
CH2OSi), 3.36 ± 3.30 (m, 1H; CHN3), 3.08 (ABX-type dd, J� 13.6 and
6.6 Hz, 1 H; CH2Ph), 3.00 (ABX-type dd, J� 13.7 and 8.4 Hz, 1 H; CH2Ph),
2.83 ± 2.75 (m, 1H; CH2NH), 2.74 ± 2.61 (m, 3 H; CH2NH and OH), 1.06 (s,
9H; tBu), 1.02 (d, J� 6.5, 3H; CH3); 13C NMR (100 MHz, CDCl3): d�
137.5, 135.5 (2C), 133.3, 133.2, 129.7, 129.3, 128.6, 128.3, 127.7, 126.7, 70.1,
67.0, 65.7, 54.6, 49.3, 36.8, 26.8, 19.2, 17.1; IR (neat): nÄ � 3305 (OH),
2105 cmÿ1 (N3); HR FAB MS calcd for C29H39N4O2Si [M�H] 503.2842,
found 503.2841; C29H38N4O2Si (502.7): calcd C 69.29, H 7.62, N 11.14; found
C 69.31, H 7.33, N 11.35.


(6S)-6-[(1S)-1-Azido-2-phenylethyl]-4-[(1S)-2-(tert-butyldiphenylsilyl-
oxy)-1-methylethyl]morpholin-3-one (21): Amino alcohol 20 (55 mg,
0.11 mmol) in THF (3 mL) was added to NaH (50 % dispersion in mineral
oil, 4.8 mg, 0.12 mmol) and the suspension was stirred at room temperature
for 30 min. After addition of ethyl bromoacetate (12.0 mL, 18.0 mg,
0.110 mmol) stirring was continued for 2 h at room temperature and finally
under reflux for 3 h.[33a] The reaction was quenched with satd. aqueous
NH4Cl (5 mL) and extracted with EtOAc (3� 10 mL). The combined
organic phases were dried with Na2SO4 and concentrated. Flash chroma-
tography (heptane/ethyl acetate 5:1!1:1) of the residue yielded 21 (13 mg,
22%): [a]20


D �ÿ30.1 (c� 1.7 in CHCl3); 1H NMR (400 MHz, CDCl3): d�
7.58 ± 7.53 (m, 4 H; Ph), 7.46 ± 7.39 (m, 2H; Ph), 7.38 ± 7.18 (m, 9H; Ph),
4.81 ± 4.72 (m, 1H; CHMeN), 4.38 (AB-type d, J� 16.4 Hz, 1H; CH2CO),
4.10 (AB-type d, J� 16.4 Hz, 1H; CH2CO), 3.70 (ABX-type dd, J� 10.8
and 4.5 Hz, 1 H; CH2OSi), 3.62 ± 3.54 (m, 2 H; CH2OSi and CHO), 3.49
(ABX-type dd, J� 11.0 and 11.0 Hz, 1 H; CH2N), 3.31 (ddd, J� 7.6, 7.6 and
2.9 Hz, 1H; CHN3), 3.14 (ABX-type dd, J� 11.4 and 2.3 Hz, 1 H; CH2N),
3.05 (ABX-type dd, J� 13.4 and 7.6 Hz, 1 H; CH2Ph), 2.98 (ABX-type dd,
J� 13.4 and 7.7 Hz, 1H; CH2Ph), 1.16 (d, J� 7.1 Hz, 3H; CH3), 0.96 (s, 9H,
tBu); 13C NMR (100 MHz, CDCl3): d� 166.0, 136.5, 135.5 (2 C), 133.0,
132.9, 129.9, 129.8, 129.1, 128.9, 127.8, 127.2, 73.4, 68.0, 65.0, 63.0, 49.3, 43.4,
36.0, 26.7, 19.1, 13.4; IR (KBr): nÄ � 2105 (N3), 1650 cmÿ1 (C�O); HR FAB
MS calcd for C31H39N4O3Si [M�H] 543.2791, found 543.2786; C31H38N4O3Si
(542.8): calcd C 68.60, H 7.06, N 10.32; found C 68.37, H 6.86, N 10.07.


(2S,3S)-N-[(1S)-2-(tert-Butyldiphenylsilyloxy)-1-methylethyl]-3-azido-4-
phenyl-2-(triethylsilyloxy)butylamine (22): Imidazole (36 mg, 0.53 mmol)
was added to amino alcohol 20 (0.115 g, 0.229 mmol) in CH2Cl2 (6 mL) at
room temperature. The solution was cooled to 0 8C and chlorotriethylsilane
(85 mL, 76 mg, 0.50 mmol) was added. After 4 h the reaction mixture was
poured into satd. aqueous NaHCO3 and extracted with CH2Cl2 (3� 5 mL).
The combined extracts were dried with Na2SO4 and concentrated. Flash
chromatography (heptane/ethyl acetate 10:1!2:1) of the residue furnish-
ed 22 (0.103 g, 73 %): [a]20


D �ÿ1.9 (c� 0.5 in CHCl3); 1H NMR (400 MHz,
CDCl3): d� 7.73 ± 7.68 (m, 4H; Ph), 7.48 ± 7.24 (m, 11H; Ph), 3.88 ± 3.79 (m,
1H; CHOSi), 3.70 ± 3.49 (m, 3H; CH2OSi and CHN3), 2.97 (ABX-type dd,
J� 13.9 and 4.2 Hz, 1 H; CH2Ph), 2.93 ± 2.70 [m, 4 H; CHMeNH, CH2NH
and CH2Ph (1H)], 1.09 (s, 9H; tBu), 1.07 ± 1.00 (m, 12 H; SiCH2CH3 and
CH3), 0.70 (q, J� 7.9 Hz, 6 H; SiCH2CH3); 13C NMR (100 MHz, CDCl3):
d� 138.3, 135.5, 133.5, 129.6 (2C), 129.1, 128.5, 127.6, 126.5, 67.9, 65.2, 54.8,
49.8, 36.6, 26.8, 19.2, 17.2, 6.9, 5.1; IR (neat): nÄ � 2105 cmÿ1 (N3); HR FAB
MS calcd for C35H53N4O2Si2 [M�H] 617.3707, found 617.3713; C35H52N4O2-
Si2 (617.0): calcd C 68.13, H 8.49, N 9.08; found C 67.75, H 8.39, N 9.04.


(2R)-N-[(2S,3S)-3-Azido-2-hydroxy-4-phenylbutyl]-N-[(1S)-2-(tert-butyl-
diphenylsilyloxy)-1-methylethyl]-2-bromopropionamide (23): 1,3-Diiso-
propylcarbodiimide (DIC, 0.140 mL, 0.116 g, 0.917 mmol) was added to a
solution of (R)-(�)-2-bromopropionic acid (97.3 mL, 0.160 g, 1.05 mmol) in
CH2Cl2 (2 mL) at 0 8C. The reaction mixture was stirred at 0 8C for 20 min,
after which amine 22 (81 mg, 0.13 mmol) in CH2Cl2 (2 mL) was added and
stirring was continued for 4 h at 0 8C. Then diisopropylurea was filtered off
and the filtrate was extracted with satd. aqueous NaHCO3 (2� 5 mL), 10%
citric acid (2� 5 mL) and brine (5 mL). The organic solution was dried over
Na2SO4 and concentrated. The residue was flash chromatographed
(heptane/ethyl acetate 10:1) to give the desired triethylsilylated amide
(0.136 g) contaminated by coeluting diisopropylurea. The silylated amide
(0.136 g) was dissolved in a mixture of 2m aqueous HCl (3 mL) and THF
(2 mL) and stirred at room temperature for 96 h.[50] The reaction mixture
was poured into satd. aqueous NaHCO3 (5 mL) and extracted with CH2Cl2


(3� 5 mL). The combined organic extracts were dried over Na2SO4 and
concentrated. Flash chromatography (heptane/ethyl acetate 10:1!5:1) of


the residue yielded 23 (56 mg, 67% over 2 steps): [a]20
D �ÿ4.0 (c� 0.9 in


CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.61 ± 7.56 (m, 4H; Ph), 7.50 ± 7.36
(m, 6H; Ph), 7.34 ± 7.22 (m, 5H; Ph), 4.55 (q, J� 6.5 Hz, 1 H; CHBr), 4.12 ±
4.02 (m, 2H; CHMeN and OH), 3.91 ± 3.84 (m, 1 H; CHOH), 3.59 (ABX-
type dd, J� 11.1 and 4.6 Hz, 1H; CH2OSi), 3.51 ± 3.38 (m, 3H; CH2OSi,
CH2N and CHN3), 3.22 (ABX-type dd, J� 14.4 and 2.5 Hz, 1 H; CH2N),
3.07 (ABX-type dd, J� 14.0 and 4.9 Hz, 1H; CH2Ph), 2.93 (ABX-type dd,
J� 13.9 and 9.5 Hz, 1H; CH2Ph), 1.75 (d, J� 6.5 Hz, 3H; CHBrCH3), 1.12
(d, J� 6.7 Hz, 3 H; CH3), 1.04 (s, 9 H; tBu); 13C NMR (100 MHz, CDCl3):
d� 172.5, 137.7, 135.5, 135.4, 132.7, 132.4, 130.1 (2C), 129.2, 128.6, 127.9
(2C), 126.7, 72.8, 66.1, 64.8, 55.2, 46.1, 38.9, 36.4, 26.8, 21.6, 19.0, 14.6; IR
(neat): nÄ � 3380 (OH), 2105 (N3), 1630 cmÿ1 (C�O); HR FAB MS calcd for
C32H42BrN4O3Si [M�H] 637.2210, found 637.2206; C32H41BrN4O3Si (637.7):
calcd C 60.27, H 6.48, N 8.79; found C 60.06, H 6.34, N 8.99.


(2S,6S)-6-[(1S)-1-Azido-2-phenylethyl]-4-[(1S)-2-(tert-butyldiphenylsilyl-
oxy)-1-methylethyl]-2-methylmorpholin-3-one (24): Bromo alcohol 23
(72 mg, 0.11 mmol) in THF (0.5 mL) was added dropwise to KH (5.9 mg,
0.15 mmol) suspended in THF (1 mL) and DMF (0.3 mL) at 0 8C. After
55 min at 0 8C the reaction mixture was poured into satd. aqueous NaHCO3


(5 mL) and extracted with CH2Cl2 (3� 5 mL). The combined extracts were
dried with Na2SO4 and concentrated. Flash chromatography (heptane/ethyl
acetate 10:1!5:1) of the residue gave the morpholinone derivative 24
(54 mg, 86 %): [a]20


D �ÿ30.9 (c� 1.2 in CHCl3); 1H NMR (400 MHz,
CDCl3): d� 7.64 ± 7.59 (m, 4H; Ph), 7.50 ± 7.44 (m, 2H; Ph), 7.43 ± 7.23 (m,
9H; Ph), 4.82 ± 4.72 (m, 1 H; CHMeN), 4.23 (q, J� 6.8 Hz, 1H; OCHCH3),
3.75 (ABX-type dd, J� 10.7 and 4.5 Hz, 1H; CH2OSi), 3.71 ± 3.61 (m, 2H;
CH2OSi and CHO), 3.55 (ABX-type dd, J� 11.1 and 11.1 Hz, 1H; CH2N),
3.36 (ddd, J� 7.6, 7.6 and 3.2 Hz, 1 H; CHN3), 3.21 (ABX-type dd, J� 11.5
and 2.6 Hz, 1H; CH2N), 3.10 (ABX-type dd, J� 13.5 and 7.5 Hz, 1H;
CH2Ph), 3.02 (ABX-type dd, J� 13.5 and 7.7 Hz, 1H; CH2Ph), 1.59 (d, J�
6.8 Hz, 3 H; OCHCH3), 1.20 (d, J� 7.1 Hz, 3H; CH3), 1.02 (s, 9H; tBu);
13C NMR (100 MHz, CDCl3): d� 169.2, 136.8, 135.6, 133.1, 129.9, 129.2,
129.0, 127.9, 127.2, 74.7, 73.1, 65.2, 63.2, 49.7, 44.2, 36.2, 26.9, 19.2, 18.6, 13.6;
IR (neat): nÄ � 2110 (N3), 1650 cmÿ1 (C�O); HR FAB MS calcd for
C32H41N4O3Si [M�H] 557.2948, found 557.2942.


(2S,6S)-6-[(1S)-1-Azido-2-phenylethyl]-4-[(1S)-2-hydroxy-1-methylethyl]-
2-methylmorpholin-3-one (25): Tetrabutylammonium fluoride hydrate
(32 mg, 10 mmol) was added to the protected alcohol 24 (52 mg, 93 mmol)
in THF (3.5 mL) at room temperature. After stirring of the mixture for 2 h
the solvent was evaporated. Flash chromatography (heptane/ethyl acetate
1:1, then EtOH) of the residue furnished 25 (30 mg, 100 %): [a]20


D �ÿ46.2
(c� 0.4 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.45 ± 7.18 (m, 5H; Ph),
4.68 ± 4.57 (m, 1 H; CHMeN), 4.21 (q, J� 6.8 Hz, 1H; OCHCH3), 3.78
(ddd, J� 10.7, 3.1 and 3.1 Hz, 1 H; CHO), 3.66 (ABX-type dd, J� 11.6 and
4.1 Hz, 1H; CH2OH), 3.58 ± 3.49 (m, 2H; CH2OH and CH2N), 3.46 (ddd,
J� 7.6, 7.6 and 3.3 Hz, 1 H; CHN3), 3.20 ± 3.01 [m, 3H; CH2N (1 H) and
CH2Ph (2H)], 1.54 (d, J� 6.8 Hz, 3 H; OCHCH3), 1.16 (d, J� 7.1 Hz, 3H;
CH3); 13C NMR (100 MHz, CDCl3): d� 171.1, 136.6, 129.2, 128.9, 127.2,
74.6, 73.1, 64.5, 63.0, 51.7, 44.0, 36.2, 18.3, 13.2; IR (neat): nÄ � 3365 (OH),
2110 (N3), 1630 cmÿ1 (C�O); HR FAB MS calcd for C16H23N4O3 [M�H]
319.1770, found 319.1768; C16H22N4O4 (318.4): calcd C 60.17, H 7.26, N
17.54; found C 60.32, H 7.37, N 17.38.


(2S)-2-{(2S,6S)-6-[(1S)-1-Azido-2-phenylethyl]-2-methylmorpholin-3-one-
4-yl}propionic acid (26): A catalytic amount of RuCl3 ´ H2O (2.2 mol %)
was added to a biphasic solution of alcohol 25 (30 mg, 94 mmol) and NaIO4


(60 mg, 0.28 mmol) in CCl4 (0.2 mL), acetonitrile (0.2 mL), and H2O
(0.3 mL). The black mixture was stirred vigorously for 2 h at room
temperature. Then CH2Cl2 (5 mL) was added and the phases were
separated. The aqueous phase was extracted with CH2Cl2 (4� 3 mL). The
combined organic extracts were dried with MgSO4, filtered and concen-
trated. The resulting residue was triturated with diethyl ether (5 mL),
filtered through a Celite pad and concentrated to yield the acid 26 (27 mg,
86%): [a]20


D �ÿ41.5 (c� 0.4 in CHCl3); 1H NMR (500 MHz, CDCl3): d�
7.21 ± 7.36 (m, 5H; Ph), 5.13 (q, J� 7.4 Hz, 1H; CHMeN), 4.25 (q, J�
6.8 Hz, 1 H; OCHCH3), 3.80 (ddd, J� 10.7, 3.2 and 3.2 Hz, 1H; CHO),
3.63 (ABX-type dd, J� 10.9 and 10.9 Hz, 1 H; CH2N), 3.45 (ddd, J� 7.9, 7.0
and 3.4 Hz, 1H; CHN3), 3.12 (ABX-type dd, J� 11.3 and 2.7 Hz, 1H;
CH2N), 3.06 (ABX-type dd, J� 13.8 and 6.9 Hz, 1H; CH2Ph), 3.02 (ABX-
type dd, J� 13.6 and 8.0 Hz, 1H; CH2Ph), 1.52 (d, J� 6.8 Hz, 3H;
OCHCH3), 1.46 (d, J� 7.5 Hz, 3 H; CH3); 13C NMR (100 MHz, CDCl3):
d� 175.0, 170.5, 136.5, 129.2, 128.9, 127.2, 74.6, 73.3, 62.9, 51.6, 45.4, 36.2,
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18.2, 13.7; IR (neat): nÄ � 2110 (N3), 1730 (C�O), 1615 cmÿ1 (C�O); HR
FAB MS calcd for C16H21N4O4 [M�H] 333.1563, found 333.1571;
C16H20N4O4 (332.4): calcd C 57.82, H 6.07, N 16.86; found C 58.02, H 6.30,
N 16.69.


N-Triphenylmethyl (3S)-3-(9-fluorenylmethoxycarbonylamino)-4-hydroxy-
butyramide (28). N-Methylmorpholine (0.10 mL, 93 mg, 0.92 mmol) fol-
lowed by isobutyl chloroformate (0.12 mL, 0.13 g, 0.92 mmol) were added
to a stirred solution of Fmoc-Asn(Trt)-OH (27, 0.546 g, 0.915 mmol) in
THF (5 mL) at ÿ10 8C. After 10 min, NaBH4 (0.103 g, 2.75 mmol) was
added in one portion. After a further 15 min MeOH (10 mL) was added
dropwise to the mixture over a period of 5 min at 0 8C. The solution was
stirred for an additional 10 min, and then neutralized with 2m aqueous HCl
(2 mL). The organic solvents were evaporated and the residue was
extracted with EtOAc (3� 10 mL). The combined organic phases were
dried with Na2SO4 and the solvent was removed. Flash chromatography
(toluene/EtOH 20:1) furnished alcohol 28 (0.373 g, 70%) as a white solid:
m.p. 168 ± 170 8C; [a]20


D ��21.6 (c� 0.7 in CHCl3); 1H NMR (400 MHz,
CDCl3): d� 7.81 ± 7.72 (m, 2 H; Ar), 7.60 ± 7.53 (m, 2 H; Ar), 7.44 ± 7.37 (m,
2H; Ar), 7.32 ± 7.14 (m, 17H; Ar), 5.87 (d, J� 7.6 Hz, 1 H; OCONH), 4.40 ±
4.26 (m, 2H; CH2OCO), 4.15 (t, J� 6.8 Hz, 1H; fluorenyl-9-H), 3.96 ± 3.85
(m, 1H; CHNFmoc), 3.71 ± 3.48 (m, 3H; CH2OH), 2.71 (ABX-type dd, J�
14.5 and 5.8 Hz, 1 H; CH2CO), 2.60 (ABX-type dd, J� 14.4 and 4.3 Hz, 1H;
CH2CO); 13C NMR (100 MHz, CDCl3): d� 170.7, 156.4, 144.1, 143.7, 141.2,
128.5, 128.3, 127.9, 127.7, 127.1, 127.0, 125.0, 119.9, 70.8, 66.8, 64.1, 50.1, 47.0,
39.0; IR (neat): nÄ � 3315 (OH), 1705 cmÿ1 (C�O); HR FAB MS calcd for
C38H35N2O4 [M�H] 583.2597, found 583.2591.


N-Triphenylmethyl (3S)-4-(tert-butyldiphenylsilyloxy)-3-(9-fluorenylmeth-
oxycarbonylamino)butyramide (29): Imidazole (63 mg, 0.93 mmol) was
added to alcohol 28 (0.271 g, 0.465 mmol) in CH2Cl2 (5 mL) at room
temperature. After cooling to 0 8C tert-butylchlorodiphenylsilane (0.14 mL,
0.15 g, 0.62 mmol) was added and stirring was continued for 1.5 h. Then the
reaction mixture was poured into brine (10 mL) and extracted with CH2Cl2


(3� 10 mL). The combined organic phases were dried with Na2SO4 and
concentrated. Flash chromatography (heptane/ethyl acetate 10:1!1:1) of
the residue yielded 29 (0.294 g, 77%) as a white solid: m.p. 84 ± 86 8C;
[a]20


D �ÿ7.4 (c� 0.6 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.78 ± 7.72
(m, 2 H; Ar), 7.65 ± 7.59 (m, 4 H; Ar), 7.57 ± 7.50 (m, 2H; Ar), 7.45 ± 7.30 (m,
9H; Ar), 7.29 ± 7.22 (m, 10 H; Ar), 7.20 ± 7.15 (m, 6H; Ar), 6.87 (s, 1H;
NHTrt), 5.73 (d, J� 7.7 Hz, 1H; OCONH), 4.29 ± 4.22 and 4.15 ± 4.06 (2m,
4H; CH2OCO, fluorenyl-9-H, CHNFmoc), 3.84 ± 3.77 (m, 1H; CH2OSi),
3.72 ± 3.64 (m, 1H; CH2OSi), 2.87 ± 2.78 (m, 1H; CH2CO), 2.68 ± 2.58 (m,
1H; CH2CO), 1.05 (s, 9 H; tBu); 13C NMR (100 MHz, CDCl3): d� 170.0,
155.9, 144.5, 143.9 (2C), 141.2, 135.4, 133.0, 129.9, 129.8, 128.6, 128.3, 128.0,
127.8 (2C), 127.7, 127.6, 127.1, 127.0, 125.2, 119.9, 70.8, 66.8, 64.5, 50.1, 47.1,
37.7, 26.9, 19.3; IR (neat): nÄ � 1700 cmÿ1 (C�O); C54H52N2O4Si (821.1): calcd
C 78.99, H 6.38, N 3.41; found C 79.22, H 6.58, N 3.32.


N-Triphenylmethyl (3S)-3-amino-4-(tert-butyldiphenylsilyloxy)butyr-
amide (30): Compound 29 (0.294 g, 0.358 mmol) was dissolved in morpho-
line (5 mL) at room temperature. After 1 h the solution was coevaporated
with toluene (3� 5 mL). Flash chromatography (heptane/ethyl acetate
10:1!1:1, then toluene/EtOH 1:1!EtOH) of the residue gave 30 (0.189 g,
88%) as a white solid: m.p. 125 8C; [a]20


D �ÿ7.4 (c� 0.8 in CHCl3); 1H NMR
(360 MHz, CDCl3): d� 9.26 (s, 1H; NHTrt), 7.66 ± 7.62 (m, 3 H; Ph), 7.49 ±
7.34 (m, 5H; Ph), 7.32 ± 7.20 (m, 17 H; Ph), 3.60 (ABX-type dd, J� 10.1 and
4.2 Hz, 1H; CH2OSi), 3.49 (ABX-type dd, J� 10.0 and 6.4 Hz, 1H;
CH2OSi), 3.31 ± 3.21 (m, 1H; CHNH2), 2.35 ± 2.29 (m, 2 H; CH2CO), 1.08 (s,
9H; tBu); 13C NMR (90 MHz, CDCl3): d� 170.7, 144.9, 135.3, 132.9, 129.7,
128.5, 127.7, 127.6, 126.6, 70.1, 68.6, 50.4, 40.2, 26.8, 19.1; IR (KBr): nÄ � 1655
(C�O), 1105 cmÿ1 (CÿO); C39H42N2O2Si (598.9): calcd C 78.22, H 7.07, N
4.68; found C 78.52, H 7.32, N 4.53.


N-Triphenylmethyl (3S)-3-[(2S,3S)-3-azido-2-hydroxy-4-phenylbutylami-
no]-4-(tert-butyldiphenylsilyloxy)butyramide (31): Opening of epoxide 18
(0.210 g, 1.11 mmol) with amine 30 (0.637 g, 1.06 mmol) as described for 20,
followed by concentration and flash chromatography (heptane/ethyl
acetate 5:1!1:1) of the residue, gave 31 (0.548 g, 66 %) as a white solid:
m.p. 63 ± 65 8C; [a]20


D �ÿ9.4 (c� 0.2 in CHCl3); 1H NMR (400 MHz,
CDCl3): d� 8.13 (s, 1H; NHTrt), 7.71 ± 7.61 (m, 4 H; Ph), 7.50 ± 7.19 (m,
26H; Ph), 3.76 (ABX-type dd, J� 10.5 and 4.2 Hz, 1 H; CH2OSi), 3.61
(ABX-type dd, J� 10.4 and 4.6 Hz, 1 H; CH2OSi), 3.40 (ddd, J� 9.3, 3.1
and 3.1 Hz, 1H; CHOH), 3.28 (ddd, J� 8.9, 6.1 and 3.3 Hz, 1H; CHN3),
3.01 ± 2.84 (m, 3H; CHNH and CH2Ph), 2.67 (ABX-type dd, J� 11.7 and


9.4 Hz, 1 H; CH2NH), 2.57 ± 2.40 (m, 3 H; CH2CO and CH2NH), 1.10 (s,
9H; tBu); 13C NMR (100 MHz, CDCl3): d� 170.9, 144.8, 137.2, 135.5 (2 C),
132.9 (2C), 129.9, 128.7, 128.6, 127.9, 127.8, 126.9, 126.8, 71.2, 70.2, 66.0, 63.9,
56.3, 49.9, 39.2, 37.0, 26.8, 19.2; IR (KBr): nÄ � 3310 (OH), 2100 (N3),
1655 cmÿ1 (C�O); C49H53N5O3Si (788.1): calcd C 74.68, H 6.78, N 8.89;
found C 74.92, H 7.01, N 8.94.


N-Triphenylmethyl (3S)-3-[(2S,3S)-3-azido-4-phenyl-2-triethylsilyloxybu-
tylamino]-4-(tert-butyldiphenylsilyloxy)butyramide (32): Amino alcohol
31 was silylated (0.501 g, 0.637 mmol) in CH2Cl2 (20 mL) with chlorotri-
ethylsilane (0.24 mL, 0.21 g, 1.4 mmol) in the presence of imidazole
(0.100 g, 1.47 mmol), as described for 22. After workup, flash chromatog-
raphy (heptane/ethyl acetate 10:1!1:1) of the residue furnished 32
(0.489 g, 91 %): m.p. 56 ± 57 8C; [a]20


D �ÿ23.1 (c� 0.2 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 9.44 (s, 1H; NHTrt), 7.66 ± 7.61 (m, 4 H; Ph), 7.46 ±
7.19 (m, 26 H; Ph), 3.85 (ABX-type dd, J� 10.5 and 3.2 Hz, 1 H; CH2OSi),
3.72 (ddd, J� 8.3, 4.0 and 4.0 Hz, 1 H; CHN3), 3.49 (ABX-type dd, J� 10.5
and 4.0 Hz, 1 H; CH2OSi), 3.39 (ddd, J� 11.1, 3.6 and 3.6 Hz, 1 H; CHOSi),
3.06 ± 3.00 (m, 1H; CHNH), 3.00 (ABX-type dd, J� 14.1 and 2.9 Hz, 1H;
CH2NH), 2.79 (ABX-type dd, J� 11.1 and 8.5 Hz, 1H; CH2Ph), 2.64
(ABX-type dd, J� 10.8 and 4.2 Hz, 1H; CH2Ph), 2.63 (ABX-type dd, J�
14.1 and 10.8 Hz, 1H; CH2NH), 2.54 (ABX-type dd, J� 16.2 and 9.2 Hz,
1H; CH2CO), 2.42 (ABX-type dd, J� 16.2 and 2.8 Hz, 1H; CH2CO),
2.10 ± 1.87 (br s, 1 H; NH), 1.07 (s, 9 H; tBu), 0.95 (t, J� 7.9 Hz, 9H;
SiCH2CH3), 0.55 (q, J� 8.0 Hz, 6 H; SiCH2CH3); 13C NMR (90 MHz,
CDCl3): d� 171.3, 145.1, 138.1, 135.6, 135.5, 133.1, 132.8, 129.9 (2 C), 129.0,
128.8, 127.9, 127.8, 126.8 (2C), 74.1, 70.1, 66.5, 63.6, 56.8, 48.3, 39.8, 35.7,
26.9, 19.3, 7.0, 5.0; IR (KBr): nÄ � 2105 (N3), 1680 (C�O), 1110 cmÿ1 (CÿO);
C55H67N5O3Si2 (902.3): calcd C 73.21, H 7.48, N 7.76; found C 73.44, H 7.59,
N 7.99.


N-Triphenylmethyl (3S)-3-{N''-[(2S,3S)-3-azido-2-hydroxy-4-phenylbutyl]-
N''-[(1R)-1-bromoethylcarbonyl]amino}-4-(tert-butyldiphenylsilyloxy)bu-
tyramide (33): Acylation of amine 32 (0.666 g, 0.791 mmol) with (R)-(�)-2-
bromopropionic acid (0.570 mL, 0.968 g, 6.33 mmol) and DIC (0.860 mL,
0.698 g, 5.54 mmol), followed by removal of the triethylsilyl group with 2m
aqueous HCl (15 mL) and THF (10 mL), as described for 23, gave 33
(0.487 g, 67% over 2 steps) after purification by flash chromatography
(heptane/ethyl acetate 5:1). Compound 33 had: m.p. 80 8C; [a]20


D �ÿ38.1
(c� 0.08 in CHCl3); 1H NMR (400 MHz, CDCl3, 1:1 mixture of rotamers A
and B): d� 7.65 ± 7.51 (m, 4H; Ph, A �B), 7.47 ± 7.13 (m, 26 H; Ph, A �B),
6.72 (s, 0.5H; NHTrt, A), 6.68 (s, 0.5H; NHTrt, B), 4.80 (q, J� 6.6 Hz,
0.5H; CHBr, A), 4.58 ± 4.44 [m, 1.5 H; CHN (A �B, 1H) and CHBr (B,
0.5H)], 4.25 ± 4.15 [m, 1.5H; CH2OSi (A, 0.5H) and OH (A �B)], 3.99 ±
3.92 (m, 0.5 H; CHOH, A), 3.82 ± 3.72 [m, 1 H; CH2OSi (A, 0.5H) and
CHOH (B, 0.5 H)], 3.69 ± 3.62 (m, 0.5 H; CH2OSi, B), 3.53 ± 3.34 [m, 1H;
CHN3 (A, 0.5H) and CH2OSi (B, 0.5H), 3.33 ± 3.22 [m, 1.5 H; CH2NH
(A �B, 1 H) and CHN3 (B, 0.5 H)], 3.18 ± 3.14, 3.09 ± 2.80, 2.75 ± 2.68 and
2.40 ± 2.28 [4m, 5H; CH2NH (A �B, 1 H), CH2Ph (A �B, 2H) and
CH2CO (A �B, 2 H)], 1.73 (d, J� 6.6 Hz, 1.5H; CH3 , A), 1.72 (d, J�
6.6 Hz, 1.5 H; CH3 , B), 1.04 (s, 4.5H; tBu, A), 1.00 (s, 4.5H; tBu, B);
13C NMR (100 MHz, CDCl3): d� 172.4, 170.8, 169.9, 168.1, 144.4, 144.3,
137.4 (2C), 135.6, 135.4, 132.5, 132.4, 132.2, 130.1, 130.0 (2C), 129.3, 129.2,
129.1, 129.0, 128.7, 128.6, 128.5, 128.0 (2C), 127.9, 127.8, 127.2, 127.1, 126.9,
126.8, 71.7, 71.5, 70.9, 70.7, 66.2, 64.8, 64.0, 63.4, 56.3, 54.7, 47.6, 40.8, 39.7,
37.9, 37.1, 36.1, 35.9, 26.8, 21.8, 19.1, 19.0; IR (neat): nÄ � 3360 (OH), 2105
(N3), 1650 cmÿ1 (C�O); HR FAB MS calcd for C52H57BrN5O4Si [M�H]
922.3363, found 922.3366; C52H56BrN5O4Si (923.0): calcd C 67.66, H 6.12, N
7.59; found C 68.01, H 6.39, N 7.51.


N-Triphenylmethyl (3S)-3-{N''-[(2S,3S)-3-azido-2-hydroxy-4-phenylbutyl]-
N''-[(1R)-1-bromopropylcarbonyl]amino}-4-(tert-butyldiphenylsilyloxy)-
butyramide (34): Acylation of amine 32 (0.111 g, 0.132 mmol) with (R)-2-
bromobutyric acid[25] (0.176 g, 1.05 mmol) and DIC (0.143 mL, 0.117 g,
0.924 mmol), followed by removal of the triethylsilyl group using 2m
aqueous HCl (3 mL) and THF (2 mL), as described for 23, gave 34
(38 mg, 31 % over 2 steps) after purification by flash chromatography
(heptane/ethyl acetate 8:1!3:1). Compound 34 had: m.p. 73 ± 75 8C;
[a]20


D �ÿ28.0 (c� 0.6 in CHCl3); 1H NMR (400 MHz, CDCl3, 7:3 mixture
of rotamers A and B): d� 7.66 ± 7.53 (m, 4 H; Ph, A �B), 7.48 ± 7.13 (m,
26H; Ph, A �B), 6.69 (s; NHTrt, B), 6.67 (s; NHTrt, A), 4.65 (dd, J� 8.1
and 5.5 Hz; CHBr, B), 4.61 ± 4.54 (m; CHN), 4.28 ± 4.17 [m; CH2OSi and
CHBr (B)], 4.00 ± 3.92 (m; CHOH, A), 3.80 ± 3.73 (m; CHOH, B), 3.73 ±
3.70 (m; CH2OSi), 3.65 (ABX-type dd, J� 10.0 and 5.3 Hz; CH2OSi),
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3.56 ± 3.46 (m; CH2OSi), 3.45 ± 3.39 (m; CHN3, A), 3.38 ± 3.23 [m; CH2NH
and CHN3 (B)], 3.21 ± 3.13 (m; CH2NH), 3.08 ± 2.56 (m; CH2Ph and
CH2CO), 2.41 ± 2.32 (m; CH2CO), 2.08 ± 1.90 (m, 2 H; CH2CH3), 1.05 (s,
9H; tBu, A �B), 1.04 ± 1.00 (m, 3H; CH3, A �B); 13C NMR (100 MHz,
CDCl3): d� 172.1, 170.5, 169.9, 168.1, 144.4, 144.3, 137.5, 137.3, 135.6, 135.5
(2C), 135.4, 132.5, 132.4, 132.3, 132.2, 130.1, 130.0, 129.9 (2C), 129.3, 129.2,
128.7, 128.6, 128.5, 128.4, 128.0 (2C), 127.9 (2C), 127.8 (2C), 127.2, 127.1,
126.9, 126.8, 71.7, 71.6, 70.9, 70.7, 66.2, 64.6, 64.2, 63.6, 56.2, 48.0, 48.1, 47.8,
47.7, 37.8, 37.1, 36.0, 35.8, 29.0, 28.4, 27.0, 26.8, 19.0 (2C), 12.1, 11.9; IR
(neat): nÄ � 3345 (OH), 2105 (N3), 1650 cmÿ1 (C�O); HR FAB MS calcd for
C53H59BrN5O4Si [M�H] 936.3520, found 936.3530; C53H58BrN5O4Si (937.1):
calcd C 67.93, H 6.24, N 7.47; found C 67.89, H 6.25, N 7.51.


N-Triphenylmethyl (3S)-3-{N''-[(2S,3S)-3-azido-2-hydroxy-4-phenylbutyl]-
N''-[(1R)-1-bromo-2-methylpropylcarbonyl]amino}-4-(tert-butyldiphenyl-
silyloxy)butyramide (35): Acylation of amine 32 (0.316 g, 0.375 mmol) with
(R)-(�)-2-bromo-3-methylbutyric acid (0.543 g, 3.00 mmol) and DIC
(0.406 mL, 0.331 g, 2.63 mmol), followed by removal of the triethylsilyl
group using 2m aqueous HCl (4.5 mL) and THF (3 mL), as described for
23, gave 35 (0.143 g, 40 % over 2 steps) after purification by flash
chromatography (heptane/ethyl acetate 5:1). Compound 35 had: m.p.
78 ± 80 8C; [a]20


D �ÿ35.1 (c� 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3,
4:1 mixture of rotamers A and B): d� 7.65 ± 7.52 (m, 4H; Ph, A �B), 7.47 ±
7.12 (m, 26 H; Ph, A �B), 6.67 (s, 0.2 H; NHTrt, B), 6.65 (s, 0.8H; NHTrt,
A), 4.61 ± 4.53 [m, 0.4 H; CHBr (B, 0.2 H) and CHN (B, 0.2 H)], 4.24 (br s,
1H; OH, A �B), 4.06 ± 3.88 [m, 1H; CHBr (A, 0.8H) and CHOH (B,
0.2H)], 3.80 ± 3.67 [m, 1H; CHOH (A, 0.8 H) and CH2OSi (B, 0.2H)],
3.64 ± 3.50 (m, 1.8H; CH2OSi, A �B), 3.44 ± 3.20 [m, 4.6H; CH2NH (A �
B, 2 H), CHN3 (A �B, 1H), CHN (A, 0.8H) and CH2CO (A, 0.8H)],
3.09 ± 3.01 and 2.94 ± 2.83 (2m, 2 H; CH2Ph, A �B), 2.75 ± 2.68 (m, 0.2H;
CH2CO, B), 2.49 ± 2.42 (m, 0.2H; CH2CO, B), 2.36 ± 2.28 (m, 0.8H; CH2CO,
A), 2.27 ± 2.16 [m, 1 H; CH(CH3)2, A �B], 1.04 (s, 9 H; tBu, A �B) 1.02 ±
0.77 (m, 6 H; CH(CH3)2, A �B); 13C NMR (100 MHz, CDCl3): d� 171.9,
170.6, 170.0, 168.1, 144.5, 144.4, 137.6, 137.4, 135.6 (2 C), 135.5 (2 C), 132.7,
132.5, 132.4, 130.1, 130.0, 129.3 (2 C), 129.0, 128.7 (2C), 128.3, 128.0 (2C),
127.9, 127.8, 127.2, 127.1, 126.8, 72.2, 71.2, 71.0, 70.8, 66.3, 64.6, 64.3, 64.2,
56.3, 54.5, 53.6, 38.0, 37.1, 36.0, 35.9, 32.0, 31.8, 27.0, 26.9, 20.7, 20.3, 20.2, 19.1
(2C); IR (neat): nÄ � 3340 (OH), 2105 (N3), 1645 cmÿ1 (C�O); HR FAB MS
calcd for C54H61BrN5O4Si [M�H] 950.3676, found 950.3657; C54H61BrN5O4-


Si (951.1): calcd C 68.19, H 6.36, N 7.36; found C 67.97, H 6.68, N 7.16.


N-Triphenylmethyl (3S)-3-{(2S,6S)-6-[(1S)-1-azido-2-phenylethyl]-2-
methylmorpholin-3-one-4-yl}-4-(tert-butyldiphenylsilyloxy)butyramide
(36): Intramolecular cyclization of bromo alcohol 33 (0.446 g, 0.483 mmol)
with KH (44.6 mg, 1.11 mmol) as described for 24, followed by workup and
purification of the residue by flash chromatography (heptane/ethyl acetate
5:1!1:1) gave 36 (0.341 g, 84 %): m.p. 75 ± 78 8C; [a]20


D �ÿ18.6 (c� 0.1 in
CHCl3); 1H NMR (500 MHz, CDCl3): d� 7.64 ± 7.58 (m, 4H; Ph), 7.45 ± 7.13
(m, 26 H; Ph), 6.76 (s, 1H; NHTrt), 4.09 (ABX-type dd, J� 9.3 and 9.3 Hz,
1H; CH2OSi), 4.04 (q, J� 6.7 Hz, 1H; CHCH3), 3.95-3.82 (m, 1H; CHN),
3.73 (ABX-type dd, J� 11.2 and 11.2 Hz, 1 H; CH2N), 3.68 (ABX-type dd,
J� 10.0 and 5.1 Hz, 1H; CH2OSi), 3.54 ± 3.46 (m, 1 H; CHO), 3.33 ± 3.26
(m, 1 H; CHN3), 3.25 ± 3.16 (m, 2H; CH2N and CH2CO), 2.99 ± 2.88 (m,
2H; CH2Ph), 2.50 (ABX-type dd, J� 15.3 and 4.1 Hz, 1H; CH2CO), 1.47
(d, J� 6.6 Hz, 3 H; CH3), 1.04 (s, 9 H; tBu); 13C NMR (100 MHz, CDCl3):
d� 170.2, 169.3, 144.5, 136.9, 135.5 (2C), 133.1, 132.9, 129.8, 129.2, 128.8,
128.6, 127.9, 127.8, 127.0, 74.3, 73.6, 70.4, 63.1, 62.9, 60.1, 51.6, 36.8, 36.1, 26.7,
19.1, 18.0; IR (KBr): nÄ � 2100 (N3), 1640 (C�O), 1120 cmÿ1 (CÿO);
C52H55N5O4Si (842.1): calcd C 74.17, H 6.58, N 8.32; found C 74.37, H 6.54, N
8.33.


N-Triphenylmethyl (3S)-3-{(2S,6S)-6-[(1S)-1-azido-2-phenylethyl]-2-ethyl-
morpholin-3-one-4-yl}-4-(tert-butyldiphenylsilyloxy)butyramide (37): In-
tramolecular cyclization of bromo alcohol 34 (38 mg, 41 mmol) with KH
(3.7 mg, 93 mmol) as described for 24, followed by workup and purification
of the residue by flash chromatography (heptane/ethyl acetate 3:1), gave 37
(22 mg, 63%): m.p. 71 ± 73 8C; [a]20


D �ÿ31.5 (c� 0.03 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 7.64 ± 7.58 (m, 4 H; Ph), 7.46 ± 7.12 (m, 26 H; Ph),
6.75 (s, 1 H; NHTrt), 4.10 (ABX-type dd, J� 10.0 and 8.7 Hz, 1H; CH2OSi),
4.04 (dd, J� 7.5 and 3.5 Hz, 1 H; CHC2H5), 3.87 ± 3.79 (m, 1 H; CHN), 3.75
(ABX-type dd, J� 11.5 and 11.0 Hz, 1H; CH2N), 3.67 (ABX-type dd, J�
10.2 and 5.1 Hz, 1 H; CH2OSi), 3.49 (ddd, J� 11.1, 3.4 and 3.4 Hz, 1H;
CHO), 3.29 ± 3.16 [m, 3H; CHN3, CH2N (1H) and CH2CO (1 H)], 3.00 ±
2.88 (m, 2H; CH2Ph), 2.49 (ABX-type dd, J� 15.1 and 4.6 Hz, 1H;


CH2CO), 2.07 ± 1.96 (m, 1H; CH2CH3), 1.85 ± 1.72 (m, 1H; CH2CH3), 1.09 ±
0.99 (m, 12 H; CH3 and tBu); 13C NMR (100 MHz, CDCl3): d� 169.7, 169.3,
144.5, 136.9, 135.5, 135.4, 133.0, 132.9, 129.8, 129.1, 128.8, 128.5, 127.9, 127.8
(2C), 127.0, 78.7, 73.5, 70.4, 63.1, 62.8, 60.9, 51.8, 36.9, 36.0, 26.7, 25.4, 19.1,
9.7; IR (KBr): nÄ � 2110 (N3), 1685 (C�O), 1635 cmÿ1 (C�O); HR FAB MS
calcd for C53H58N5O4Si [M�H] 856.4258, found 856.4266; C53H58N5O4Si
(856.2): calcd C 74.35, H 6.71, N 8.18; found C 74.23, H 7.07, N 8.11.


N-Triphenylmethyl (3S)-3-{(2S,6S)-6-[(1S)-1-azido-2-phenylethyl]-2-iso-
propylmorpholin-3-one-4-yl}-4-(tert-butyldiphenylsilyloxy)butyramide
(38): Intramolecular cyclization of bromo alcohol 35 (0.106 g, 0.115 mmol)
with KH (13 mg, 0.27 mmol) as described for 24, followed by workup and
purification of the residue by flash chromatography (heptane/ethyl acetate
3:1) gave 38 (67 mg, 69 %): m.p. 88 ± 90 8C; [a]20


D �ÿ33.1 (c� 0.3 in
CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.64 ± 7.58 (m, 4H; Ph), 7.45 ± 7.11
(m, 26H; Ph), 6.72 (s, 1H; NHTrt), 4.15 ± 4.06 (m, 1H; CH2OSi), 3.81 (d,
J� 2.0 Hz, 1 H; CHiPr), 3.78 ± 3.67 [m, 3H; CHN, CH2N (1H) and CH2OSi
(1H)], 3.50 ± 3.42 (m, 1 H; CHO), 3.31 ± 3.13 [m, 3 H; CHN3, CH2N (1 H)
and CH2CO (1H)], 2.98 ± 2.93 (m, 2H; CH2Ph), 2.54 ± 2.39 [m, 2H;
CH(CH3)2 and CH2CO], 1.13 (d, J� 7.1 Hz, 3H; CH3), 1.03 (s, 9 H; tBu),
0.92 (d, J� 6.8 Hz, 3 H; CH3); 13C NMR (100 MHz, CDCl3): d� 169.5,
169.3, 144.4, 136.9, 135.5, 135.4, 133.0, 132.9, 129.8, 129.1, 128.8, 128.5, 127.9,
127.8, 127.7, 127.0, 81.6, 73.3, 70.3, 63.2, 62.7, 37.0, 35.9, 30.6, 26.7, 19.4, 19.0,
15.8; IR (KBr): nÄ � 2105 (N3), 1685 (C�O), 1635 cmÿ1 (C�O); HR FAB MS
calcd for C54H60N5O4Si [M�H] 870.4415, found 870.4404.


N-Triphenylmethyl (3S)-3-{(2S,6S)-6-[(1S)-1-azido-2-phenylethyl]-2-
methylmorpholin-3-one-4-yl}-4-hydroxybutyramide (39): Deprotection of
36 (97 mg, 0.12 mmol) with tetrabutylammonium fluoride hydrate (33 mg,
0.13 mmol) as described for 25 followed by concentration and purification
of the residue by flash chromatography (heptane/ethyl acetate 1:1, then
EtOH) furnished 39 (68 mg, 98 %): m.p. 93 ± 94 8C; [a]20


D �ÿ35.7 (c� 0.2 in
CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.45 ± 7.24 (m, 20 H; Ph), 4.11 (q,
J� 6.8 Hz, 1H; CHCH3), 4.05 ± 3.93 (m, 1H; CHN), 3.82 ± 3.63 [m, 3H;
CH2O (2H) and CH2N (1H)], 3.58 (ddd, J� 10.8, 3.1 and 3.1 Hz, 1H;
CHO), 3.48 ± 3.38 (m, 1 H; CHN3), 3.32 (ABX-type dd, J� 11.4 and 2.5 Hz,
1H; CH2N), 3.11 (ABX-type dd, J� 15.2 and 9.3 Hz, 1H; CH2CO), 3.08 ±
2.96 (m, 2H; CH2Ph), 2.75 (ABX-type dd, J� 15.3 and 5.8 Hz, 1H;
CH2CO), 1.52 (d, J� 6.8 Hz, 3 H; CH3); 13C NMR (100 MHz, CDCl3): d�
170.9, 169.5, 144.3, 136.6, 129.1, 128.7, 128.5, 127.8, 127.0, 126.9, 74.1, 73.4,
70.4, 63.0, 62.7, 59.0, 49.9, 36.1, 36.0, 18.0; IR (KBr): nÄ � 3410 and 3300
(NÿH and OÿH), 2110 (N3), 1660 (C�O), 1635 cmÿ1 (C�O); HR FAB MS
calcd for C36H37N5O4 [M�H] 604.2924, found 604.2931.


N-Triphenylmethyl (3S)-3-{(2S,6S)-6-[(1S)-1-azido-2-phenylethyl]-2-iso-
propylmorpholin-3-one-4-yl}-4-hydroxybutyramide (40): Deprotection of
38 (59 mg, 68 mmol) with tetrabutylammonium fluoride hydrate (23 mg,
88 mmol) as described for 25 followed by concentration and purification of
the residue by flash chromatography (heptane/ethyl acetate 1:1, then
EtOH) furnished 40 (42 mg, 98 %): [a]20


D �ÿ46.6 (c� 0.2 in CHCl3);
1H NMR (400 MHz, CDCl3): d� 7.40 ± 7.14 (m, 20H; Ph), 7.07 (s, 1H;
NHTrt), 4.18 ± 3.99 (m, 1 H; OH), 3.90 (d, J� 2.3 Hz, 1 H; CHiPr), 3.83 ±
3.71 (m, 3H; CHN and CH2OH), 3.61 (ABX-type dd, J� 11.1 and 11.1 Hz,
1H; CH2N), 3.45 (ddd, J� 10.7, 2.9 and 2.9 Hz, 1 H; CHO), 3.25 (ABX-type
dd, J� 11.7 and 2.6 Hz, 1H; CH2N), 3.20 (ddd, J� 7.4, 7.4 and 3.1 Hz, 1H;
CHN3), 3.17 ± 3.08 (m, 1 H; CH2CO), 3.04 ± 2.95 (m, 2 H; CH2Ph), 2.84 ±
2.76 (m, 1H; CH2CO), 2.43 [septet of d, J� 6.9 and 2.4 Hz, 1H;
CH(CH3)2], 1.14 (d, J� 7.0 Hz, 3H; CH3), 0.92 (d, J� 6.8 Hz, 3H; CH3);
13C NMR (100 MHz, CDCl3): d� 170.6, 169.5, 144.3, 136.7, 129.1, 128.8,
128.5, 127.9, 127.0, 81.4, 73.2, 70.5, 63.9, 62.5, 60.4, 50.7, 36.1, 35.9, 30.9, 19.2,
15.6; IR (neat): nÄ � 3295 (OH), 2110 (N3), 1630 cmÿ1 (C�O); HR FAB MS
calcd for C38H42N5O4 [M�H] 632.3237, found 632.3244.


(2S)-2-{(2S,6S)-6-[(1S)-1-Azido-2-phenylethyl]-2-methylmorpholin-3-one-
4-yl}-3-(N-triphenylmethylcarbamoyl)propionic acid (41): Oxidation of
alcohol 39 (62 mg, 0.10 mmol) in a mixture of CCl4 (0.4 mL), acetonitrile
(0.4 mL), and H2O (0.6 mL) with NaIO4 (66 mg, 0.31 mmol) and a catalytic
amount of RuCl3 ´ H2O (2.2 mol %) as described for 26, followed by
purification, gave 41 (51 mg, 81%): m.p. 106 ± 108 8C; [a]20


D �ÿ44.0 (c� 0.3
in CHCl3); 1H NMR (360 MHz, CDCl3): d� 8.84 ± 8.15 (br s, 1 H; COOH),
7.39 ± 7.15 (m, 20 H; Ph), 4.20 (q, J� 6.7 Hz, 1 H; CHCH3), 4.18 ± 4.11 (m,
1H; CHN), 3.69 (ABX-type dd, J� 10.9 and 10.9 Hz, 1H; CH2N), 3.50
(ddd, J� 10.6, 3.2 and 3.2 Hz, 1 H; CHO), 3.38 ± 3.25 (m, 2 H; CHN3 and
CH2N), 2.99 ± 2.79 (m, 4 H; CH2Ph and CH2CO), 1.50 (d, J� 6.8 Hz, 3H;
CH3); 13C NMR (90 MHz, CDCl3): d� 172.6, 170.6, 169.5, 144.4, 136.8,
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129.1, 128.8, 128.7, 127.8, 127.0 (2 C), 73.9, 70.5, 63.0, 58.6, 51.4, 36.2, 36.1,
29.6, 17.5; IR (KBr): nÄ � 3345 (COOH), 2115 (N3), 1735 (C�O), 1675
(C�O), 1650 cmÿ1 (C�O); HR FAB MS calcd for C36H35N5NaO5 [M�Na]
640.2536, found 640.2523; C36H35N5O5 (617.7): calcd C 70.0, H 5.71, N 11.34;
found C 69.93, H 5.83, N 11.46.


(2S)-2-{(2S,6S)-6-[(1S)-1-Azido-2-phenylethyl]-2-isopropylmorpholin-3-
one-4-yl}-3-(N-triphenylmethylcarbamoyl)propionic acid (42): Oxidation
of alcohol 40 (42 mg, 67 mmol) in a mixture of CCl4 (0.4 mL), acetonitrile
(0.4 mL), and H2O (0.6 mL) with NaIO4 (43 mg, 0.20 mmol) and a catalytic
amount of RuCl3 ´ H2O (2.2 mol %) as described for 26, followed by
purification, gave 42 (31 mg, 72%): m.p. 118 ± 119 8C; [a]20


D �ÿ50.3 (c� 0.5
in CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.39 ± 7.06 (m, 21H; Ph and
NHTrt), 4.18 ± 4.04 (m, 1H; CHN), 4.01 ± 3.97 (m, 1 H; CHiPr), 3.70 (ABX-
type dd, J� 11.1 and 11.1 Hz, 1H; CH2N), 3.53 ± 3.44 (m, 1H; CHO), 3.31 ±
3.23 (m, 1 H; CH2N), 3.22 ± 3.13 (m, 1H; CHN3), 2.97 ± 2.84 [m, 3 H; CH2Ph
(2H) and CH2CO], 2.81 ± 2.68 (m, 1 H; CH2CO), 2.51 ± 2.37 [m, 1H;
CH(CH3)2], 1.16 (d, J� 6.9 Hz, 3H; CH3), 0.95 (d, J� 6.7 Hz, 3 H; CH3);
13C NMR (100 MHz, CDCl3): d� 173.0, 169.9, 169.5, 144.5, 137.0, 129.2,
129.1, 129.0, 128.8, 128.7, 128.3, 127.9, 127.8, 127.7, 127.1, 127.0 (2 C), 81.4,
73.9, 70.5, 62.9, 58.9, 51.1, 36.2, 35.9, 30.8, 19.4, 15.6; IR (neat): nÄ � 3345
(COOH), 2110 (N3), 1735 (C�O), 1685 (C�O), 1645 cmÿ1 (C�O); HR FAB
MS calcd for C38H40N5O5 [M�H] 646.3029, found 646.3033; C38H39N5O5


(645.8): calcd C 70.68, H 6.09, N 10.85; found C 70.79, H 6.38, N 10.91.


N-Triphenylmethyl (3S)-3-[(2R,3S)-3-Azido-2-hydroxy-4-phenylbutyl-
amino]-4-(tert-butyldiphenylsilyloxy)butyramide (43): Opening of epoxide
17[27, 31] (0.127 g, 0.671 mmol) with amine 30 (0.402 g, 0.671 mmol) as
described for 20, followed by concentration and flash chromatography
(heptane/ethyl acetate 10:1!1:1) of the residue gave 43 (0.382 g, 72%) as
a white solid: m.p. 125 ± 126 8C; [a]20


D �ÿ2.1 (c� 0.9 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 7.96 (s, 1H; NHTrt), 7.64 ± 7.59 (m, 4H; Ph), 7.44 ±
7.19 (m, 26 H; Ph), 3.72 (ABX-type dd, J� 10.4 and 4.5 Hz, 1 H; CH2OSi),
3.63 (ABX-type dd, J� 10.5 and 5.0 Hz, 1 H; CH2OSi), 3.47 (ddd, J� 9.6,
5.6 and 4.0 Hz, 1 H; CHN3), 3.33 (ddd, J� 8.8, 5.8 and 3.0 Hz, 1 H; CHOH),
3.05 (m, 1 H; CHNH), 2.87 (ABX-type dd, J� 14.1 and 4.1 Hz, 1H;
CH2Ph), 2.72 (ABX-type dd, J� 12.5 and 3.0 Hz, 1 H; CH2NH), 2.66
(ABX-type dd, J� 14.0 and 9.4 Hz, 1 H; CH2Ph), 2.46 [m, 3H; CH2NH
(1H) and CH2CO], 1.07 (s, 9H; tBu); 13C NMR (100 MHz, CDCl3): d�
170.6, 144.7, 137.5, 135.5 (2C), 133.0, 132.9, 129.9, 129.3, 128.7 (2 C), 128.6,
127.9 (2C), 127.8, 127.0, 126.7, 72.2, 70.4, 66.5, 64.5, 56.6, 48.1, 39.0, 36.8, 26.9,
19.2; IR (KBr): nÄ � 3410 (OH), 3315 (NH), 2100 (N3), 1655 (C�O),
1110 cmÿ1 (CÿO); C49H53N5O3Si (788.1): calcd C 74.68, H 6.78, N 8.89;
found C 74.46, H, 6.94, N 8.81.


N-Triphenylmethyl (3S)-3-[(2R,3S)-3-azido-4-phenyl-2-triethylsilyloxybu-
tylamino]-4-(tert-butyldiphenylsilyloxy)butyramide (44): Silylation of ami-
no alcohol 43 (0.144 g, 0.183 mmol) in CH2Cl2 (6 mL) with chlorotriethyl-
silane (68 mL, 61 mg, 1.4 mmol) in the presence of imidazole (29 mg,
0.42 mmol) was performed as described for 22. After workup, flash
chromatography (heptane/ethyl acetate 15:1!3:1) of the residue furnish-
ed 44 (0.146 g, 95 %) as a white solid: m.p. 47 ± 49 8C; [a]20


D �ÿ5.0 (c� 1.0 in
CHCl3); 1H NMR (400 MHz, CDCl3): d� 8.73 (s, 1 H; NHTrt), 7.64 ± 7.61
(m, 4H; Ph), 7.43 ± 7.14 (m, 26H; Ph), 3.70 ± 3.64 (m, 3 H; CHOSi and
CH2OSi), 3.57 (m, 1H; CHN3), 3.04 (m, 1H; CHNH), 2.85 (ABX-type dd,
J� 14.1 and 3.5 Hz, 1 H; CH2Ph), 2.81 (ABX-type dd, J� 11.8 and 5.1 Hz,
1H; CH2NH), 2.68 (ABX-type dd, J� 11.9 and 4.9 Hz, 1H; CH2NH), 2.60
(ABX-type dd, J� 13.9 and 10.4 Hz, 1 H; CH2Ph), 2.38 (d, J� 5.5 Hz, 2H;
CH2CO), 1.06 (s, 9H; t Bu), 0.92 (t, J� 7.9 Hz, 9H; SiCH2CH3 ), 0.54 (q, J�
7.8 Hz, 6 H; SiCH2CH3); 13C NMR (100 MHz, CDCl3): d� 170.3, 144.9,
137.9, 135.5, 135.4, 133.0, 132.9, 129.8, 129.1, 128.7, 128.6 (2C), 127.8 (2C),
126.7, 126.6, 74.3, 70.2, 66.6, 64.9, 57.0, 48.7, 37.8, 36.6, 26.9, 19.2, 6.9, 4.8; IR
(KBr): nÄ � 3315 (NH), 2100 (N3), 1665 (C�O), 1110 cmÿ1 (CÿO);
C55H67N5O3Si2 (902.3): calcd C 73.21, H 7.48, N 7.76; found C 73.64, H
7.67, N 7.75.


N-Triphenylmethyl (3S)-3-{N''-[(2R,3S)-3-azido-2-hydroxy-4-phenylbu-
tyl]-N''-[(1R)-1-bromoethylcarbonyl]amino}-4-(tert-butyldiphenylsilyloxy)-
butyramide (45): Acylation of amine 44 (0.400 g, 0.447 mmol) with (R)-
(�)-2-bromopropionic acid (0.327 mL, 0.546 g, 3.57 mmol) and DIC
(0.622 mL, 0.507 g, 3.13 mmol), followed by removal of the triethylsilyl
group using 2m aqueous HCl (3 mL) and THF (1.5 mL), as described for
23, gave 45 (0.357 g, 58% over 2 steps) after purification by flash
chromatography (heptane/ethyl acetate 15:1!5:1). Compound 45 had:
m.p. 76 ± 78 8C; [a]20


D �ÿ38.0 (c� 0.7 in CHCl3); 1H NMR (400 MHz,


CDCl3, 7:3 mixture of rotamers A and B): d� 7.57 (m, 4 H; Ph, A�B),
7.47 ± 7.13 (m, 26H; Ph, A�B), 6.72 (s, 0.7H; NHTrt, A), 6.57 (s, 0.3H;
NHTrt, B), 4.79 (q, 0.7H, J� 6.4 Hz; CHBr, A), 4.67 (q, 0.3 H, J� 6.4 Hz;
CHBr, B), 4.53 ± 4.37 (m, 1 H; CH2OSi, A�B), 3.86 ± 3.49 [3 m, 5.4H;
CH2OSi (1 H), A�B; CHN3 (1H), A�B; CHOH (1H), A�B; CHN
(1H), A�B; CH2N, (0.7 H, 2 C), A], 3.33 [m, 1H; CH2CO (0.7 H), A;
CH2N (0.3 H), B], 3.09 [m, 0.6 H; CH2N (0.3 H), B; CH2Ph (0.3 H), B], 2.84
(ABX-type dd, J� 14.1 and 4.6 Hz, 0.7 H; CH2Ph, A), 2.70 (ABX-type dd,
J� 14.1 and 9.3 Hz, 0.3H; CH2Ph, B), 2.65 (ABX-type dd, J� 14.1 and
9.6 Hz, 0.7 H; CH2Ph, A), 2.56 (ABX-type dd, J� 14.8 and 3.5 Hz, 0.3H;
CH2CO, B), 2.34 (ABX-type dd, J� 15.3 and 3.1 Hz, 0.7H; CH2CO, A),
2.17 (ABX-type dd, J� 14.8 and 9.8 Hz, 0.3H; CH2CO, B), 1.83 (d, J�
6.5 Hz, 2.1 H; CHCH3 , A), 1.72 (d, J� 6.5 Hz, 0.9H; CHCH3 , B), 1.04 (s,
6.3H; tBu, A), 1.02 (s, 2.7 H; tBu); 13C NMR (100 MHz, CDCl3): d� 173.7,
171.2, 169.6, 167.2, 144.3, 144.2, 137.3, 137.2, 135.6, 135.5, 135.4, 135.3, 132.4
(2C), 130.2, 130.1, 130.0, 129.2, 129.2, 128.7 (2 C), 128.6 (2C), 128.0 (2 C),
127.9 (2C), 127.2, 127.1, 126.9, 126.8, 73.9, 70.9, 70.8, 69.3, 67.0, 66.4, 63.8,
62.6, 56.4, 46.6, 40.5, 39.1, 37.6, 37.1, 36.8, 26.9 (3C), 26.8 (3 C), 21.6 (2 C),
19.1, 18.9; IR (KBr): nÄ � 3415 (OH), 2110 (N3), 1685 (C�O), 1655 (C�O),
1110 cmÿ1 (CÿO); C52H56BrN5O4Si (923.0): calcd C 67.66, H 6.12, N 7.59;
found C 67.96, H 6.31, N 7.60.


N-Triphenylmethyl (3S)-3-{(2S,6R)-6-[(1S)-1-azido-2-phenylethyl]-2-
methylmorpholin-3-one-4-yl}-4-(tert-butyldiphenylsilyloxy)butyramide
(46): Intramolecular cyclization of bromo alcohol 45 (0.290 g, 0.315 mmol)
with KH (28 mg, 0.72 mmol) as described for 24, followed by workup and
purification of the residue by flash chromatography (heptane/ethyl acetate
10:1!3:1), gave 46 (0.219 g, 84%) as a white solid: m.p. 74 ± 76 8C; [a]20


D �
�3.8 (c� 0.7 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.63 ± 7.61 (m,
4H; Ph), 7.43 ± 7.22 (m, 20 H; Ph), 7.19 ± 7.16 (m, 6H; Ph), 6.93 (s, 1H;
NHTrt), 4.36 (q, J� 6.0 Hz, 1 H; CHCH3), 4.16 ± 4.00 (m, 2 H; CHN and
CH2OSi), 3.81 (ddd, J� 10.0, 7.3 and 3.3 Hz, 1 H; CHO), 3.70 (ABX-type
dd, J� 9.9 and 8.2 Hz, 1 H; CH2OSi), 3.60 (ddd, J� 9.6, 6.5 and 3.2 Hz, 1H;
CH N3), 3.50 (ABX-type dd, J� 12.2 and 10.5 Hz, 1H; CH2N), 3.35 (ABX-
type dd, J� 12.3 and 3.2 Hz, 1H; CH2N), 3.15 (m, 1H; CH2CO), 3.03
(ABX-type dd, J� 14.1 and 3.2 Hz, 1H; CH2Ph), 2.69 (ABX-type dd, J�
14.1 and 9.4 Hz, 1 H; CH2Ph), 2.45 (ABX-type dd, J� 14.9 and 4.2 Hz, 1H;
CH2CO), 1.40 (d, J� 7.0 Hz, 3H; CHCH3), 1.04 (s, 9H; tBu); 13C NMR
(100 MHz, CDCl3): d� 170.5, 169.1, 144.5, 136.9, 135.5, 135.4, 132.9 (2 C),
129.8, 129.3, 128.6 (2C), 127.9 (2C), 127.8 (2 C), 127.0, 126.9, 72.3, 70.6, 69.6,
64.9, 63.3, 59.8, 50.5, 36.8, 36.4, 26.8 (3C), 19.1, 17.2; IR (KBr): nÄ � 2110
(N3), 1690 (C�O), 1640 (C�O), 1110 cmÿ1 (CÿO); C52H55N5O4Si (842.1):
calcd C 74.17, H 6.58, N 8.32; found C 74.04, H 6.78, N 8.09.


N-Triphenylmethyl (3S)-3-{(2S,6R)-6-[(1S)-1-azido-2-phenylethyl]-2-
methylmorpholin-3-one-4-yl}-4-hydroxybutyramide (47): Deprotection of
46 (0.200 g, 0.238 mmol) with tetrabutylammonium fluoride hydrate
(72 mg, 0.27 mmol) as described for 25 followed by concentration and
purification of the residue by flash chromatography (heptane/ethyl acetate
1:1, then EtOH) furnished 47 (0.144 g, 100 %) as a white solid: m.p. 91 ±
93 8C; [a]20


D �ÿ1.0 (c� 0.8 in CHCl3); 1H NMR (400 MHz, CDCl3): d�
7.35 ± 7.19 (m, 20 H; Ph), 4.34 (q, J� 6.8 Hz, 1 H; CHCH3), 4.03 (m, 1H;
CHN), 3.75 ± 3.57 (m, 4H; CHO and CHN3 and CH2O), 3.48 (ABX-type
dd, J� 12.4 and 10.2 Hz, 1 H; CH2N), 3.30 (ABX-type dd, J� 12.4 and
3.0 Hz, 1 H; CH2N), 3.07 (ABX-type dd, J� 14.0 and 3.6 Hz, 1H; CH2Ph),
3.03 (ABX-type dd, J� 15.0 and 9.5 Hz, 1 H; CH2CO), 2.73 (ABX-type dd,
J� 14.0 and 9.1 Hz, 1H; CH2Ph), 2.58 (ABX-type dd, J� 15.0 and 5.6 Hz,
1H; CH2CO), 1.37 (d, J� 7.0 Hz, 3 H; CHCH3); 13C NMR (100 MHz,
CDCl3): d� 171.3, 169.2, 144.3, 136.6, 129.3, 128.6, 128.5 (2C), 127.8 (2 C),
126.9, 126.8, 72.0, 70.4, 69.4, 64.5, 63.0, 59.4, 49.4, 36.7, 35.8, 17.3; IR (KBr):
nÄ � 3415 (OH), 2110 (N3), 1670 (C�O), 1640 cmÿ1 (C�O); HR FAB MS
calcd for C36H37N5O4 [M�H] 604.2924, found 604.2925.


(2S)-2-{(2S, 6R)-6-[(1S)-1-azido-2-phenylethyl]-2-methylmorpholin-3-
one-4-yl}-3-(N-triphenylmethylcarbamoyl)propionic acid (48): Oxidation
of alcohol 47 (36 mg, 59 mmol) in a mixture of CCl4 (0.4 mL), acetonitrile
(0.4 mL), and H2O (0.6 mL) with NaIO4 (38 mg, 0.18 mmol) and a catalytic
amount of RuCl3 ´ H2O (2.2 mol %) as described for 26, followed by
purification, gave 48 (35 mg, 96%): m.p. 103 ± 105 8C; [a]20


D �ÿ13.8 (c� 0.8
in CHCl3); 1H NMR (400 MHz, CDCl3): d� 10.50 (br s, 1H; COOH),
7.36 ± 7.18 (m, 20 H; Ph), 4.53 (q, J� 7.0 Hz, 1 H; CHCH3), 4.23 (m, 1H;
CHN), 3.84 (ddd, J� 9.8, 6.5 and 3.2 Hz, 1 H; CHO), 3.56 (ddd, J� 9.8, 6.5
and 3.3 Hz, 1 H; CHN3), 3.41 (ABX-type dd, J� 12.5 and 10.1 Hz, 1H;
CH2N), 3.29 (ABX-type dd, J� 12.5 and 3.1 Hz, 1H; CH2N), 3.06 (ABX-
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type dd, J� 14.1 and 3.2 Hz, 1H; CH2Ph), 2.89 (ABX-type dd, J� 16.3 and
5.7 Hz, 1H; CH2CO), 2.82 (ABX-type dd, J� 16.1 and 8.3 Hz, 1H;
CH2CO), 2.69 (ABX-type dd, J� 14.1 and 9.6 Hz, 1 H; CH2Ph), 1.45 (d, J�
6.9 Hz, 3 H; CHCH3); 13C NMR (100 MHz, CDCl3): d� 172.5, 170.8, 169.4,
144.4, 137.7, 136.9, 129.2, 128.9, 128.7 (2C), 128.6, 128.5, 128.1, 127.8 (2C),
126.9, 126.8, 71.9, 70.6, 69.3, 64.5, 59.8, 51.7, 36.8, 35.8, 16.7; IR (KBr): nÄ �
3415 (COOH), 2110 (N3), 1735 (C�O), 1685 (C�O), 1650 (C�O), 1260 cmÿ1


(CÿO); C36H35N5O5 (617.7): calcd C 70.00, H 5.71, N 11.34; found C 69.83, H
5.62, N 11.23.


Procedure for solid-phase peptide synthesis of 49 : Peptide 49 was
synthesized with DMF as a solvent in a mechanically agitated reactor. A
polystyrene resin grafted with aminated polyethyleneglycol chains (Tenta-
Gel S NH2, Rapp Polymere, Germany; 0.309 g, 0.26 mequivgÿ1, 80 mmol)
was used for the synthesis. The resin was functionalized with the linker p-
[(R,S)-a-[1-(9H-fluoren-9-yl)-methoxyformamido]-2,4-dimethoxybenzyl]-
phenoxyacetic acid[41] (Novabiochem, Switzerland). Na-Fmoc amino acids
(Bachem, Switzerland) with the following protective groups were used:
2,2,5,7,8-pentamethylchroman-6-sulfonyl (Pmc) for d-Arg, triphenylmethyl
(Trt) for Cys and 3-mercaptopropionic acid, and tert-butyl (tBu) for Tyr.
Reagent solutions and DMF for washing were added manually to the
reactor.


The linker, the Na-Fmoc amino acids and mercaptopropionic acid were
coupled to the peptide resin as 1-benzotriazolyl (HOBt) esters.[35a] These
were prepared, in situ, from the appropriate acid (0.32 mmol, 4 equiv),
HOBt (65 mg, 0.48 mmol, 6 equiv), and DIC (48.5 mL, 0.314 mmol,
3.9 equiv) in DMF (1 mL), and added to the reactor after 60 min. The
inverse g-turn mimetic 41 (67 mg, 0.11 mmol, 1.3 equiv) was coupled in
DMF (1 mL) containing HOAt[35b] (21 mg, 0.16 mmol, 2.0 equiv) and DIC
(14.9 mL, 96.5 mmol, 1.2 equiv). Acylations were monitored by addition of
bromophenol blue[51] (0.05 % of the resin capacity) to the reactor and,
additionally, by the ninhydrin test for the coupling of 41.[52] Na-Fmoc
deprotection was performed by treatment with 20 % piperidine in DMF
(2� 8 min). After incorporation of mimetic 41 into the peptide, the azido
group[42, 53] was reduced by sequential addition of triethylamine (0.20 mL,
1.5 mmol), thiophenol (0.121 mL, 1.18 mmol) and SnCl2 (49 mg,
0.26 mmol) to the suspended resin (0.317 g, 59 mmol) in THF (1 mL).
After 19 h at room temperature the resin was washed with THF (5� 1 mL)
and CH2Cl2 (5� 1 mL) and dried in vacuo. A positive ninhydrin test and
the disappearance of the N3 stretch in the IR spectrum (recorded on a few
resin beads[43]) indicated successful reduction. The resin was then
suspended in DMF (1 mL) and synthesis of 49 was continued as described
above.


After completion of the synthesis, the resin was washed with CH2Cl2 (5�
5 mL) and dried in vacuo to give 216 mg peptide resin. The peptide was
then cleaved from the resin (133 mg resin, 26.5 mmol), and the amino acid
side chains were deprotected by treatment with trifluoroacetic acid ± wa-
ter ± thioanisole ± ethanedithiol (87.5:5:2.5, 13.3 mL) for 2 h, followed by
filtration. Acetic acid (6.5 mL) was added to the filtrate, the solution was
concentrated, and acetic acid (6.5 mL) was added again followed by
concentration. The residue was triturated with diethyl ether (6.5 mL) which
gave a solid, crude peptide which was dissolved in acetic acid ± water (1:9,
10 mL) and freeze-dried. Cyclization[44] was performed by alternating
additions of portions of the crude peptide in acetic acid and 0.1m I2 in
methanol to 10 % acetic acid in methanol (2 mL mgÿ1 cleaved resin). After
the final addition of I2, a light brown solution was obtained which was
neutralized and decolourized by stirring with Dowex 1� 8 anion exchange
resin (Fluka, 50 ± 100 mesh, converted from Clÿ to acetate form by washing
with 1m aqueous NaOH, water, acetic acid, water, and methanol), filtered
and concentrated. The residue was then dissolved in water and freeze-
dried.


Peptide 49 was analyzed on a Beckman System Gold HPLC with a
Kromasil C-8 column (100 �, 5 mm, 4.6� 250 mm) and a linear gradient of
0 ± 80% of B in A over 60 min with a flow rate of 1.5 mL minÿ1 and
detection at 214 nm (solvent systems: A, 0.1% aqueous trifluoroacetic acid
and B, 0.1 % trifluoroacetic acid in acetonitrile). Purification of crude 49
(33 mg, from 26.5 mmol resin) was performed with the same HPLC system
on a Kromasil C-8 column (100 �, 5 mm, 20� 250 mm) with a flow rate of
11 mL minÿ1 (retention time: 26 min). This gave 49 (6.1 mg, 23%): FAB MS
calcd for C45H63N12O11S2 [M�H] 1011, found 1011. Amino acid analysis:
Arg 1.03 (1), Cys 0.88 (1), Gly 1.05 (1), Pro 1.03 (1), Tyr 1.00 (1). 1H NMR
data for 49 are given in Table 1.


Supporting information: Supporting information for this article, available
on the WWW under http://www.wiley-vch.de/home/chemistry/ or from the
author, describes the synthetic procedures for the preparation of azido
epoxides 17 and 18 ; 13C NMR spectra for compounds 24, 28, 38, 39, 40, and
47, 1H NMR spectra, including COSY and TOCSY spectra, for compound
49, are also included.
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First Peptide-Based System of Rigid Donor ± Rigid Interchromophore
Spacer ± Rigid Acceptor: A Structural and Photophysical Study


C. Toniolo,*[a] F. Formaggio,[a] M. Crisma,[a] J.-P. Mazaleyrat,[b] M. Wakselman,[b]


C. George,[c] J. R. Deschamps,[c] J. L. Flippen-Anderson,[c] B. Pispisa,[d] M. Venanzi,[d]


and A. Palleschi[e]


Abstract: The results of X-ray diffrac-
tion analysis, fluorescence experiments
and molecular mechanics calculations
on the terminally protected hexapeptide
-(S)Bin-Ala-Aib-TOAC-(Ala)2- are pre-
sented. This is the first peptide inves-
tigated photophysically that is charac-
terized by a) a rigid, binaphthyl-based a-
amino acid (Bin) fluorophore, b) a rigid
interchromophore bridge, the -Ala-Aib-
sequence, and c) a rigid, nitroxide-based
a-amino acid quencher (TOAC). In the
crystal state the backbone of the spec-
troscopically critical 1 ± 4 segment of
both independent molecules in the


asymmetric unit of the hexapeptide is
folded in a regular, left-handed 310-helix.
The steady-state fluorescence spectra
show a remarkable quenching of Bin
emission by the TOAC residue located
one complete turn of the helix apart.
Time-resolved fluorescence measure-
ments exhibit a biexponential decay
with solvent-dependent lifetime compo-


nents ranging from 0.5 to 1.5 ns and from
3 to 5 ns. Time-decay data combined
with molecular mechanics calculations
allowed us to assign these lifetimes to
two left-handed 310-helical conformers
in which an intramolecular electronic
energy transfer from excited Bin to
TOAC takes place. For a given solvent
the difference between the two lifetimes
primarily depends on a different relative
orientation of the two chromophores in
the conformers, which is in turn related
to a different puckering of the TOAC
cyclic system.


Keywords: conformation analysis ´
fluorescence spectroscopy ´ molec-
ular modeling ´ peptides ´ structure
elucidation


Introduction


Rigid donor ± spacer ± acceptor systems provide well-defined
distances and orientations between appropriate probes, thus
greatly facilitating a reliable and correct interpretation of
experimental results based on the geometrical dependence of
photophysical processes.[1, 2] Peptide-based systems of differ-
ent lengths present a remarkable advantage over derivatized
polycyclic hydrocarbon skeletons, because they are very easily
synthetically assembled.


Oligopeptide helices of variable length have already been
used as spacers in photophysical studies. Following this
approach, distance dependences of energy[3] and electron
transfer[4] have been examined. However, particularly in the
case of relatively short peptides, only a restricted mobility has
been achieved. The most commonly used oligopeptide series
in this context are (l-Pro)n, followed by (Gly)n, (l-Ala)n, and
g-substituted (l-Glu)n. Extensive investigations on (l-Pro)n


oligomers have clearly shown that different populations of
multiple conformers arise from cis> trans (w torsion angle)
and cis'> trans' (y torsion angle) equilibria.[5] On the other
hand, (Gly)n oligomers are known to fold in the ternary helix
poly(Gly)n I, or in the antiparallel b-sheet conformation
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poly(Gly)n II,[6] while (l-Ala)n and g-substituted (l-Glu)n


oligomers may adopt either the a-helical or the b-sheet
conformation.[6a, 7] In addition, statistically disordered forms
occur largely in the complex conformational equilibria of
short oligopeptides from Ca-trisubstituted (proteinogen)
amino acids, with their total population inversely proportional
to the peptide main chain length.


As it is clear none of the peptide series discussed above can
produce truly rigid spacers, in the last few years we have
concentrated our efforts on oligomeric series rich in the
structurally restricted Ca-tetrasubstituted a-amino acids. Af-
ter careful investigations of model peptides in both solution
and crystal state, we[8] and others[9] have found that in peptides
rich in Aib (a-aminoisobutyric acid) (Figure 1), the prototype


Figure 1. Chemical structures of the five Ca,a-disubstituted glycines
discussed in this work.


of this family of amino acids, and in its Acnc (1-amino-
cycloalkane-1-carboxylic acid) cyclic analogues, stable type-
III (III') b-turns,[10] regular 310-helices,[11] or a-helices are
formed. This largely depends on the main chain length and
Aib (or Acnc) content.[8, 9b] Stimulating results from this
approach have already been reported by several groups.[12±15]


However, almost all of these investigations have exploited
as photoprobes a) flexible, unmodified, proteinogen amino
acids (Trp, Tyr, Met) or b) flexible, appropriately side-chain-
modified, proteinogen amino acids (Cys, Lys, Glu, Ala, Pro,
Phe). To our knowledge, the only notable exceptions are an
Ac6c-based, constrained Trp residue, which, however, has not
yet been incorporated into peptides,[16] and further two
aromatic homologues of Acnc, which have been inserted into
a 310-helical structure, but in the relative positions i and i�2,
after only part of one turn of the ternary helix.[12e, f]


In this article we report the results of our structural (X-ray
diffraction) analysis of the hexapeptide Boc-(S)-Bin-Ala-Aib-
TOAC-(Ala)2-OtBu (Boc, tert-butyloxycarbonyl; Bin,
2',1':1,2 ;1'',2'':3,4-dinaphthcyclohepta-1,3-diene-6-amino-6-
carboxylic acid; TOAC, 2,2,6,6-tetramethylpiperidine-1-oxyl-
4-amino-4-carboxylic acid; OtBu, tert-butoxy) in combination
with data of steady-state and time-resolved fluorescence
experiments and molecular mechanics calculations. This
peptide system is characterized by: a) a rigid donor, (S)-Bin,
an axially dissymmetric (atropoisomeric), 1,1'-binaphthyl
side-chain-substituted Ac7c ;[17] b) a rigid, Aib-based, 310-
helical interchromophore bridge, and c) a rigid, achiral, a-
amino acid acceptor, TOAC, an Ac6c analogue containing a


Abstract in Italian: In questo lavoro vengono presentati i
risultati di un�analisi con la diffrazione dei raggi X, di
esperimenti di fluorescenza e di calcoli di meccanica moleco-
lare sull�esapeptide N- e C-protetto -(S)-Bin-Ala-Aib-TOAC-
(Ala)2-. Questo � il primo peptide che viene studiato con
metodi fotofisici che sia caratterizzato da: a) un a-amminoa-
cido fluorescente (a base binaftilica) rigido (Bin); b) uno
spaziatore intercromoforico, la sequenza -Ala-Aib-, rigido, e
c) un a-amminoacido quencher (a base nitrossilica) rigido
(TOAC). Allo stato cristallino lo scheletro del segmento 1 ± 4,
critico dal punto di vista spettroscopico, di entrambe le
molecole indipendenti nell�unità asimmetrica dell�esapeptide
forma un�elica 310 sinistrogira regolare. Gli spettri di fluore-
scenza statica evidenziano un notevole quenching dell�emis-
ssione del Bin da parte del residuo di TOAC situato dopo un
giro completo dell�elica. Misure di fluorescenza dinamica
mostrano andamenti con decadimenti biesponenziali con
componenti con tempi di vita da 0.5 e 1.5 ns a da 3 a 5 ns.
Questi valori variano al variare del solvente. I dati di
fluorescenza, combinati con quelli dei calcoli di meccanica
molecolare, ci hanno consentito di assegnare i tempi di vita a
due conformeri 310-elicoidali sinistrogiri in entrambi i quali ha
luogo un trasferimento di energia intramolecolare dal Bin
eccitato al TOAC. Per un dato solvente la differenza tra i due
tempi di vita dipende principalmente dalla diversa orientazione
relativa dei due cromofori in ciascun conformero, la quale � a
sua volta collegata al diverso corrugamento del sistema ciclico
del residuo di TOAC.


Abstract in French: Dans l�article sont prØsentØs les rØsultats
d�une analyse de diffraction aux rayons X, des expØriences de
fluorescence et des calculs de mØcanique molØculaire concer-
nant l�hexapeptide -(S)Bin-Ala-Aib-TOAC-(Ala)2- dont les
deux extrØmitØs sont protØgØes. C�est le premier peptide
examinØ jusqu�Á prØsent du point de vue photophysique,
caractØrisØ par: a) un fluorophore a-amino acide binaphthy-
lique (Bin) rigide, b) un lien interchromophore, la sØquence
-Ala-Aib-, rigide, et c) un extincteur de fluorescence a-amino
acide nitroxyde (TOAC) rigide. A l�Øtat cristallin, le squelette
du segment 1 ± 4, spectroscopiquement crucial, des deux
molØcules indØpendantes dans l�unitØ asymØtrique, est repliØ
en forme d�hØlice 310 rØguli�re. Les spectres de fluorescence à
l�Øtat stationnaire montrent une extinction remarquable de
l�Ømission du Bin par le rØsidu TOAC situØ un tour complet
d�hØlice plus loin. Les mesures de fluorescence en fonction
du temps prØsentent une dØcroissance biexponentielle avec
des durØes de vie dØpendantes du solvant, dont les
composantes sont dans les intervalles 0.5 à 1.5 ns et 3 à 5 ns.
Les calculs de mØcanique molØculaire nous ont permis
d�attribuer ces durØes de vie à deux conform�res hØlicoïdaux
310 gauches dans lesquels un transfert intramolØculaire d�Øner-
rgie Ølectronique, de l�Øtat excitØ de Bin au rØsidu TOAC, a lieu.
Pour un solvant donnØ, la diffØrence entre les deux durØes de
vie dØpend principalement de l�orientation relative des deux
chromophores dans les conform�res, laquelle est à son tour liØe
à une gØomØtrie diffØrente du syst�me cyclique du rØsidu
TOAC.
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stable nitroxide free radical.[15] Appropriately substituted
naphthalene derivatives and nitroxide-containing compounds
are efficient fluorophores and fluorescence quenchers. The
Bin and TOAC residues were incorporated in relative
positions i and i�3, that is, after one complete turn of the
310-helix, to achieve an efficient spatial overlap of the two
chromophores.


Results and Discussion


Crystal structure : The X-ray diffraction structures of the two
independent molecules A and B in the asymmetric unit of
Boc-(S)-Bin-Ala-Aib-TOAC-(Ala)2-OtBu are depicted in
Figure 2. Relevant backbone torsion angles[18] are listed in
Table 1. In Table 2 the intra- and intermolecular H-bond
parameters are given.


Bond lengths and bond angles (deposited at CCDC, see
Experimental Section) are in good agreement with previously
reported values for the geometry of the Boc-urethane[19] and
-OtBu ester[20] groups, the peptide unit,[21] and the Bin,[17a]


Aib,[22] and TOAC[15a, d, e] residues. In particular, the NdÿOd


bond lengths of the TOAC
nitroxide group (1.302(5) � for
molecule A and 1.294(7) � for
molecule B), the external Od-
Nd-Cg bond angles [in the range
116.7(4)8 ± 118.3(5)8], and the
internal bond angle at the Nd


atom [125.0(4)8 for molecule A
and 124.0(4)8 for molecule B]
compare well with those pub-
lished for other TOAC resi-
dues.[15a, d, e] A similar conclusion
may be drawn for the length of
the characteristic CÿC bond
joining the two naphthyl moi-
eties of Bin [1.499(6) � for
molecule A and 1.493(6) � for
molecule B].[17a]


Figure 2. X-ray diffraction structures of the two independent molecules A and B in the asymmetric unit of the Bin ± TOAC hexapeptide. Nitrogen and
oxygen atoms are labeled. The intramolecular C�O ´´´ HÿN H-bonds are represented by dashed lines.


Table 1. Relevant backbone torsion angles [8] with their esd�s for the two
independent molecules A and B in the asymmetric unit of the Bin ± TOAC
hexapeptide.


Torsion angle Mol. A Mol. B


q1 ÿ 177.2(4) ÿ 168.9(3)
w0 159.6(4) 162.8(3)
f1 55.7(5) 59.7(5)
y1 44.5(5) 32.9(5)
w1 171.7(4) 177.0(4)
f2 56.3(5) 52.5(5)
y2 32.7(5) 34.5(5)
w2 177.1(4) 176.6(4)
f3 56.4(5) 58.1(6)
y3 19.0(5) 23.6(6)
w3 ÿ 179.8(3) 176.6(4)
f4 50.3(5) 59.6(5)
y4 36.2(5) 34.9(5)
w4 ÿ 174.4(4) ÿ 174.0(4)
f5 ÿ 109.1(5) ÿ 89.0(5)
y5 ÿ 2.0(6) ÿ 17.9(6)
w5 ÿ 176.9(5) ÿ 172.6(4)
f6 ÿ 168.7(5) ÿ 171.9(4)
y6 ÿ 177.8(5) ÿ 175.6(4)
w6 170.4(6) 170.1(4)


Table 2. Intra- and intermolecular hydrogen bond parameters for the two independent molecules A and B in the
asymmetric unit of the Bin ± TOAC hexapeptide.


Type of Donor Acceptor Symmetry Distance [�] Distance [�] Angle [8]
H-bond D A operation D ´´´ A H ´´´ A D-H ´´´ A


Intramolecular
Mol. A N3-H O0 x, y, z 2.993(5) 2.24 146


N4-H O1 x, y, z 2.978(4) 2.14 166
N5-H O2 x, y, z 3.116(5) 2.31 157
N6-H O6 x, y, z 2.630(6) 2.24 108


Mol. B N3-H O0 x, y, z 2.995(5) 2.20 155
N4-H O1 x, y, z 2.977(5) 2.15 163
N5-H O2 x, y, z 3.120(6) 2.38 145
N6-H O6 x, y, z 2.645(5) 2.26 107


Intermolecular
N1A-H O5A ÿ 1�x, y, z 2.946(5) 2.26 137
N2A-H O3B ÿ 1�x, y, z 2.890(5) 2.30 127
N1B-H O5B ÿ 1�x, y, z 2.988(6) 2.31 136
N2B-H O4DA 1ÿ x, ÿ 1=2 � y, 2ÿ z 2.801(7) 2.05 146
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The conformational differences between molecules A and
B are of minor significance. The -(S)-Bin1-Ala-Aib-TOAC4-
sequence of both independent molecules is folded into a
regular, left-handed 310-helix with average f, y torsion angles
54.78, 33.18 for molecule A and 57.58, 31.58 for molecule B.
The helical structure is stabilized by three successive 1 4
C�O ´´´ HÿN intramolecular hydrogen bonds of the b-
turn(C10)-III type.[10] The range of observed N ´´´ O distances
is 2.978(4) � ± 3.120(6) �; in both molecules the weaker
hydrogen bond[23] is that joining the (peptide) N5ÿH ´´´
O2�C'2 (peptide) groups. In both molecules the Ala5 residue
is found in the right-handed bridge region of the f, y space.[24]


Interestingly, again for both molecules, the C-terminal Ala6


residue is fully extended, producing an unusual 2!2 (or C5)
N6ÿH ´´´ O6�C'6 intramolecularly hydrogen-bonded struc-
ture.[8, 25]


The deviation of the urethane, peptide, and ester w torsion
angles from the ideal value of the trans planar conformation
(1808) is significant (jw j� 108) only at the two ends of the
peptide chain, namely for the urethane w0 and ester w6 angles.
The conformation of the Boc-urethane group (q1 and w0


torsion angles) is the usual trans, trans or type-b conforma-
tion.[19] The ester disposition with respect to the preceding
Ca6ÿN6 bond is close to the synperiplanar conformation.[26]


The tert-butyl ester groups of the -OtBu and Boc- moieties are
in a conformation in which the three methyl substituents of
the quaternary carbon atom are staggered with respect to the
-Ca6-C'6(�O6)-OT and N1-C'0(�O0)-Ou- planes, respectively,
as usually found in ester groups from tertiary alcohols.[20]


The TOAC residue in molecule A differs from that in
molecule B in the puckering of the piperidine ring. This six-
membered cyclic system is close to the boat conformation in
molecule A, with the puckering parameters[27] QT� 0.607(6) �,
V2� 91.2(5)8, F2� 294.8(5)8, whereas it adopts the twist-boat
conformation in molecule B, with the puckering parameters
QT� 0.621(6) �, V2� 93.4(5)8, F2� 274.0(5)8. As a consequen-
ce, small but significant differences are found in the orienta-
tion of the substituents relative to the normal to the piperidine
ring average plane. More specifically, the angle between the
normal to the average plane and the Ca4ÿN4 bond is 21.8(3)8
in molecule A, while 32.1(3)8 in molecule B. Furthermore, the
angle between the normal to the average plane and the
Ca4ÿC'4 bond is 51.8(3)8 in molecule A, while it is 42.8(3)8 in
molecule B. These values correspond to a slightly different
orientation of the TOAC average plane with respect to the
peptide backbone. Also, the nitroxide N4DÿO4D bond is shifted
in one molecule compared with the other by the different
TOAC puckering. This bond is perfectly equatorial (the angle
with the normal to the TOAC average plane is 90.0(4)8) in
molecule B, while this angle is 79.4(4)8 in molecule A.[15a, d, e]


In the Bin residue of both molecules the a-amino sub-
stituent is halfway between the axial and equatorial disposi-
tions with respect to the average plane of the seven-
membered ring. Again for both molecules, this cyclic system
shows a twist-boat conformation[28] with the following puck-
ering parameters: QT� 1.113(4) �, V2� 84.5(2)8, F2�
268.5(2)8, F3� 261(3)8 for molecule A, and QT� 1.115(4) �,
V2� 84.9(3)8, F2� 268.5(2)8, F3� 261(3)8 for molecule B. A
similar conformation of the Bin seven-membered ring was


recently reported for the free amino acid.[17a] Each naphthyl
moiety is substantially planar, the largest deviation from
planarity for carbon atoms in each moiety being in the range
�0.026(4) � ± 0.070(6) �. The dihedral angles between nor-
mals to the average planes of naphthyl ´´ ´ naphthyl', naphthyl
´´ ´ TOAC and naphthyl' ´ ´ ´ TOAC have values of 62.7(1)8,
58.8(1)8, 24.9(1)8, respectively, for molecule A, while they are
64.6(1)8, 57.6(1)8, 44.7(1)8 for molecule B. The angles between
the nitroxide bond and the normals to the average planes of
the two naphthyl moieties are 53.7(3)8, 80.8(3)8 for molecule
A, and 70.4(3)8, 52.3(4)8 for molecule B. The distance
between the Ca atoms of Bin1 and TOAC4, after one complete
turn of the 310-helix,[11] is 5.876(6) � in molecule A and
5.779(6) � in molecule B. The shortest intramolecular (TOAC
nitroxide) O ´´´ C (Bin aromatic) distance is 4.502(7) � in
molecule A and 5.039(9) � in molecule B. In addition, in each
molecule A and B one TOAC methyl group is directed toward
the center of the external phenyl ring of one binaphthyl
moiety; the corresponding (methyl) C ´´´ C (phenyl) separa-
tions being in the ranges of 3.509(7) � ± 3.861(7) � and
3.586(9) � ± 3.727(8) �, respectively.


In the crystal rows of each of the two independent
molecules A and B are formed along the a direction by
N1ÿH ´´´ O5�C'5 intermolecular hydrogen bonds. These rows
are linked into columns by N2AÿH ´´´ O3B�C'3B intermo-
lecular hydrogen bonds. The columns are connected into a
continuous 3D network by an N2BÿH ´´´ O4DA hydrogen
bond, which links molecules around a crystallographic screw
axis. The solvent (acetone) molecules lie in channels along the
a direction and do not interact with the peptide molecules.


Ground- and excited-state behaviors : The UV absorption
spectra of the Bin derivative (blank) and the Bin ± TOAC
hexapeptide in methanol (MeOH) solution are shown in
Figure 3. They exhibit a shift to 305 nm of the naphthalene


Figure 3. UV absorption spectra of the Bin derivative (full line), the Bin ±
TOAC hexapeptide (dashed line) and naphthalene (dotted line) in MeOH
solution.


band at 280 nm, while the band at about 225 nm is doubled,
and the maxima being found at 220 nm and 232 nm. Accord-
ing to Förster[29] this finding implies a strong electronic
coupling of the naphthyl (N) moieties in the ground state
through intramolecular exciton interaction, and at the same
time a much larger rate of excitation transfer between the
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chromophores in the binaphthyl group than the frequency of
molecular vibrations.[30] As a result, the exciton is delocalized
over the entire binaphthyl group. Accordingly, the CD
spectrum within the 200 ± 300 nm wavelength region (not
shown) exhibits an exciton splitting clearly ascribable to the
aforementioned coupling regime.


The presence of TOAC in the molecule does not perturb
such a strong coupling effect, since the absorption and CD
spectra of the Bin ± TOAC hexapeptide are almost identical to
those of the Bin derivative. This result is indicative of a severe
conformational restriction that prevents the overlap of the
electron density distributions of the probes. In addition, no
charge transfer bands are present in the spectrum of the Bin ±
TOAC hexapeptide, which rules out the formation of a
ground-state charge-transfer (CT) complex.[31]


Although the dielectric constant of the solvent may affect
the resonance interaction by altering the oscillator strength of
the transition, no significant variation of the spectra could be
observed by changing solvent. This lack of solvent effects is pre-
sumably connected with the strong electronic coupling between
the two naphthyl moieties in the Bin chromophore.[30]


We next examined the excited-state behavior of the Bin ±
TOAC hexapeptide. Despite the extensive literature aimed at
understanding the mechanism through which excited states
are quenched by paramagnetic species, such as a nitroxyl
radical, there is not yet a univocal interpretation of this
phenomenon, partly because of the sparseness of the experi-
ments. Indeed, most of the literature on nitroxide-based
quenchers concerns noncovalently linked fluorophore-
quencher dyads, leading to measured quenching rate con-
stants controlled by diffusion processes.[32a, 33a] Consequently,
the issue of a detailed quenching mechanism by a nitroxide
group, with specification of its distance and orientation
dependence in covalently linked donor ± acceptor dyads, must
be considered still unsettled, in spite of the widespread use of
doublet quenchers to probe the structural and dynamic
features of membranes,[34] micelles,[35] and protein surfaces.[32]


It is generally accepted that in freely diffusive systems a
major pathway of singlet-state quenching by a nitroxide would
either be an intersystem crossing to the triplet state induced
by electron exchange[32a, 36] or a catalyzed internal conversion
to the ground state;[33] the mechanisms are exclusive. In other
instances, however, charge transfer, electron transfer[32c] or
Förster[37] energy transfer[32b, 34f] were found to play an
important role. Calculations based on measured spectral
properties showed that Förster transfer mechanism extends
the nitroxide quenching radius to as much as 10 �,[34f] so that
the range of the induced quenching is considerably over what
it would be with only vibrational coupling or enhanced
intersystem crossing. On the other hand, Dexter energy
transfer[38] may also hold, but it requires singlet energies
(E00, Bin� 3.73 eV) greater than the lowest excited state energy
of the nitroxide, which in the case of TOAC is approximately
3.1 eV, besides a short center-to-center distance, less than,
say, 4 �.


Steady-state fluorescence spectra (lex� 305 nm) in MeOH
or dioxane show a substantial quenching of N singlet emission
by TOAC, as illustrated in Figure 4. No evidence for exciplex
emission from the Bin ± TOAC hexapeptide could be ob-


Figure 4. Fluorescence spectra of the Bin derivative (full line) and the
Bin ± TOAC hexapeptide (dashed line) in MeOH solution. Inset: same
spectra in dioxane solution.


tained, even by decreasing solvent polarity. The fluorescence
quantum yield of the peptide (F) in a number of solvents with
different polarity, and the efficiency of the quenching process,
E, as given by [1ÿ (F/F0)], where F0 is the quantum yield of
the blank, are reported in Table 3. Rather surprisingly, the
quenching efficiency from steady-state measurements varies
only slightly when the solvent is changed.


As far as the time decay measurements (lex� 305, lem�
360 nm) are concerned, the decay curve of the blank was
found to be strictly monoexponential, with t0 ranging from 3.6
to 4.9 ns, depending on the solvent (Table 4). It is definitely
shorter than that of naphthalene, tN� 52.5� 0.7 ns, thereby
indicating a strong dynamic quenching, ascribable to an
exciton interaction associated with the aforementioned cou-
pling regime. Instead, the Bin ± TOAC hexapeptide decays
biexponentially [Eq. (1), where i� 1 or 2]. Typical examples


I(t)�Siaiexp(ÿ t/ti) (1)


Table 3. Quantum yields and energy transfer efficiencies for the Bin ±
TOAC hexapeptide from steady-state fluorescence measurements.


Solvent er
[a] F0


[b] F[c] E[d]


1,4-Dioxane 2.2 0.77 0.07 0.91
Ethyl acetate 6.0 0.74 0.04 0.95
1-Butanol 17.1 0.72 0.06 0.92
Isopropanol 18.3 0.75 0.04 0.95
Ethanol 24.3 0.76 0.05 0.93
Methanol 32.6 0.71 0.07 0.90


[a] Dielectric constant [25 8C]. [b] Quantum yield of the blank (Bin
derivative). [c] Quantum yield of the Bin ± TOAC hexapeptide. [d] Energy
transfer efficiency, E� 1ÿ (F/F0).


Table 4. Fluorescence lifetimes and efficiencies for the Bin ± TOAC
hexapeptide in different solvents.[a]


Solvent t0
[b] [ns] a1 t1 [ns] E1


[c] a2 t2 [ns] E2
[d] c2


1,4-Dioxane 3.62 0.55 0.84 0.77 0.45 3.06 0.15 1.28
Ethyl acetate 3.95 0.59 0.95 0.73 0.41 3.48 0.09 1.14
1-Butanol 4.12 0.63 0.68 0.83 0.37 3.15 0.24 0.99
Isopropanol 4.12 0.79 0.53 0.87 0.21 3.25 0.21 1.19
Ethanol 4.55 0.75 1.01 0.78 0.25 3.90 0.15 1.13
Methanol 4.89 0.79 1.36 0.72 0.21 4.46 0.07 1.33


[a] lex� 305 nm, lem� 360 nm. The uncertainty in lifetimes is lower than
10%, while that of the preexponents is about 20%. [b] Fluorescence time
decay of the blank. [c] From Equation (2). The uncertainty is about 10%.
[d] From Equation (2). The uncertainty is about 30%.
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of decay curves for the Bin derivative and the Bin ± TOAC
hexapeptide in ethanol (EtOH) are presented in Figure 5. In
all cases, no significant change was observed on varying the
sample concentration within one order of magnitude
(1 ´ 10ÿ6 ± 2 ´ 10ÿ5m), so that intermolecular effects can be
ruled out.


Figure 5. Typical examples of fluorescence decay. Normalized decay
profile (lex� 305 nm, lem� 360 nm) for the Bin derivative a) and the
Bin ± TOAC hexapeptide b) in EtOH solution. The full lines represent the
best fit to the experimental data by a monoexponential a) and a
biexponential b) decay. The lamp profile is also shown.


The short decay time, t1, ranges from 0.5 to 1.4 ns and the
longer one, t2, from 3.1 to 4.5 ns, depending on the solvent. A
lifetime distribution analysis confirms these findings, because
it gives one distribution for Bin and two narrow distributions
for Bin ± TOAC. Therefore, we are inclined to assign these
lifetimes to two highly populated, low-energy conformers that
exhibit both a different center-to-center distance and mutual
orientation of the chromophores, in agreement with the
molecular mechanics data reported below.


Two experimental results confirm this assignment. First,
temperature-dependent, time-resolved fluorescence experi-
ments show that the preexponents of the two time decay
components remain practically the same from 290 K to 330 K,
thereby emphasizing the severe conformational restriction of
the compound. Secondly, the distribution analysis of the
fluorescence time decay in dimethyl sulfoxide (DMSO), a
solvent of well-known disruptive effects on peptide ordered
secondary structures, gives rise to one wide distribution only,
very likely arising from many slightly different conformations.


Table 4 lists lifetimes, preexponents and efficiencies in a
number of solvents; the transfer efficiency is given by
Equation (2).


Ei� 1ÿ (ti/t0) (2)


We then addressed the problem of the mechanisms that
could contribute to the singlet state quenching in the Bin ±
TOAC hexapeptide. In principle, the rate constant for intra-
molecular quenching of binaphthyl, (N,N)*, by the nitroxide
moiety is the sum of rate constants for each potential
relaxation pathway as given in Equation (3); for i� 1 or 2,
ki,(N,N)* is given by Equation (4).


ki,(N,N)*� kF,i�kD,i�ket,i�kex,i (3)


ki,(N,N)*� (tÿ1
i ÿ tÿ1


0 ) (4)


Equation (3) involves the rate constants for quenching by
Förster and Dexter energy transfer, electron transfer, and
electron exchange through the local relaxation of the singlet
state, while the rate constant for quenching by CT is not
incorporated because of the lack of CT absorption or emissive
components.


According to the dipole ± dipole interaction model, the rate
constant for Förster energy transfer can be expressed by
Equation (5). JF is the overlap integral calculated from
fluorescence spectra, as obtained by Equation (6) and listed


kF,i� 8.71 ´ 1023 ´ (JFk2
i F0)/(R6


i n4t0) (5)


JF�


Z1
0


FD�n�eA�n�nÿ4dn


Z1
0


FD�n�dn


(6)


in Table 5 for the different solvents used, k2
i the orientation


parameter of the probes [Eq. (7)], F0 the quantum yield of
the Bin derivative, Ri the interprobe separation distance and n
the refractive index of the solvent.


In Equation (6), FD (nÅ) is the fluorescence intensity of the
donor (Bin) and eA (nÅ) the extinction coefficient of the
acceptor (TOAC) at wavenumber (nÅ). On the other hand, the
relative orientation of the chromophores, when they do not
rotate fast enough to randomize their orientation during the
donor lifetime, can be determined[39, 40a] by Equation (7).


k2
i � cos2 q(3cos2 g � 1) (7)


In such a case, a particular relative orientation between the
donor and acceptor molecules is described by two angles only,
as shown in Figure 6, where the geometry for evaluating the
orientation in space of the transition dipole moments of the
acceptor and donor moieties[39] is illustrated. R' is the distance
between the center of mass of Bin* and TOAC, the transition
dipole moment of TOAC lying in the CNC plane[36b] and
perpendicular to the NÿO bond, while that of the binaphthyl
is a vectorial combination of the dipoles from each naphtha-
lene group. In addition, g is the angle that the Bin* transition
dipole moment makes with the line joining the center of mass
of Bin* and TOAC, E is the vector representing the electric
field at the center of mass of TOAC induced by the transition
dipole moment of Bin*, and q the angle between E and the
transition dipole moment of TOAC.[39, 40a] In the same figure
the total dipole moment of the 310-helical backbone chain is
also shown. It is known[41] that the helical dipole moment
generates an electrostatic potential directed from the N-ter-


Table 5. Förster (JF) and Dexter (JD) spectral overlap integral, and Förster
radius (R0) for the Bin ± TOAC hexapeptide in different solvents.


Solvent 1018JF [cm3 molÿ1][a] 105JD [cm][b] R0 [�][c]


1,4-Dioxane 13.2 4.38 10.5
Ethyl acetate 19.9 5.40 11.5
1-Butanol 8.6 3.31 9.9
Isopropanol 4.5 2.22 9.0
Ethanol 6.2 6.48 9.5
Methanol 6.1 2.85 9.7


[a] From Equation (6). [b] From Equation (10). [c] From Equation (13).
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Figure 6. Schematic representation of the two chromophores in the Bin ±
TOAC hexapeptide: A) with their electric dipole transition moments
(heavy double arrows); B) with the angles defining the orientation between
the transition dipole moments of the donor and acceptor molecules, and the
electric field vector generated by Bin* acting at the center of mass of the
TOAC moiety.


minus to the C-terminus of the peptide chain; this could affect
the coupling of the transition moments of the two probes.[13] In
our case, however, we will demonstrated that such an effect is
definitely minor.


The efficiency in the Dexter energy transfer mechanism is
exponentially dependent on the interchromophoric distance
as given in Equation (8), where i� 1 or 2, kD� tÿ1


0 is the rate
constant for the donor emission, and JD is the Dexter overlap
integral, obtained by spectroscopic measurements and re-
ported in Table 5 for the different solvents used.


Ei/(1ÿEi)� (2p/kD�h)V2
i JD (8)


The electronic matrix coupling element V2
i is defined in


Equation (9), where a is the average Bohr radius (0.625 �[42])
and Ki is a quantity with dimensions of energy, corresponding
to the electronic matrix coupling at orbital contact. The
Dexter overlap integral is given in Equation (10) and in
Equation (11) under normalization conditions.


V2
i �Kiexp(ÿ2Ri/a) (9)


JD�
Z1


0


Fi,D(nÅ)ei,A(nÅ)dnÅ (10)


Z1
0


FD(nÅ)dnÅ �
Z1


0


eA(nÅ)dnÅ � 1 (11)


Both Förster and Dexter models predict that for a given
donor ± acceptor distance and orientation the rate constants
for transfer will increase linearly with increasing values of the
spectral overlap integrals, JF and JD, respectively. This is
indeed the case for the plot of log kF,i against log JF, as in
Figure 7. Both the values of F0 , t0 and n in a given solvent, and
the values of Ri and k2


i listed in Table 6 were used to evaluate
kF,i , these latter parameters being obtained by molecular
mechanics calculations (see next Section), in which the
appropriate dielectric constant of the solvent was used in
the electrostatic term. By contrast, a plot of log kD,i against log
JD does not give such a relationship, as illustrated in Figure 8.
These findings strongly suggest that, on the nanosecond time
scale, a Förster transfer mechanism is the major pathway for
Bin quenching by TOAC. Consistently, evaluation of the
electronic matrix coupling at orbital contact, Ki [Eq. (9)], in
the six solvents used leads to the following average values


Figure 7. Intramolecular quenching constant against Förster spectral over-
lap integral, JF [cm3 molÿ1], in different solvents (listed in Table 5) for the
Bin ± TOAC hexapeptide. The rate constants have been normalized [k'F,i�
(ki,(N,N)* t0R6


i n4)/k2
i F0 (9.77 ´ 103)6; the last figure is the conversion factor


(when Ri is in �)], to account for lifetime, quantum yield and refractive
index dependence on solvent medium.


Figure 8. Intramolecular quenching constant against Dexter spectral over-
lap integral, JD [cmÿ1], under the same conditions as those in Figure 7
(k'D,i�ki,(N,N)*/exp(ÿ2Ri/a), for the Bin ± TOAC hexapeptide.


K1� (7.8� 4.9) ´ 10ÿ7 and K2� (8.0� 5.9) ´ 10ÿ8 dyne, which
differ by some 4 ± 5 orders of magnitude from the values
reported for electronic energy transfer by exchange inter-
action in bichromophoric molecules.[43] On the basis of these
results, we can rule out a Dexter transfer mechanism.


We are also inclined to rule out the occurrence of electron
transfer because of the lack of correlation between the solvent
polarity and the energetics of the electron transfer reaction
for the Bin* ± TOAC redox pair, despite the favorable
thermodynamic driving force for both the reductive (DG0�
ÿ1.6 eV) and oxidative (DG0�ÿ0.6 eV) processes. In addi-


Table 6. Molecular parameters and calculated efficiencies of the two most
stable conformers[a] of the Bin ± TOAC hexapeptide in different solvents.


Solvent R1[�] k2
1


[b] R2[�] k2
2


[b] E1, calc
[c] E2, calc


[c]


1,4-Dioxane 5.91 0.072 6.12 0.0055 0.773 0.174
Ethyl acetate 6.01 0.055 6.13 0.0045 0.802 0.227
1-Butanol 5.93 0.170 6.18 0.0150 0.847 0.275
Isopropanol 5.87 0.300 6.15 0.0160 0.854 0.191
Ethanol 5.98 0.150 6.19 0.0075 0.783 0.128
Methanol 5.84 0.090 6.18 0.0035 0.739 0.073


[a] As obtained by molecular mechanics calculations (Figure 10). [b] Ori-
entation parameter; from Equation (7). [c] Calculated efficiencies, from
Equation (12) to be compared with the experimental efficiencies (Table 4).
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tion, two other contributors to the total reaction free energy,
the coulombic attraction and the solvation of the charge
separated species, are strongly solvent dependent and are
expected to correlate with the observed quenching rate
constants. Apparently, however, this is not the case, because
of the following values: k1� 5.3 ´ 108 sÿ1 and k2� 2.0 ´ 107 sÿ1 in
MeOH (e� 32.7); k1� 16.4 ´ 108 sÿ1 and k2� 6.5 ´ 107 sÿ1 in
isopropanol (e� 18.9); k1� 9.14 ´ 108 sÿ1 and k2� 5.1 ´ 107 sÿ1


in 1,4-dioxane (e� 2.0).


Molecular modeling : Two conditions must be matched for
energy transfer to occur. The first is a spectral requirement,
that is, the emission spectrum of the donor must overlap the
absorption spectrum of the acceptor, as shown in Figure 9 for


Figure 9. Spectral overlap between the normalized donor stimulated
fluorescence, FD (dashed line), and the acceptor extinction coefficient, e


(full line), for the Bin ± TOAC hexapeptide.


the Bin ± TOAC hexapeptide. The second condition is a
geometric requirement: the emission and absorption dipoles
of the donor and acceptor molecules, respectively, must be at
an appropriate distance and properly oriented. Both these
requirements are related to the transfer efficiency by Equa-
tion (12), where Rm is the center-to-center distance of the
probes in the mth structure, k2


m the corresponding orientation
parameter, and R0 the distance at which 50 % transfer of
excitation energy occurs. The values of R0 in the different
solvents used, as given by Equation (13),[40a] are reported in
Table 5.


Em�
1


1� 2


3k2
m


Rm


R0


� �6
" # (12)


R0� 9.79 ´ 103 [(2�3F0JF)/n4]ÿ6 (13)


To gather information on the geometric and steric con-
straints that control both the interchromophoric distance and
probe orientation in the Bin ± TOAC hexapeptide we have
undertaken molecular mechanics calculations.[40b, c, 44] Briefly,
we started by putting the backbone chain in both a left-
handed (l.h.) and a right-handed (r.h.) 310-helix, and a l.h. and
a r.h. a-helix as well as to explore all plausible conformations
for the peptide main chain. The total energy of the mth
structure was then evaluated by Equation (14),[40b,c] which
comprises stretching and bending terms (STR and BEN),


besides electrostatic (COUL), nonbonding (NB), and tor-
sional (TOR) potentials similar to those previously employed
by us.[40, 45]


Um, tot�COUL�NB�TOR� STR�BEN (14)


Because of the rigidity of the Bin ± TOAC hexapeptide, we
expected a rather narrow distribution of conformers for each
backbone structure. In addition, the use of Equation (15)
overcomes the uncertainty in the absolute value of the total
energy arising from the empirical terms of Equation (14). In
fact, DUtot is the difference between the energy of the mth
structure, Um, tot , and the lowest energy among all structures of
the peptide, Umin [Eq. (15)], which plays the role of a
reference energy.


DUtot�Um, totÿUmin (15)


The most relevant computational results can be summar-
ized as follows: a) A few sterically favored conformers are
found, differing from each other by �2.5 kcal molÿ1, irrespec-
tive of the backbone screw sense and type of helical
conformation, as shown in Table 7. Additional structures


exhibit definitely higher energies, so that they can safely be
neglected. b) Among the most probable structures, the most
stable ones are two isoenergetic conformers with the back-
bone in the l.h. 310-helix (Figure 10). They differ for the spatial
orientation of TOAC with respect to Bin, as a result of a
different puckering of the TOAC moiety, as shown in
Figure 11, where the values of the side chain torsion angles
for TOAC in the crystal state are also reported. It is clear that
the topologies of the TOAC ring structure in the computed
conformations are close to those observed in the crystal state.
c) Consistent with computational results, a comparison
between the calculated [Eq. (12)] and experimental
[Eq. (2)] transfer efficiencies, reported in Table 7, shows an
excellent agreement only in the case of the two conformers
with the backbone in the l.h. 310-helix (Figure 10). d) These
two conformers are perturbed by the solvent, mainly affecting
the mutual orientation of the chromophores (Table 6). In fact,
in spite of the minor changes in the center-to-center distances
(DR� 0.2 �), the quenching efficiencies between the two
conformers markedly vary, because of the quite different
values of the orientation factor k2


m, the k2
1/k2


2 ratio ranging
from 11.3 to 25.7 in the different solvents used. This


Table 7. Conformers of the Bin ± TOAC hexapeptide in the deepest energy
minimum in methanol from molecular mechanics calculations.


Backbone conformation[a] DUtot
[b] Rm


[c] Ecalcd
[d] Eexp


[e]


[kcal molÿ1] [�]


l.h. 310-Helix[f] 0.0 5.84 0.74 0.72
0.0 6.18 0.07 0.07


r.h. 310-Helix 1.7 8.69 0.67
l.h. a-Helix 2.5 8.67 0.61
r.h. a-Helix 1.1 7.35 0.89


[a] Left-handed (l.h.) and right-handed (r.h.) helix. [b] From Equa-
tion (15). [c] Interchromophoric center-to-center distance. [d] Energy
transfer efficiency; from Eq. (12). [e] Experimental transfer efficiency
(E1 and E2, respectively); from Equation (2) and Table 4. [f] These two
isoenergetic conformers differ in both center-to-center distance and
mutual orientation of the chromophores (Table 6).
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Figure 10. Molecular models of the two most stable solution conforma-
tions for the Bin ± TOAC hexapeptide A), and topology of TOAC moiety in
the two conformers (B; see Figure 11). The peptide backbone is in the left-
handed 310-helix [viewed perpendicularly to the helical axis in A), where
the four intramolecular H-bonds are indicated by dashed lines]. Nitrogen
atoms are in black and oxygen atoms are in grey. Note in A) the close
approach of one methyl group of TOAC to one naphthyl moiety of Bin,
causing the chromophores to experience CÿH ´´´ p interactions that stiffen
the whole molecule.


conclusion is consistent with the observation that also the
preexponents ai, which measure the relative population of the
species undergoing energy transfer, change somewhat with
the solvent (Table 4). e) The angle between the transition
moment of TOAC and the total dipole moment of the helix
(Figure 6) is very close to 908 for both conformers, which
implies a definitely minor effect of the electrostatic potential
generated by the helical arrangement[41] on the energy-
transfer process.[13]


Since the calculated efficiency comprises the solvent-
dependent parameter R0 , the excellent agreement between
calculated and experimental efficiencies makes it reasonable
to consider the two computed conformations reported in
Figure 10 as a good representation of the actual structures
present in solution. Their conformational rigidity partly arises


from the steric proximity between one TOAC methyl group
and one Bin naphthyl moiety (see the crystal-state structure
discussed above), which stiffens the whole molecule. Change
in backbone screw sense and/or conformation perturbs these
geometric features; this causes the chromophores, and the
whole molecule as well, to acquire some conformational
mobility, but the ensuing gain in molecular entropy is
apparently overcompensated by an increase in energy, leading
to less stable structures. This is accounted for by the
fluorescence decay results, which clearly indicate that in
solution only the two conformers illustrated in Figure 10 exist,
which exhibit structural features similar to those found in the
crystal state.


Conclusion


Combination of X-ray diffraction and (steady-state and time-
decay) fluorescence data with results from molecular me-
chanics calculations was productive in determining the
structural and photophysical properties of the first peptide-
based, rigid donor ± spacer ± acceptor system. In solution, the
molecules preserve the ordered secondary structure, including
type and handedness of the helix formed observed in the
crystal state. In summary, this work strongly supports the view
that the exploitation of severely conformationally restricted
Ca-tetrasubstituted a-amino acids (such as the Aib, Acnc, Bin
and TOAC residues discussed here) ideally enables an easy
synthesis of rigid interchromophoric spacers of variable
intercomponent geometries and concomitantly allows for a
detailed investigation of through-space interactions between
rigid photoactive probes.


Experimental Section


Peptide synthesis : The synthesis and characterization of Boc-(S)-Bin-
OtBu[17b] (blank) and Fmoc-Ala-Aib-TOAC-(Ala)2-OtBu (Fmoc, 9-fluo-
renylmethyloxycarbonyl)[15c] have already been reported. The Fmoc Na-
protecting group of the pentapeptide was removed by treatment with a
20% diethylamine solution in acetonitrile. After evaporation of the
solvent, the Na-deprotected peptide was dissolved in CHCl3 and isolated
by elution through a 3 cm bed of silica gel with CHCl3/EtOH 8:2. Boc-(S)-
Bin-OH[17b] was subsequently incorporated into the pentapeptide with 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDC ´ HCl)
and 7-aza-1-hydroxy-1,2,3-benzotriazole[46] (HOAt) in CH2Cl2. The termi-
nally protected Bin ± TOAC hexapeptide was purified by flash chromatog-
raphy with CHCl3/EtOH 96:4 and recrystallized from ethyl acetate/light
petroleum. Yield 73 %; m.p. 249 ± 250 8C; TLC (Kieselgel 60F254 plates;
Merck): Rf1(CHCl3/EtOH 9:1) 0.95; Rf2(toluene/EtOH 7:1) 0.30; [a]20


D :
ÿ59.38 (c� 0.1, methanol); IR absorption (KBr): 3324, 1724, 1665,
1524 cmÿ1.


X-ray diffraction : Clear colorless crystals were grown from acetone/light
petroleum by vapor diffusion. Crystal data and refinement parameter
information are given in Table 8. Diffraction data were collected on a
computer-controlled Bruker 1 K Smart CCD system with a 5 kW Rigaku
rotating anode source and Göbel mirrors. Unit cell dimensions were
determined by a least-squares refinement of 306 centered reflections within
ÿ41< 2q< 788. Data collection nominally covered a hemisphere in
reciprocal space by combining six sets of exposures with different 2q and
f angles: each exposure covered a range of 0.258 in w. The crystal-to-
detector distance was 5.05 cm. Data were collected to 0.9 � resolution and
a repetition of 60 of the initial frames at the end of the data set showed that
the crystal remained stable during data collection. An empirical absorption


Conformer c1 c2 c3 c4 c5 c6


X-ray (Mol. A) 3.9 ÿ 43.0 41.7 1.7 ÿ 46.7 43.4
X-ray (Mol. B) 20.4 ÿ 48.0 24.0 24.7 ÿ 55.2 33.2
Computed 1 ÿ 15.0 ÿ 33.0 48.3 ÿ 12.0 ÿ 40.4 53.4
Computed 2 24.5 ÿ 51.3 22.0 28.9 ÿ 57.3 30.2


Figure 11. Side-chain torsion angles of TOAC in the two conformations in
the crystal state and in solution, according to the X-ray diffraction and
molecular mechanics data, respectively. In both cases, the peptide back-
bone is in the left-handed 310-helical structure.
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correction was calculated with program SADABS[47a] which uses equivalent
reflections to calculate absorption effects.


The structure was solved by the Shake and Bake (SnB V1.5) direct-phasing
program[47b] with E values generated by XTAL V3.2.[47c] Eleven hundred
trial structures were calculated and subjected to 75 cycles of iterative
structure factor calculations, phase refinement, and density modification.
Only one trial, with a minimal function value[47d, e] of 0.37, gave a solution
for the structure. The minimal function values for the incorrect structures
ranged from 0.43 to 0.47. The structure was refined with the SHELXL-97
program.[47f] There were two peptide molecules and one acetone (solvent)
molecule in the asymmetric unit. The 1364 refined parameters included
coordinates and anisotropic thermal parameters for all nonhydrogen atoms.
Hydrogens were refined by means of a riding model. The acetone molecule
was disordered over three positions with occupancy ratios 65:20:15. The
two minor acetone molecules were constrained to be flat (nonhydrogen
atoms) and to have the same bonds and angles as the major acetone
molecule.


Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited within the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
114992. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk].


UV absorption and fluorescence : Ultraviolet absorption spectra were
obtained on a JASCO 7850 spectrophotometer. Steady-state fluorescence
spectra were recorded on a SPEX Fluoromax spectrofluorimeter operating
in the SPC mode. Quantum yields were evaluated with respect to
naphthalene in cyclohexane (FS� 0.22). Nanosecond decays were meas-
ured by a CD900 SPC lifetime apparatus from Edinburgh Instruments.
Excitation in the UV region was achieved by a coaxial flash lamp filled with
ultrapure hydrogen (0.3 atm) and driven at 30 kHz of repetition rate. The
resulting excitation profile, recorded through a diluted scattering solution
of glycogen, has FWHM� 1.2 ns. The decay curves were fitted by a
nonlinear, least-squares analysis to exponential functions by an iterative
deconvolution method. All experiments were carried out in quartz cells,
using solutions previously bubbled with ultrapure nitrogen for 20 min.
Distribution analysis of the time decays was also performed in a number of
solvents. Other instrumentation has already been described.[48]


Molecular mechanics calculations : In-house programs, already used in our
group for the last 15 years, but with equation parameters continuously
improved,[40, 45, 48] were employed to calculate nonbonding, electrostatic,
hydrogen bonding and torsional potentials, by making use of the
appropriate partial charges[45] for each atom in the compounds. The energy


minimization procedure, based on the conjugated gradient, was initially
performed maintaining both bond lengths and bond angles fixed. The
deepest energy minimum structures were then further refined by relaxing
the rigid geometry and taking into account the standard stretching and
bending terms,[44] thus providing the final energy minima according to
Equation (14).
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Crystal Structure and Magnetic Properties of the Quasi-One-Dimensional
Compound (Ca1ÿxYx)0.82CuO2 Prepared at Room Pressure


Yuzuru Miyazaki,[a] Neil C. Hyatt,[a] Marcin Slaski,[b]


Ian Gameson,[a] and Peter P. Edwards*[a]


Abstract: A solid solution of the quasi-one-dimensional cuprate, (Ca1ÿxYx)0.82CuO2


with 0� x� 0.435, has been successfully synthesized at room pressure. Upon yttrium
doping (decreasing hole concentration), the formal Cu valence of the solid solution
changes from �2.36 to �2.00 without any significant change in the crystal structure.
The solid solution shows an evolution in magnetic behavior, from a dimerlike spin
state to a long-range, magnetically ordered state. The former state can be treated as a
dilute one-dimensional spin system consisting of both spin dimers (S� 0) and
paramagnetic spin segments (S� 1/2).


Keywords: crystal engineering ´
cuprates ´ low-dimensional com-
pounds ´ magnetic properties ´
solid solution


Introduction


Since the discovery of superconductivity at T� 12 K in the
spin-ladder compound (Sr,Ca)14Cu24O41,[1] cuprates that ex-
hibit a so-called spin-gap state with low-dimensional CuÿO
networks have been extensively studied.[2] The crystal struc-
ture of (Sr,Ca)14Cu24O41 consists of two distinct CuÿO net-
works as shown in Figure 1.[3] One is a Cu2O3 ladder composed


Figure 1. The crystal structure of (Sr,Ca)14Cu24O41 viewed in perspective
along the c axis.


of two edge-shared zig-zag chains; the other is an edge-shared
CuO2 square-planar chain, as seen in the NaCuO2-type
structure.[4] These ladders and chains stack alternatively along
the b axis to form a low-dimensional structure. Although the
formal valence state of Cu is �2.25 in Sr14Cu24O41, the
compound shows semiconducting behavior due to the com-
plete localization of hole carriers within the CuO2 chains.
When Sr sites are partially substituted by Ca ions, electronic
charge transfer from the CuO2 chains to the Cu2O3 ladders
occurs and subsequently the compound becomes conductive.
Kato and co-workers[5, 6] examined the magnetic susceptibility
of the solid solution (Sr,Ca)14Cu24O41 and found a broad peak
at a temperature around 80 K. They attributed this to spin-gap
behavior within the CuO2 chains, since it is generally assumed
that the vast majority of spins on the Cu2� sites in the Cu2O3


ladders have already formed spin-singlet pairs (S� 0) at room
temperature. It is now believed that there are two distinct spin
gaps with associated gap energies of �100 K (CuO2 chains)
and �500 K (Cu2O3 ladders), respectively, in this com-
pound.[7] Thus, the existence of both ladders and chains in
(Sr,Ca)14Cu24O41 makes for a complicated electronic structure.
Actually there exist compounds in the SrÿCuÿO system that
have either Cu2O3 ladders or CuO2 chains, namely SrCu2O3


[8]


and Sr0.73CuO2,[9] respectively. Unfortunately, to date, both
compounds have only been synthesized under high applied
pressures. The compound Ca1ÿyCuO2 (y� 0.15),[10, 11] on the
other hand, which has the one-dimensional edge-shared CuO2


chains, can be synthesized at room pressure. In Figure 2 we
show the crystal structure of Ca1ÿyCuO2; this structure is
essentially identical to those of Sr0.73CuO2 and Ba0.67CuO2.[12]


Since these alkaline-earth cuprates appear to have an in-built
cation deficiency,[9±12] an incommensurate superstructure
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Figure 2. The orthorhombic basic structure of Ca1ÿyCuO2 viewed in
perspective along the a axis. In the actual structure, the CuO2 chains are
slightly twisted.


arises due to the periodic differences in arrangements of the
alkaline-earth cations and the CuO2 chains. As a result of this
cation deficiency, the oxidation state of Cu always appears
above �2.0, even without substantial changes in the oxygen
stoichiometry. For example, the formal Cu valence of
Ca0.85CuO2 is found to be �2.3, which implies that excess
holes must be introduced into the electronically active CuO2


chains. However, the mixed-valent compound is an insulator,
owing to localization of the introduced holes. Davies and
colleagues[13, 14] have reported that a certain amount of Y ions
(also Nd and Gd ions) can substitute for the Ca site to form a
solid solution; this is generally represented as Ca2�xY2ÿxCu5-
O10 (0� x� 0.8), rather than (Ca1ÿxYx)1ÿyCuO2. The formal
valence of Cu in the solid solution varies from 2.00 to 2.16.


It is interesting to see how the magnetic structure evolves in
such a solid solution with a one-dimensional CuO2 network, in
which the formal Cu valence changes without any significant
change in the crystal structure. We have succeeded in
preparing, at room pressure, the solid solution of formula
(Ca1ÿxYx)1ÿyCuO2 over a large substitutional range and we
have measured the temperature dependence of the magnetic
susceptibility. During the course of our experiments, Dolinsek
and co-workers[15] reported the magnetic susceptibility of
Ca0.85CuO2, which showed a broad maximum at around 50 K.
These authors have proposed that the broad peak is attributed
not to the spin dimer but to even-number spin fragments. We
are also aware of the recent work of Hayashi and co-
workers,[16] using high-pressure synthesis (at 215 bar of oxy-
gen), who present complementary results to our own.
Interestingly, our room-pressure synthesis appears to be
highly successful in producing high phase purity over a
relatively wide solid-solution range. In the present paper, we
report the synthesis of the solid solution (Ca1ÿxYx)0.82CuO2,
with 0� x� 0.435, prepared at room pressure. We also report
an accompanying structural analysis and magnetic properties
across the solid-solution range, and compare our results with
those for materials synthesized under high oxygen pressure by
Hayashi and co-workers.[16]


Results and Discussion


In Figure 3 we show the composition diagram for
(Ca1ÿxYx)1ÿyCuO2 in terms of the compositional parameters
(1ÿ y) and x. Oblique lines in the figure indicate the formal
Cu valences calculated from the nominal compositions. We


Figure 3. The (1ÿ y) vs. x compositional diagram for the (Ca1ÿxYx)1ÿyCuO2


solid solution. Shaded area represents the region where the single-phase
samples are prepared. Open circles indicate that the samples contain an
impurity phase(s).


have succeeded in preparing single-phase samples over a wide
range of yttrium composition x, as shown by the filled circles
in Figure 3. Although single-phase samples could be prepared
at (1ÿ y)� 0.80, the widest single-phase region (shaded area)
was obtained at (1ÿ y)� 0.82. Thus, detailed results are
presented here for the formula (Ca1ÿxYx)0.82CuO2, with 0�
x� 0.435. Thermogravimetric measurements confirmed that
the oxygen content of all the single-phase samples remained
at 2.00, within experimental error. Hence, we treat the solid
solution with no oxygen deficiency and the nominal Cu
valence ranges from �2.36 (x� 0) to �2.00 (x� 0.435).
Whenever we attempted to synthesize the samples at (1ÿ
y)� 0.80, which corresponds to the formula of Ca2�xY2ÿx-
Cu5O10 reported previously by Davies,[14] we invariably found,
from powder X-ray diffraction, small but clearly discernable
amounts of impurities (e.g., CuO and Cu2Y2O5). This
discrepancy in the single-phase composition might be attrib-
uted to the preparation conditions, in particular oxygen
partial pressures. We also found impurities in the whole
electron-doped region of Cun�<� 2.00.


In Figure 4 we show the effect of yttrium substitution on the
lattice parameters of the basic cell of the samples, as refined
by the X-ray Rietveld method.[17] The magnitude of estimated
standard deviations (esd�s) of all the values are within the data
points shown. For comparison, the results reported under
215 bar of oxygen by Hayashi and co-workers,[16] are also
shown. Although the nominal stoichiometry reported by
those authors is different from our own, we recalculated their
data so as to represent the relative Y content (x). The crystal
a-axis length, which relates to the nearest CuÿCu distance
along the chain direction (see Figure 2), gradually increases
with increasing x and appears to saturate at higher x values.
The substitution of smaller trivalent Y ions for divalent Ca has
a marked effect on the length of the b-axis, while the length of
the c axis remains almost constant. Similar size effects have
been also observed for the samples prepared under high
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Figure 4. Effect of the yttrium substitution on the lattice parameters of
(Ca1ÿxYx)0.82CuO2.


oxygen pressure.[16] The differences in the absolute values of
those lattice parameters can be rationalized in terms of the
differences in both pressure and composition. The cell volume
calculated from these lattice parameters monotonically de-
creased from a value of 187.6(1) �3 (x� 0) to 185.8(1) �3 (x�
0.435); these values were consistently about 0.5 % larger than
those reported by Hayashi and co-workers.[16] Our detailed
structural work including the incommensurate superstructure
will be presented elsewhere. Briefly, upon Y doping, the
CuÿO distance in the CuO2 chain gradually increases from a
value of 1.932(2) � to 1.976(4) �, while the next-nearest
CuÿCu distance (interchain) decreases continuously from
3.458(1) � to 3.410(1) �. The modulation periods along the a
axis changes from 6.02(5)a to 5.16(5)a ; this approximately
represents the stoichiometry of the samples, varying from
Ca0.834CuO2 [Ca1ÿ1/6.02CuO2] to (Ca,Y)0.806CuO2 [Ca1ÿ1/5.16-
CuO2] even when we prepared all the samples with the
(Ca,Y)0.82CuO2 composition. Large changes in the incom-
mensurate periods along the c axis [from 6.29(1)c to 3.97(1)c]
could compensate for this compositional and periodic dis-
crepancy. Interestingly, although the crystal structural change
is small and continuous, the solid solution shows a distinct
transition in magnetic behavior upon Y doping, from a
dimerlike state to a long-range magnetically ordered state. As
has just recently been reported by Hayashi and co-workers,[16]


the samples with x� 0.15 show a broad peak in the cÿT
curves (Tpeak) below 40 K, while the samples with 0.20� x�
0.435 show a clear antiferromagnetic transition (TN) below
30 K. In Figure 5 we show the variation of TN and Tpeak against


Figure 5. Magnetic phase diagram of (Ca1ÿxYx)0.82CuO2.


the formal Cu valences of the samples (Cun�) together with
the recently reported results from other groups. The sample
with x� 0.435 has no excess charge (namely, Cun�� 2.00) and
has a TN of 29 K, and can be regarded as a parent compound
of the system. As the carrier doping increases (decreasing x),
TN gradually decreases and vanishes at around Cun�� 2.20.
Then, a dimerlike state emerges with a further decrease in the
compositional parameter x. Despite the vastly different prep-
aration conditions between our own studies and Hayashi and
co-workers,[16] the similar behavior of the samples implies that
the carrier concentration is the key factor in dictating the
magnetic behavior. To fully interrogate the cross-over region
of the magnetic behavior, ESR and neutron scattering experi-
ments for the samples of x� 0.15 are currently underway.


In Figure 6 we show schematically probable spin config-
urations on 2� 10 Cu sites along the CuO2 chains for each
carrier doping state (spin directions are not taken into


Figure 6. Schematic representations of possible spin configurations upon
carrier doping. Open circles represent so-called Zhang ± Rice singlets. Spin
directions are not taken into account.


account). For clarity the oxygen atoms have been omitted.
The OÿCuÿO angles are almost 908 in the solid solution, and
hence the superexchange coupling between the nearest
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neighbor Cu atoms, here taken as J1, can be substantially
weaker than that of Sr2CuO3 with J1� 2200 K,[18] in which the
OÿCuÿO angles are 1808. Then, the direct coupling between
the CuO2 chains (interchain), J2, must be significant, since the
interchain CuÿCu distance is only about 3.41 �. This length is
apparently longer than the nearest CuÿCu distance along the
chain of 2.81 � (� a), but much shorter than that of the next-
nearest one of 5.62 � (� 2a). Two other CuÿCu distances are
around 5.3 � and are neglected in this report for simplicity.
Through carrier doping, the spin configurations might vary
from states (a) to (d) as shown in Figure 6. The doped hole
carriers might mainly form magnetically inactive Zhang ±
Rice[19] spin singlets, shown by open circles. As the number
of these singlets increases, the long-range-ordered state
collapses gradually and causes a decrease of TN. Between
the states (c) and (d), the interchain coupling, J2, might
become significantly small relative to that of the state (a), and
thus each CuO2 chain can be treated as an isolated entity.
Actually, TN vanishes at around this composition and another
state, a dimerlike state, appears. In the vicinity of the magnetic
state (d), Zhang ± Rice singlets are located at almost every
third site. We performed curve-fittings on the susceptibility
data for the sample with x� 0, using both a noninteracting
dimer model[20] and an alternating chain model.[21] Contrary to
the previous report,[15] the dimer model gave a much better fit
and we obtained a dimer coupling (spin gap) JD� 61(2) K
with the number of the dimers (ND)� 0.25(1) per formula unit
(f.u.), and the number of the spin segments that contribute the
Curie ± Weiss term (NF)� 0.27(1) per f.u. These numbers
describe well the spin configuration shown in Figure 6(d), in
which almost 2 (0.2 f.u.) dimers and 2 (0.2 f.u.) spin segments
are located statistically on the 10 Cu sites. To our knowledge,
there is currently no theoretical approach for such a
correlated, diluted spin system. However, the solid solution
qualitatively shows a transition from an antiferromagnetically
ordered state to a dimerlike state, as predicted by Haldane[22]


for the S� 1/2 isotropic Heisenberg antiferromagnetic chain,
with carrier doping. Neutron scattering experiments with
single crystals are currently underway to rule out the spin
dynamics of the solid solution.


In summary, we have succeeded in preparing the quasi-one-
dimensional cuprates (Ca1ÿxYx)0.82CuO2, with 0� x� 0.435, at
room pressure. The structural parameters are slightly differ-
ent from those recently reported for samples prepared under
215 bar of oxygen. However, the magnetic behavior is largely
independent of the preparation conditions, but strongly
dependent on the carrier concentration. Despite its crystal
structure, the solid solution has a long-range correlation in the
spin configuration. Upon carrier-doping, long-range magnetic
ordering collapses and an isolated one-dimensional character
appears. Further experimental and theoretical studies are now
in progress to understand the properties of such a diluted spin
system.


Experimental Section


Sample preparation : Samples were prepared from CaCO3 (99.9 %), Y2O3


(99.99 %), and CuO (99.99 %) powders. Intimate mixtures of these powders
were heated at a temperature between 830 8C and 1000 8C for appropriate


periods with intermediate grindings. All the samples were prepared in
flowing oxygen at room pressure. Since the appearance of high-temper-
ature stable phase Ca2CuO3 prevented the formation of Ca-rich solid
solutions, the samples with x� 0.10 were prepared at 830 8C for the total
heating time of 360 h. The optimum sintering conditions were found to be
closely dependent on the sample composition; the samples with 0.15� x�
0.30 and 0.30< x� 0.45 were synthesized at 880 8C for 192 h and 980 8C for
144 h, respectively.


Characterization : X-ray powder diffraction (XRD) data were collected at
room temperature in the angular range 108ÿ 1008 with a 2q step of 0.0208
on a Siemens D5000 diffractometer. Rietveld analysis was carried out for
the X-ray diffraction data with the Rietan-97 program.[17] Interatomic
distances were computed with the program ORFFE.[23] The formal Cu
valence of the samples was determined from the oxygen content of the
samples measured by thermogravimetry under N2-5 % H2 atmosphere.
Magnetic susceptibility was measured with a SQUID magnetometer with
field cool (FC) conditions under 1000 Oe of magnetic field from 300 K to
4 K.


Structure model : The basic structure was determined by the X-ray Rietveld
analysis, excluding the peaks of superstructure. The structure model
proposed by Babu and Greaves[11] is adopted. For example, the refined
structural parameters of Ca0.82CuO2 are: space group Fmmm (No. 69); a�
2.80556(6) �, b� 6.3208(1) �, and c� 10.5765(2) �; RWP� 6.28 %, RP�
4.00 %, Re� 3.69 % and R I� 5.30 %. Other relevant parameters are given
in Table 1.


Acknowledgments


The authors thank Dr. A. J. Wright (School of Chemistry, University of
Birmingham) for his help in the TGA measurement. This work was
supported, in part, by the JSPS (Japan Society for the Promotion of
Science) Post Doctoral Fellowships for Research Abroad and Merck.


[1] M. Uehara, T. Nagata, J. Akimitsu, H. Takahashi, N. Mori, K.
Kinoshita, J. Phys. Soc. Jpn. 1996, 65, 2764 ± 2767.


[2] For a recent perspective, see: S. Maekawa, Science 1996, 273, 1515.
[3] E. M. McCarron, III, M. A. Subramanian, J. C. Calabrese, R. L.


Harlow, Mat. Res. Bull. 1988, 23, 1355 ± 1365.
[4] N. E. Brese, M. O�Keeffe, R. B. von Dreele, V. G. Young, J. Solid State


Chem. 1989, 83, 1 ± 7.
[5] M. Kato, H. Chizawa, Y. Koike, T. Noji, Y. Saito, Physica C 1994, 235 ±


240, 1327 ± 1328.
[6] M. Kato, K. Shiota, Y. Koike, Physica C 1996, 258, 284 ± 292.
[7] K. Kumagai, S. Tsuji, M. Kato, Y. Koike, Phys. Rev. Lett. 1997, 78,


1992 ± 1995.
[8] Z. Hiroi, M. Azuma, M. Takano, Y. Bando, J. Solid State Chem. 1991,


95, 230 ± 238.
[9] J. Karpinski, H. Schwer, G. I. Meijer, K. Conder, E. M. Kopnin, C.


Rossel, Physica C 1997, 274, 99 ± 106.
[10] T. Siegrist, R. S. Roth, C. J. Rawn, J. J. Ritter, Chem. Mater. 1990, 2,


192 ± 194.
[11] T. G. N. Babu, C. Greaves, Mat. Res. Bull. 1991, 26, 499 ± 506.
[12] J. G. Thompson, J. D. Fitz Gerald, R. L. Withers, P. J. Barlow, J. S.


Anderson, Mat. Res. Bull. 1989, 24, 505 ± 515.
[13] P. K. Davies, E. Caignol, T. King, J. Am. Ceram. Soc. 1991, 74, 569 ±


573.
[14] P. K. Davies, J. Solid State Chem. 1991, 95, 365 ± 387.
[15] J. Dolinsek, D. Arcon, P. Cevc, O. Milat, M. Miljak, I. Aviani, Phys.


Rev. B 1998, 57, 7798 ± 7803.
[16] A. Hayashi, B. Batlogg, R. J. Cava, Phys. Rev. B 1998, 58, 2678 ± 2683.


Table 1. Selected refined structural parameters for Ca0.82CuO2


Site Atom Occupancy x y z B


16l Ca 0.205 0.390(1) 1/4 1/4 1.36(11)
4a Cu 1.000 0 0 0 1.38(5)
16m O 0.500 0 0.0480(7) 0.6222(3) 1.0







Quasi-One-Dimensional Cuprates 2265 ± 2269


Chem. Eur. J. 1999, 5, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2269 $ 17.50+.50/0 2269


[17] F. Izumi, in The Rietveld Method, (Ed: R. A. Young), Oxford
University, Oxford 1993, chapter 13.


[18] N. Motoyama, H. Eisaki, S. Uchida, Phys. Rev. Lett. 1996, 76, 3212 ±
3215.


[19] F. C. Zhang, T. M. Rice, Phys. Rev. B 1988, 37, 3759- 3761.
[20] S. A. Carter, B. Batlogg, R. J. Cava, J. J. Krajewski, W. F. Peck, Jr.,


T. M. Rice, Phys. Rev. Lett. 1996, 77, 1378 ± 1381.


[21] J. W. Hall, W. E. Marsh, R. R. Weller, W. E. Hatfield, Inorg. Chem.
1981, 20, 1033 ± 1037.


[22] F. D. M. Haldane, Phys. Rev. B 1982, 25, 4925 ± 4928.
[23] W. R. Busing, K. O. Martin, H. A. Levy, Report ORNL-TM- 306, Oak


Ridge National Laboratory, TN, 1964.


Received: September 17, 1998 [F1352]








Asymmetric Nucleophilic Acylation of Aldehydes
via 1,1-Heterodisubstituted Alkenes


Holger Monenschein, Gerald Dräger, Alexander Jung, and Andreas Kirschning*[a]


Abstract: Aldehydes are asymmetrical-
ly acylated by a two step sequence that is
initiated by a homologation step to 1,1-
heterodisubstituted alkenes followed by
asymmetric dihydroxylation. Thus, ke-
tene O,S-acetals are efficiently prepared
from aldehydes by a Peterson olefina-
tion with lithiated methoxy-phenylthio-
trimethylsilyl methane 14 as the C-1
source. Although they are dihydroxyl-
ated with the Sharpless catalyst with
moderate to good enantioselectivity


(62 ± 80 %ee), the process is not efficient
owing to the low chemical yields of the
desired a-hydroxy methyl esters (7 ±
37 %). Use of the corresponding sulf-
oxide 24 or sulfon 25 led to an improved
chemical yield of a-hydroxy methyl
ester 19, but the stereoselectivity was


diminished. In contrast, intermediate
ketene O,O-acetals are prepared by a
Horner ± Wittig reaction with phosphine
oxide 31 and are dihydroxylated both
with good chemical and stereochemical
yield. The concept is applicable to
aromatic, aliphatic, and chiral alde-
hydes. For example, this short sequence
allows exclusive and independent prep-
aration of both diastereomeric heptoses
69 a and 69 b.


Keywords: aldehydes ´ asymmetric
synthesis ´ CÿC coupling ´ dihy-
droxylations ´ Wittig reactions


Introduction


Homologation of aldehydes by the use of various C nucleo-
philes is a key transformation in organic synthesis.[1] Appro-
priate substitution of the nucleophilic carbanion with two or
three heteroatoms (X ± Z) leads to masked formyl-anion
equivalents. In the presence of aldehydes 1, these carbanions
can be used for the preparation of masked a-hydroxy
aldehydes, carboxylic acids, or esters 2, which subsequently
have to be unmasked to give 3 (Scheme 1). The most
commonly used heteroatoms for these d1 synthons are
sulfur,[2] tin,[3] and to a lesser extent silicon[4] in some cases
in connection with oxygen substituents.[5] Additionally, the
carbanion can be stabilized by nitrogen,[6] which is often part
of a heterocycle, namely in benzothiazole[7] or 2-trimethylsil-
yl-thiazole.[8] Control of the configuration of the newly formed
stereogenic center at C-2 as well as liberation of the aldehyde
from the primary adducts are still the major challenges for all
methods developed so far. One strategy for performing the
acylation of aldehydes in an asymmetric mode uses an a-
positioned chiral center in the substrate (substrate control).[9]


In particular Dondoni and co-workers elegantly applied this
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Scheme 1. Concepts of asymmetric acylations of aldehydes.


approach, using substituted thiazoles as formyl-anion equiv-
alents.[10] Alternatively, when chiral formyl-anion equivalents
are employed (reagent control) more stereochemical flexi-
bility is gained because achiral aldehydes can be used and
both stereochemical series become principally accessable.
Typical examples for this strategy are the use of C2-symmetric
trans-1,3-dithiane S,S-dioxides,[11] chiral O,S-acetals,[12] and
amino cyanides {[R1C(NR*2 )CN]ÿ[M]�} or formaldehyde
SAMP-hydrazones.[13] Corey and Jones described a very
different three step approach by utilizing a nucleophilic chiral
alkinylmethyl borane in an addition reaction with aldehydes.
After protection and ozonolysis of the resulting 1,2-dienyl
carbinols, a-hydroxyaldehydes are generated in up to 99 % ee.
However, these reagent-based strategies are often hampered
by irreversible loss of the chiral auxiliary.
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Recently, we disclosed a new
acylation concept[15] that cir-
cumvents most of the draw-
backs described for the classical
approaches via intermediate 2.
The fundamental difference lies
in the fact that homologation
and build-up of the stereogenic
center at C-2 are separated in
time. This new strategy utilizes
a formyl-anion equivalent that
in the reaction with aldehydes
affords a prochiral 1,1-hetero-
disubstituted alkene 4. Now, the
stage is set for asymmetrically
introducing the hydroxy group
at C-2, by the means of the
Sharpless asymmetric dihy-
droxylation (AD).[16] The inter-
mediate diol 5 formed sponta-
neously collapses to the corre-
sponding a-hydroxy ester 3 if
the vinylic substituents X and Y
have leaving-group properties.
This report presents detailed investigations with various 1,1-
heterodisubstituted alkenes as intermediates and improve-
ments of the general concept.


Results and Discussion


Preparation and asymmetric dihydroxylation of ketene O,S-
acetals : Initial studies in our laboratories rapidly revealed that
1,1-dibromo alkene 8, which is conveniently prepared from
pentanal 6 with the Corey ± Fuchs alkenation methodology,[17]


is not a suitable substrate for the Sharpless asymmetric
dihydroxylation; formation of the desired a-hydroxy hexanoic
acid is not observed. In fact, Sharpless and co-workers pointed
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Ph
SEt


SEtR O
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SEt


O


OH86 R= CH3(CH2)3
7 R= Ph


9 10


out that halogenated alkenes are poor substrates for the
asymmetric dihydroxylation.[18] It is assumed that for 1,1-
dibromoalkenes steric hinderance in connection with the
reduced nucleophilicity of the olefinic double bond are
responsible for this lack of reactivity. Therefore, we turned
our attention to the use of ketene S,S-acetal 9, conveniently
prepared from benzaldehyde 7 by the Horner ± Emmons
olefination with [(EtO)2P(O)C(SEt)2]Li as a nucleophile.[19]


However, also 9 could not be transformed into a-hydroxy
thiol ester 10 under the typical asymmetric dihydroxylation
conditions and in fact was almost quantitatively recovered.


Ketene O,S-acetals 15 ± 18 turned out to be the first 1,1-
heterodisubstituted alkenes that could be applied for the new
acylation strategy (Table 1). First of all, they are prepared in
excellent yield from aldehydes 7, 11, and 12 or ketone 13 by


the Peterson olefination with silyl-substituted carbanion 14 as
the nucleophile.[20] Secondly, they react with osmium tetroxide
under the Sharpless conditions to give a-hydroxy methyl
esters 19 ± 22. However, the yields of this process are far from
satisfactory. A careful search for other oxidation products was
conducted and led to the isolation of diphenyldisulfide. In
some cases, methyl esters like 23 were isolated that derive
from the regioselective addition of water to the ketene double
bond and displacement of the thiolate ion (Scheme 2). a-


OCH3


SPh


H3CO


SPh
CO2CH3


X Y
H


15 (E:Z= 2:1) (2R)-19 X= OH, Y= H
        23 X= Y= H


(Z)-15


a a


NOe
 8.2%


Scheme 2. a) AD-mix b, H2O, tBuOH, MeSO2NH2, 0 8C, 12 h; from (E/Z
2:1)-15 : 37 %, 80.0 % ee ; from (Z)-15 : 31 %, 80.3 % ee.


Hydroxy phenylthiol esters, which would be generated alter-
natively if the methoxy substituent acts as a leaving group
during fragmentation of the intermediate diols, were not
detected. The high pH value of the dihydroxylation mixture
may cause hydrolysis of a possible intermediate thiol ester.
Therefore, we studied the stability of phenylacetic acid thiol
ester under basic and under hydrolysis conditions. At pH 10.5
not more than 5 % of phenylacetic acid was generated within
12 h. A mixture of phenylacetic acid thiol ester in H2O/
tBuOH (1:1) or Na2SO3 left the starting material unaltered
after 12h. A similar set of experiments was performed with an
E/Z mixture (2:1) of ketene O,S-acetal 15. In fact, they are
stable under basic conditions (pH� 10.5) and in the presence
of [K4Fe(CN)6] ´ 3 H2O, but OsO4 causes oxidation to diphe-
nyldisulfide and various unidentified products. The enantio-


Table 1. Asymmetric acylation of aldehydes 7, 11, 12, and ketone 13 via ketene O,S-acetals : yields, configurations
and enantioselectivities.
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[a] Yield of isolated products after column chromatography. [b] Determined from the 1H NMR spectra.
[c] Determined by comparison with other examples.
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purities of the hydroxylation products were moderate with ee
values between 62 ± 80 %. When acetophenone 13 was
employed as the starting carbonyl compound, the asymmetric
dihydroxylation furnished atrolactinic acid methyl ester 22 in
low isolated and stereochemical yield. The latter value is in
accordance with other examples of tetrasubstituted alkenes,
which are poor substrates for the AD process.[21]


For raising the efficiency of the acylation strategy with
ketene O,S-acetals, it was necessary to improve both the
isolated yield and enantioselectivity of the dihydroxylation
step. However, neither performing the asymmetric dihydrox-
ylation atÿ10 8C instead of 0 8C nor a larger molar ratio of the
dihydroxylation mixture gave improved results.


We reasoned that the moderate stereoselectivity observed
for the oxidation of ketene O,S-acetals 15 ± 17 may be owing
to the fact that the E/Z mixtures obtained during the
alkenation step were employed. To test this hypothesis, the
E/Z isomers of alkene 15 were separated by flash column
chromatography on neutral Al2O3. Then, the enantiopurity of
the dihydroxylation product 19 obtained from the pure Z
isomer of 15 was compared with the ee value of mandelic
methyl ester formed from a 2:1 starting mixture (Scheme 2).
The ee ratios were determined by gas chromatography with a
modified chiral b-cyclodextrin column and were judged to be
almost identical [2:1 E/Z mixture 15 : 80.0 % ee ; (Z)-15 :
80.3 % ee]. These results show that ketene O,S-acetals can be
employed as diastereomeric mixtures for the AD process, but
they also mean that the enantiopurities listed in Table 1 are
already close to the optimal values.


The sensitivity of the phenylthio group towards oxidants
could be another reason for the low isolated yields. In order to
improve the acylation method in this respect, the ketene O,S-
acetal 15 was converted into sulfoxide 24 and sulfone 25. In
fact, in terms of yields, these 1,1-heterodisubstituted alkenes
are much better substrates than 15. However, the oxidation
furnished mandelic methyl ester 19 with only low enantio-
purity (Scheme 3).


OCH3


S(O)nPh
CO2CH3


OH


15 n=0
24 n=1
25 n=2


(2R)-19a
b


c


Scheme 3. a) NaIO4, MeOH, H2O (1:1), THF, RT, 36 h, 82%; b) mCPBA,
CH2Cl2, RT, 48 h; c) AD-mix b, H2O, tBuOH, MeSO2NH2, 0 8C, 12 h; from
24, 80 %, 4.3 % ee, from 25, 55 %, 2.0% ee.


Preparation and asymmetric dihydroxylation of ketene O,O-
acetals : We extended our concept to the utilization of ketene
O,O-acetals 42 (Table 2).[15] Indeed, these 1,1-heterodisubsti-
tuted alkenes are ideally suited for this concept, because of
the excellent nucleophilicity of the alkenic double bond and
the small size of the two geminal alkoxy groups. They can
conveniently be prepared from aldehydes by the Horner ±
Wittig reaction[22] with the dialkoxymethyl diphenyl phos-
phine oxides 31 and 32[23] Furthermore, they are ideal
substrates in the Sharpless asymmetric dihydroxylation[24]


Table 2. Asymmetric acylation of aldehydes 10, 11, and 26 ± 31 via ketene O,O-acetals : yields, configurations and enantioselectivities.
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[a] Optimal cation. [b] Yield of isolated product after column chromatography. [c] Determined from the 1H NMR spectra of both diastereomeric Mosher
esters. [d] Not optimized.
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giving intermediate diols that spontaneously collapse to a-
hydroxy carboxylates (Table 2).


For this two step sequence, the Horner ± Wittig alkenation
turned out to be the yield-determinig reaction. Quantitative
formation of the metallated dialkoxymethyl diphenylphos-
phine oxide was best achieved by use of lithium diisopropyl
amide (LDA) or potassium diisopropyl amide (KDA) in THF
at ÿ110 8C. Under these conditions the dark red anion is
quantitatively generated. Metallation with alternate bases like
nBuLi, or lithium or potassium hexamethyldisilazide
(LHMDA or KHMDA) was incomplete. Addition of alde-
hydes 7, 11, and 26 ± 30 to the carbanion afforded stable
phosphine oxides 33 ± 41, which after aqueous workup, could
be chromatographed on silica gel and fully characterized or
directly used for the next step (Table 2). Aromatic aldehydes 7
and 26 ± 28 gave slightly better yields with the potassium salt
of diethoxymethyl diphenylphosphine oxide. In initial studies
with enolizable aldehydes, only moderate yields in the
reaction with anion 32 were achieved,[15] so that a modified
procedure had to be developed. Attempts to improve the
yield by adding metal salts like ZnBr2, MgBr2OEt2, or
Ti(OiPr)4 and transmetallating the lithiated diphenylphos-
phine oxide 31 did not give better yields or were unsuccessful.
Only when a threefold excess of lithiated 31 was employed,
could the yield for the primary adducts be raised to a
satisfactory 70 ± 80 %. In the following, the corresponding
ketene acetals 42 were liberated by KOtBu-promoted elim-
ination. Alternatively, 42 can also be prepared by direct
elimination of the metallated primary coupling product at
elevated temperature. However, we found that this procedure
gave a reduced yield of a-hydroxy carboxylic esters after AD.
After the elimination was complete the reaction mixture was
concentrated at 0 8C, and the crude product was enantiose-
lectively oxidized, affording the a-hydroxy carboxylates 19
and 43 ± 50 in good overall yield and excellent enantiopurity
(Table 2).[25] The intermediate 1,1-dimethoxy ketene O,O-
acetals are slightly better substrates for the AD process than
the corresponding diethoxy derivatives, which are generated
from carbanion 32. The reduced ee values for dihydroquinine
(DHQ) ligand relative to the dihydroquinidine (DHQD)
ligand is a phenomenon often observed for the AD process.[26]


It is noteworthy, that in most cases proton-induced hydrolysis
of the ketene acetals to the corresponding carboxylates did
not occur. However, oxidation is best performed in an inverse
manner by adding the precooled AD mixture to 42.


To obtain the best results, it is also essential to control the
reaction time and temperature in the Horner ± Wittig step.
Otherwise, fragmentation of carbanions 31 and 32 to lithiated
phosphine oxide 51 occurs; this can subsequently attack
aldehydes like 27 or 30, for which isolation of byproducts 52
and 53, respectively, are a clear proof (Scheme 4).


When aromatic aldehydes like 27, 28, or 54 are employed
overoxidation can occur under prolonged reaction times in
the dihydroxylation step leading to the corresponding a-keto-
esters. In fact, ketoester 56 was the only oxidation product
obtained after applying the acylation sequence on furfural 54
via intermediate 55 (Scheme 5). Attempts to suppress over-
oxidation by reducing the reaction time and the temperature
were not successful.[27]
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Scheme 4. Fragmentation of carbanion 31 and subsequent nucleophilic
addition of metallated phosphine oxide 51 to aldehydes 27 and 30.
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Scheme 5. Overoxidation of intermediate aromatic ketene O,O-acetal.


Insights into the mechanism of overoxidation were gained
from experiments carried out with 4-methoxy mandelic acid
ethyl ester 47 (Scheme 6). Ester 47 was prepared in 57 %
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Scheme 6. Proposed mechanism of overoxidation.


overall yield from aldehyde 28 (Table 2) along with keto ester
57, which was formed in 23 % yield during the asymmetric
hydroxylation. The yield for 47 could be improved to 71 %
yield if the reaction time for the asymmetric dihydroxylation
was reduced to three hours. When pure (2S)-a-hydroxy ester
47 was subjected to the Sharpless mixture again, this time for
12 h, 20 % of 47 was reisolated. Additionally, the reaction
furnished keto ester 57 in substantial amounts (23 %). This
observation may be rationalized on the basis of the assump-
tion of partial tautomerization of 47 to enol 58 under the basic
dihydroxylation conditions. If this isomer is dihydroxylated
again, the intermediate diol 59 would collapse spontaneously
to give a-keto ester 57. Support for this hypothesis comes from
our observation that aromatic a-hydroxy esters tend to
racemize rapidly.[15]


The use of chiral aldehydes is particularly important when
introducing a new acylation method, as numerous applica-
tions in natural-product synthesis can be envisaged. There-
fore, chiral aldehydes containing an a-aryl- (60), a-alkoxy-
(62), and b-siloxy-substituents (64) were transformed into the
corresponding a-hydroxy esters 61, 63, and 65 under the
standard conditions developed for enolizable aldehydes
(Scheme 7). Except for 62, which was employed as a 3:1
mixture epimeric at the THP group, all examples proceeded
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with similar yields relative to the model systems listed in
Table 2. The stereo directing power of the two chiral Sharpless
ligands is particularly well-demonstrated in the first example,
(2R)-2-phenylpropanal 60. When dihydroquinine 1,4-phtha-
lazinediyl diether (DHQ-PHAL) is employed, catalyst con-
trol and substrate control work in the same direction
(matched case), leading to the corresponding acylation
product with good diastereose-
lectivity.[28] However, even the
stereochemically opposite mis-
matched series, with the dihy-
droquinidine ligand (DHQD-
PHAL), is still practical, fur-
nishing a diastereoselectivity
close to 80 %. When the stereo-
genetic center is moved one
carbon further away to the b-
position as in aldehyde 64, ster-
eocontrol at the newly formed
chiral carbon at C-2 is over-
whelmingly exerted by the di-
hydroxylation mixture so that
both diastereomers 65 a and
65 b can be prepared separately
with high diastereoselectivity.


Particular challenging sub-
strates are hexose-derived alde-
hydes, which would lead to the
corresponding heptoses. These
naturally rare glycosidic moiet-
ies play a role as biosynthetic
intermediates[29] or as compo-
nents of enterobacterial lipo-
polysaccharides of Gram-nega-
tive bacteria.[30] Furthermore,
they can serve as transition-
state-analogue inhibitors of gly-
cosyltransferases.[31]


Still, no high yielding and
especially stereoselective ho-
mologation methods for alde-
hydes like 67 are known that
are so flexible so as to create
both possible diastereomers in-
dependently.[32, 33] Thus, we ex-
tended our asymmetric homo-
logation method to a-d-galacto-
dialdopyranose 67. It was first
treated with carbanion 31 to
give phosphine oxide adduct 68
as a single isomer (Scheme 8).
The sequence was terminated
in the usual manner and afford-
ed methyl esters 69 a and 69 b
with remarkably high diastero-
facial selectivity for both series.
However, under the dihydroxy-
lation conditions typically em-
ployed, the intermediate ke-


tene O,O-acetal was hydrolyzed to yield heptose 70 as the
major product (78 %). The isolated yield for 69 (81 %) could
only be improved, by the suppression of the formation of 70
(6 %), when the amount of the dihydroxylation mixture
employed was tripled. It is noteworthy, that the nucleophilic
addition of 31 to dialdopyranose 67 stereoselectively afforded
68 with a stereochemistry that is consistent with an anti-


Scheme 7. Asymmetric acylation of chiral aldehydes 60, 62, and 64 via ketene O,O-acetals


Scheme 8. Preparation of heptoses 69 by asymmetric acylation of aldehyde 67.
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diastereofacial approach and the transition state model 73. In
order to validate the route via ketene O,O-acetals, the
alternate procedure via ketene O,S-acetals 71 and 72 was
also investigated. As shown in Scheme 8, alkenation of 67
with silyl-stabilized anion 14 proceeds in good yield to afford
ketene acetal 70 as a 1:1 mixture of diastereomers. Again,
however, asymmetric dihydroxylation proceeded with low
efficiency to yield both diastereomeric isomers 69 a and 69 b.
Oxidation of 71 to the corresponding sulfoxide 72 followed by
dihydroxylation with AD-mix b proceeded with better yield
and furnished a 1:1 mixture of heptose esters 69 a and 69 b.
Finally, it should be noted that our acylation route of
dialdopyranoses via ketene O,O-acetals is comparable in
terms of shortness and stereoselectivity with the method
developed by the group of Dondoni,[32] while the yields for the
homologation step need further improvement.


In conclusion, we have developed a very competitive
strategy for asymmetrically transforming and homologating
aldehydes to the corresponding a-hydroxy carboxylic esters.
The strength of the transformation described here lies in its
shortness. This is particularly evident from the fact that the
ester functionality is spontaneously liberated during the
stereoselective introduction of the hydroxy group. Further-
more, the use of an external tool for asymmetric induction,
which is available in both enantiomeric forms, allows for the
straightforward preparation of both stereochemical series.
Although the synthesis and oxidation of the intermediate
ketene O,O-acetals requires careful handling the method
should be widely applicable for a diverse number of aldehydes
and should prove very useful in natural product synthesis.


Experimental Section


General techniques : All temperatures quoted are uncorrected. Optical
rotations: Perkin ± Elmer 243b polarimeter. 1H NMR, 13C NMR spectra:
Bruker DPX 200, AMX 400 spectrometer. 13C NMR multiplities:
DEPT 135 method; they are reported with the following abbreviations:
o� singlet (due to quaternary carbon), � �doublet and quartet (methine,
methyl), ÿ � triplet (methylene). MS: HP 5989B MASS Hewlett ± Packard
(DIP-MS) and Finnigan A 311, 70 eV (EI-MS). Unless otherwise stated, all
reactions were run under a nitrogen atmosphere. All solvents used were of
reagent grade and were further dried. Reactions were monitored by TLC
on silica gel 60 PF254 (E. Merck, Darmstadt) and detected either by UV-
absorption or by staining with H2SO4/4-methoxybenzaldehyde in ethanol.
Preparative column chromatography (CC): silica gel 60 (E. Merck,
Darmstadt). GC: HPGC series 5890 Hewlett ± Packard equipped with
column RTX-50 (30 m) and FID 19231 D/E. Chiral GC: HPGC series 5890
Hewlett ± Packard equipped with FID 19231 D/E; column: heptakis-(2,6-
di-O-methyl-3-O-pentyl)-b-cyclodextrin (25 m); gas: helium; conditions:
isothermal, P(column)� 175 kPa, PHe� 3.5 bar, PH2


� 1.5 bar, flow rate. The
absolute configuration was deduced from comparison of CD spectra with
those of authentic (2R)-43 [positive Cotton effect for (2S)-19 ± 21 and 44 ±
50, and negative Cotton effect for (2R)-19 ± 21 and 44 ± 50]. Compounds
8[17] and 9[19] were synthesized according to literature procedures. Lithiated
14 was prepared as described by Hackett and Livinghouse.[20] Aldehydes 60
(97 %), 62 (86 %), 64 (88 %), and 67 (88 %) were obtained from the
corresponding alcohols with the use of the Dess ± Martin reagent.[34] a-
Hydroxy esters 19 and aldehydes 6, 7, 11, 12, and 26 ± 30, ketone 13, and
ester 23 are commercially available.


General procedure for the preparation of ketene O,S acetals : 1,10-
Phenanthroline (4 mg mmolÿ1) and dry TMEDA (1 equiv) was added to a
solution of phenoxy(phenylthio)(trimethylsilyl)methane[20] (1 equiv) in
absolute THF (2.5 mL mmolÿ1) under nitrogen. The solution was cooled


to ÿ78 8C and then treated with sec-butyl lithium until the color of the
solution changed. At this point, additional sec-butyl lithium (1.44m in
cyclohexane, 1.3 equiv) was added dropwise. The reaction temperature was
monitored throughout the addition and did not exceed ÿ75 8C. After 2.5 h
at ambient temperature freshly purified aldehyde (1.1 equiv) was added to
the dark red solution. The reaction mixture was allowed to warm to RT
overnight and was diluted with saturated aqueous NH4Cl. After phase
separation and extraction of the aqueous phase with dichloromethane
(5 times), the combined organic extracts were washed with water, dried
(MgSO4), and concentrated in vacuo. Further purification of the residue
was performed by column chromatography.


(E,Z)-1-Methoxy-2-phenyl-1-(phenylthio)ethene (15): Aldehyde 7
(265 mg, 2.5 mmol) was used to prepare the title compound 15 (587 mg,
2.43 mmol, 97 %; E/Z� 2:1) with the general procedure described above.
Purification and separation of the two isomers was achieved by flash
column chromatography on neutral Al2O3 (petroleum ether/ethyl acetate
50:1).


Isomer (E)-15 :[20] Oil ; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.55 ±
7.00 (m, 10 H, Ph), 6.09 (s, 1H, �CH), 3.59 (s, 3H, OCH3); 13C NMR
(50 MHz, CDCl3): d� 158.7 (� , C-2), 151.4 (o, C-1), 136.5 ± 127.0 (o and � ,
Ph), 57.8 (� , OCH3); C15H14OS: calcd C 74.34, H 5.82; found C 74.31, H
5.88.


Isomer (Z)-15 :[35] Oil ; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.55 ±
7.00 (m, 10 H, Ph), 6.19 (s, 1H,�CH), 3.64 (s, 3 H, OCH3).


(1-E,Z ; 3-E)-1-Methoxy-4-phenyl-1-(phenylthio)-1,3-butadiene (16): Al-
dehyde 11 (330 mg, 2.5 mmol) was used to prepare the title compound 16
(596 mg, 2.23 mmol, 89%; E/Z� 1:4) by the general procedure described
above. Purification was achieved by column chromatography (petroleum
ether/ethyl acetate 38:1).


Isomer (E)-16 :[20] Oil ; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.49 ±
7.10 (m, 10 H, Ph), 6.58 (s, 1H, 2-H), 6.50 (d, J� 15.7 Hz, 1H, 4-H), 6.07 (d,
J� 15.7 Hz, 1 H, 3-H), 3.65 (s, 3H, OCH3); 13C NMR (50 MHz, CDCl3):
d� 149.6 (o, C-1), 149.6 (� , C-4), 139.8 (� , C-2), 138.6 ± 125.5 (o and � ,
Ph), 116.9 (� , C-3), 56.9 (� , OCH3).


Isomer (Z)-16 :[20] 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.49 ± 7.10
(m, 10 H, Ph), 6.61 (s, 1H, 2-H), 6.56 (d, J� 15.7 Hz, 1H, 4-H), 6.10 (d, J�
15.7 Hz, 1 H, 3-H), 3.69 (s, 3H, OCH3); 13C NMR (50 MHz, CDCl3): d�
151.1 (� , C-4), 149.6 (o, C-1), 139.8 (� , C-2), 138.6 ± 125.5 (o and � , Ph),
118.2 (� , C-3), 56.9 (� , OCH3). C17H16OS: calcd C 76.08, H 6.01; found C
76.31, H 6.24.


(E,Z)-1-Methoxy-1-(phenylthio)-1-pentene (17): Aldehyde 12 (200 mg,
2.32 mmol) was used to prepare the title compound 17 (510 mg, 2.29 mmol,
99%; E/Z� 1:1) by the general procedure described above. Purification
was achieved by column chromatography (petroleum ether/ethyl acetate
1:10).


Isomer (E)-17: Oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.37 ± 7.08
(m, 5 H, Ph), 5.27 (t, J� 7.5 Hz, 1 H, 2-H), 3.53 (s, 3 H, OCH3), 2.15 (q, J�
7.5 Hz, 2H, 3-H), 1.36 (sep, J� 7.5 Hz, 2 H, 4-H), 0.89 (t, J� 7.4 Hz, 3H,
5-H); 13C NMR (50 MHz, CDCl3): d� 146.7 (o, C-1), 135.2 (� , C-2),
128.8 ± 123.6 (o and � , Ph), 56.6 (� , OCH3), 28.4, 22.5 (ÿ , C-3, C-4), 13.8
(� , C-5).


Isomer (Z)-17: Oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.37 ± 7.08
(m, 5 H, Ph), 5.37 (t, J� 7.5 Hz, 1 H, 2-H), 3.58 (s, 3 H, OCH3), 2.23 (q, J�
7.5 Hz, 2H, 3-H), 1.38 (sep, J� 7.5 Hz, 2 H, 4-H), 0.91 (t, J� 7.4 Hz, 3H,
5-H); 13C NMR (50 MHz, CDCl3): d� 149.0 (o, C-1), 134.5 (� , C-2),
128.8 ± 123.6 (o and � , Ph), 57.0 (� , OCH3), 30.7, 22.5 (ÿ , C-3, C-4), 13.7
(� , C-5); C13H18OS: calcd C 70.22, H 8.16; found C 70.09, H 8.02.


(E,Z)-1-Methoxy-2-phenyl-1-(phenylthio)-1-propene (18): Ketone 13
(300 mg, 2.5 mmol) was used to prepare the title compound 18[36]


(595 mg, 2.32 mmol, 93%; E/Z� 1:4) by the general procedure described
above. Purification was achieved by column chromatography (petroleum
ether/ethyl acetate 30:1).


Isomer (E)-18 : Oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.43 ±
6.97 (m, 10 H, Ph), 3.28 (s, 3H, OCH3), 2.17 (s, 3 H, �CCH3); 13C NMR
(50 MHz, CDCl3): d� 144.2 (o, C-1), 135.3 (� , C-2), 131.2 ± 125.7 (o and� ,
Ph), 57.0 (� , OCH3), 21.1 (� , CH3).


Isomer (Z)-18 : 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.43 ± 6.97 (m,
10H, Ph), 3.50 (s, 3H, OCH3), 2.07 (s, 3H, �CCH3); 13C NMR (50 MHz,
CDCl3): d� 141.7 (o, C-1), 131.5 (� , C-2), 131.2 ± 125.7 (o and � , Ph), 57.0
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(� , OCH3), 19.2 (� , CH3); C16H16OS: calcd C 74.96, H 6.19; found C 75.11,
H 6.03.


(E/Z)-(2''S,3''R,4''R,5''R,6''R)-2-[2''(3'',4'',5'',6''-Di-O-isopropylidene)tetrahy-
dropyranyl]-1-methoxy-1-phenylthio ethene (71): Aldehyde 67 (646 mg,
2.5 mmol) was used to prepare the title compound 71 (655 mg, 1.66 mmol,
67%; E/Z� 1:1) by the general procedure described above. Purification
was achieved by column chromatography (petroleum ether/ethyl acetate
15:1).


1st fraction: (Z)-71: Oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�
7.39 ± 7.18 (m, 5 H, Ph), 5.56 (d, J� 8.6 Hz, 1H, �CH), 5.05 (d, J� 5.2 Hz,
1H, 6'-H), 4.87 (dd, J� 1.6, 8.4 Hz, 1H, 2'-H), 4.61 (dd, J� 2.4, 8.0, 1 H, 4'-
H), 4.31 (dd, J� 2.4, 5.2 Hz, 1H, 5'-H), 4.24 (dd, J� 1.6, 8.4 Hz, 1 H, 3'-H),
3.57 (s, 3 H, OCH3), 1.58, 1.48, 1.36, 1.35 (4s, 12H, 2C(CH3)2); 13C NMR
(50 MHz, CDCl3): d� 154.3 (o, C(OMe)SPh), 136.0 (� , �CH), 132.2 ±
126.6 (o and � , Ph), 109.3, 108.7 (o, 2 C(CH3)2), 96.6 (� , C-6'), 73.8 (� ,
C-2'), 70.9 (� , C-3'), 70.3 (� , C-5'), 67.3 (� , C-4'), 26.0, 25.1, 24.4, 24.3 (� ,
2C(CH3)2).


2nd fraction: (E)-71: Oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�
7.37 ± 7.10 (m, 5 H, Ph), 5.33 (d, J� 7.0 Hz, 1H, �CH), 5.55 (d, J� 5.0 Hz,
1H, 6'-H), 4.83 (dd, J� 1.6, 7.0 Hz, 1H, 2'-H), 4.61 (dd, J� 2.5, 8.4, 1H, 4'-
H), 4.31 (dd, J� 2.5, 5.0 Hz, 1H, 5'-H), 4.19 (dd, J� 1.6, 8.4 Hz, 1 H, 3'-H),
3.63 (s, 3 H, OCH3), 1.54, 1.50, 1.35, 1.32 (4s, 12H, 2C(CH3)2); 13C NMR
(50 MHz, CDCl3): d� 155.7 (o, C(OMe)SPh), 132.8 (� ,�CH), 132.2 ± 127.2
(o and� , Ph), 109.7, 109.3 (o, 2 C(CH3)2), 97.0 (� , C-6'), 74.3 (� , C-2'), 71.4
(� , C-3'), 70.7 (� , C-5'), 67.7 (� , C-4'), 26.4, 26.3, 25.5, 24.7 (� , 2C(CH3)2);
C20H26O6S: calcd C 60.89, H 6.64; found C 60.55, H 6.73.


(E/Z)-(2''S,3''R,4''R,5''R,6''R)-Benzenesulfoxyl-2-[2''(3'',4'',5'',6''-di-O-isopro-
pylidene)tetrahydropyranyl]-1-methoxy ethene (72): A suspension of 71
(300 mg, 0.76 mmol) and molecular sieves (3 �, 50 mg) in dry methanol
(8 mL) at RT was treated with NaIO4 (195 mg, 0.91 mmol). Stirring was
continued for 12 h at RT, while excluding light. Another batch of NaIO4


(86 mg, 0.4 mmol) was added and stirring was continued. After 4 d the
reaction mixture was filtered and washed with water. The aqueous phase
was extracted with dichloromethane (5 times). The combined organic
extracts were dried (MgSO4) and concentrated under reduced pressure.
Purification was achieved by flash column chromatography (petroleum
ether/ethyl acetate 11:1) and yielded the title compound 72 (223 mg,
0.70 mmol; 91%) as a colorless oil, which was directly used for the next
step, the asymmetric dihydroxylation.


(E,Z)-2-Benzenesulfoxyl-2-methoxystyrene (24): Ketene O,S-acetal 15
(484 mg, 2.0 mmol) was suspended in H2O/MeOH (1:1). THF was added
until a clear, colorless solution resulted. After addition of NaIO4 (512 mg,
2.4 mmol) stirring was continued at RT for 12 h. Another batch of NaIO4


(512 mg, 2.4 mmol) was added. After 24 h the reaction mixture was filtered
and washed with dichloromethane (5 times). The combined organic
extracts were dried (MgSO4) and concentrated under reduced pressure.
Purification was achieved by flash column chromatography (petroleum
ether/ethyl acetate 5:1)and yielded the title compound 24 (428 mg,
1.66 mmol; 82 %) as a colorless oil. 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 7.80 ± 7.21 (m, 10H, Ph), 6.41, 6.30 (s, 1H, �CH, E/Z-isomers),
3.78, 3.70 (s, 3H, OCH3, E/Z isomers); C15H14O2S: calcd C 69.74, H 5.46;
found C 69.54, H 5.68.


(E,Z)-2-Benzenesulfonyl-2-methoxystyrene (25): mCPBA (36 mg,
0.21 mmol) was added to a solution of ketene O,S-acetal 24 (50 mg,
0.19 mmol) in dry CH2Cl2 at RT. After 48 h the reaction mixture was
filtered, washed with an aqueous NaHCO3 solution, dried (MgSO4), and
concentrated under reduced pressure. The analytical data of 25 were in
accordance with the literature.[37] The title compound was sufficiently pure
for further use in the dihydroxylation step.


General procedure for the asymmetric dihydroxylation of ketene O,S-
acetals : Ketene O,S-acetal (1 equiv) was added to a suspension of AD-mix
[1 mol % (DHQ)2-PHAL for AD-mix a or (DHQD)2-PHAL for AD-mix
b] and methanesulfonamide (1.02 equiv) in water (5 mL mmolÿ1), tert-
butanol (4 mL mmolÿ1), and acetonitrile (1 mL mmolÿ1) at ÿ10 8C. The
suspension was vigorously stirred for 6 h at 0 8C and reduced with sodium
sulfite (1.5 gmmolÿ1). Stirring was continued for 30 min at 0 8C, and after
additional 15 min at RT water (5 mL mmolÿ1) and dichloromethane
(20 mL mmolÿ1) were added. The aqueous layer was extracted with
dichloromethane (5 times) and the combined organic extracts were washed


with KOH (2m), dried (MgSO4), concentrated under reduced pressure, and
purified by column chromatography on silica gel.


Mandelic acid methyl ester (19): Ketene O,S-acetal 15 (242 mg, 1.0 mmol)
was used to prepare the title compound 19 (62 mg, 0.37 mmol, 37%) by the
general procedure described above. Purification was achieved by column
chromatography (petroleum ether/ethyl acetate 14:1) to afford an oil. The
enantiomeric excess was determined by chiral GC: isothermal 111 8C,
26.04 min (2S), 24.32 min (2R); AD-mix a : ee(S)� 76.8 %; AD-mix b :
ee(R)� 80.0 %.


Sulfoxide 24 (50 mg, 0.19 mmol) and sulfone 25 (50 mg, 0.18 mmol) were
dihydroxylated with AD-mix b according to the general procedure
described above to afford 19 (25 mg, 0.15 mmol, 79.6 %, 4.3% ee from
24 ; 17 mg, 0.1 mmol, 54.7 %, 2.0 % ee from 25).


(E)-2-Hydroxy-4-phenyl-but-3-enoic acid methyl ester (20): Ketene O,S-
acetal 16 (126 mg, 0.47 mmol) was used to prepare the title compound 20[38]


(27 mg, 0.14 mmol, 30 %) by the general procedure described above.
Purification was achieved by column chromatography (petroleum ether/
ethyl acetate 11:1). The enantiomeric excess was determined by chiral GC:
isothermal 124 8C, 28.36 min (2S), 25.98 min (2R); AD-mix a : ee(S)�
75.0 %; AD-mix b : ee(R)� 80.3 %; oil; 1H NMR (400 MHz, CDCl3, TMS):
d� 7.45 ± 7.21 (m, 5 H, Ph), 6.77 (dd, J� 15.4, 1.2 Hz, 1H, C-4), 6.19 (dd, J�
15.4, 5.2 Hz, 1 H, C-3), 4.77 (ddd, J� 5.6, 5.2, 1.2 Hz, 1H, C-2), 3.62 (s, 3H,
OCH3), 3.51 (br, 1H, OH); 13C NMR (50 MHz, CDCl3): d� 176.0 (o, CO),
149.3 (� , C-4), 136.4 ± 126.2 (o and � , Ph), 119.7 (� , C-3), 70.8 (CHOH),
52.3 (OCH3).


2-Hydroxy-pentanoic acid methyl ester (21): Ketene O,S-acetal 17 (208 mg,
1.0 mmol) was used to prepare the title compound 21[39] (9 mg, 0.07 mmol,
7%) by the general procedure described above. Purification was achieved
by column chromatography (petroleum ether/ethyl acetate 4:1). The
enantiomeric excess was determined by chiral GC: isothermal 107 8C,
17.21 min (2S), 13.62 min (2R); AD-mix a : ee(S)� 62.3 %; AD-mix b :
ee(R)� 72.8 %; oil; 1H NMR (200 MHz, CDCl3, TMS): d� 5.15 (dt, J� 4.8,
1.6 Hz, 1 H, 2-H), 3.61 (s, 3H, OCH3), 2.71 (br, 1H, OH), 2.31 (dt, J� 2.4,
7.6 Hz, 2H, 3-H), 1.56 (sep, J� 7.4 Hz, 2 H, 4-H), 0.96 (t, J� 7.2 Hz, 3H,
5-H).


2-Hydroxy-2-phenyl-propionic acid methyl ester (22): Ketene O,S-acetal 18
(256 mg, 1.0 mmol) was used to prepare the title compound 22[40] (32 mg,
0.18 mmol, 18 %) by the general procedure described above. Purification
was achieved by column chromatography (petroleum ether/ethyl acetate
13:1). The enantiomeric excess was determined by chiral GC: isothermal
100 8C, 24.27 min (2S), 25.20 min (2R); AD-mix a : ee(S)� 12.1 %; AD-mix
b : ee(R)� 11.0 %; oil; 1H NMR (400 MHz, CDCl3, TMS): d� 7.50 ± 7.45,
7.32 ± 7.15 (m, 5H, Ph), 3.71 (s, 3H, OCH3), 3.67 (br, 1 H, OH), 1.72 (s, 3H,
CH3); 13C NMR (50 MHz, CDCl3): d� 176.1 (o, CO), 142.7 (o, Ph), 128.3 ±
125.1 (� , Ph), 75.7 (o, COH), 53.3 (� , OCH3), 26.6 (� , CH3).


Dimethoxymethyldiphenylphosphine oxide (31) and diethoxymethyldi-
phenylphosphine oxide (32): p-Chlorodiphenylphosphine (1 equiv) was
added dropwise (caution: exothermic) to freshly distilled trialkylortho-
formiate (1 equiv) under nitrogen at RT. The reaction mixture solidified
and was heated for 2 h at 110 8C, by which alkyl chloride was removed.
After cooling to RT, the yellow solid was recrystallized (petroleum ether/
toluene 100:1) to afford the title compounds.


Compound 31:[23] (scale: 50 mmol; yield: 11.45 g, 41.5 mmol; 83%);
colorless crystals; m.p. 86 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d� 8.0 ± 7.80 (m, 4H, Ph), 7.60 ± 7.30 (m, 6 H, Ph), 4.93 (d, JPÿH� 7.8 Hz, 1H,
CH(OMe)2), 3.57 (2s, 6 H, 2 OCH3); 13C NMR (50 MHz, CDCl3): d� 131.1,
129.1 (o, Ph), 132.0 ± 128.2 (� , Ph), 106.1 (� , d, JPÿC� 117.1 Hz,
PCH(OMe)2), 58.4, 58.2 (� , 2OCH3).


Compound 32 :[41] (scale: 50 mmol; yield: 12.7 g, 45.4 mmol; 90.7 %);
colorless crystals; m.p. 74 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d� 8.03 ± 7.86 (m, 4H, Ph), 7.60 ± 7.38 (m, 6H, Ph), 5.07 (d, JPÿH� 7.6 Hz,
1H, CH(OEt)2), 3.87, 3.71 (dq, J� 9.5, 7.0 Hz, 4 H, 2OCH2CH3), 1.23 (t, J�
7 Hz, 6H, 2 CH3); 13C NMR (50 MHz, CDCl3): d� 131.4, 129.5 (o, Ph),
132.2 ± 128.1 (� , Ph), 103.6 (� , d, JPÿC� 118.6 Hz, PCH(OEt)2), 66.6, 66.4
(ÿ , 2 OCH2CH3), 15.1, 15.0 (� , 2CH3).


General procedure for the asymmetric nucleophilic acylation via ketene
O,O-acetals : Dialkoxymethyl diphenylphosphine oxide (1.2 equiv) in
absolute THF (2 mL mmolÿ1) was added over a period of 30 min to a
solution of LDA or KDA (1.1 equiv) in dry THF (15 mL mmolÿ1) under
nitrogen at ÿ110 8C (KDA was prepared by addition of freshly sublimed
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KOtBu in THF to an equal amount of LDA at ÿ110 8C). During the
addition, the temperature must not raise above ÿ110 8C. After 1 h at that
temperature freshly purified aldehyde (1 equiv for aromatic aldehydes 7,
26 ± 28, and 11; 0.3 mmol for aliphatic aldehydes 29, 30, 60, 62, 64, and 67) in
dry THF (2 mL mmolÿ1) was added to the dark red solution. The reaction
mixture, which decolorized immediately, was hydrolyzed after 15 min with
water (4 mL mmolÿ1) and was allowed to warm to RT. After addition of
brine (10 mL mmolÿ1) and dichloromethane (10 mL mmolÿ1), the layers
were separated. The aqueous phase was treated with dichloromethane
(5 times), and the combined organic extracts were dried (MgSO4) and
concentrated in vacuo. In most cases the crude product was purified by
column chromatography on silica gel (petroleum ether/ethyl acetate 1:1).
Alternatively, the crude product was used directly for the next reaction. In
this case, traces of water were removed by co-distillation with toluene prior
to use.


The adduct was dissolved in absolute THF (15 mL mmolÿ1) under nitrogen
and was treated with freshly sublimed potassium tert-butoxide (1.1 equiv)
in THF (2 mL mmolÿ1) at 0 8C. After 15 min the solution was concentrated
in an ice bath under reduced pressure to a volume of approximately 1 mL.
A suspension of AD-mix [1 mol % (DHQ)2-PHAL for AD-mix a or
(DHQD)2-PHAL for AD-mix b] in water (5 mL mmolÿ1) and tert-butanol
(5 mL mmolÿ1) was prepared at RT, cooled to 0 8C and added to the
precooled ketene acetal. After addition of methanesulfonamide
(1.02 equiv) the suspension was vigorously stirred overnight at 0 8C and
reduced with sodium sulfite (1.5 gmmolÿ1). Stirring was continued for
30 min at 0 8C, and after additional 15 min at RT water (5 mL mmolÿ1) and
dichloromethane (20 mL mmolÿ1) were added. The aqueous layer was
extracted with dichloromethane (5 times), and the combined organic
extracts were dried (MgSO4), concentrated under reduced pressure, and
purified by column chromatography on silica gel.


1,1-Dimethoxy-2-hydroxy-2-phenyl-ethyl-1-(diphenylphosphine oxide) (33)
and mandelic acid methyl ester (19): Aldehyde 7 (318 mg, 3.0 mmol) was
used to prepare the title compound 33 (1.04 g, 2.73 mmol, 91%) by the
general procedure described above. Colorless crystals; m.p. 142 8C;
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.87 ± 7.61 (m, 4H, Ph),
7.56 ± 7.20 (m, 8H, Ph), 7.09 ± 6.99 (m, 3 H, Ph), 5.59 (d, J� 7.3 Hz, 1H, OH),
5.06 (dd, J� 7.3, JPÿH� 13.3 Hz, 1 H, CHOH), 3.37 and 3.28 (2s, 6H,
2OCH3); 13C NMR (50 MHz, CDCl3): d� 138.5 ± 130.2 (o, Ph), 132.7 ±
127.2 (� , Ph), 103.4 (o, d, JPÿC� 109.5 Hz, C(OMe)2), 76.1 (� , d, JPÿC�
12.2 Hz, CHOH), 52.9, 50.5 (� , d, JPÿC� 3.9 and 8.3 Hz, PC(OCH3)2).


Elimination and asymmetric dihydroxylation of 33 (1 mmol) according to
the standard protocol afforded the title compound 19 (149 mg, 0.9 mmol,
90%) after column chromatography (petroleum ether/ethyl acetate 8:1).
The enantiomeric excess was determined by chiral GC: isothermal 108 8C,
30.78 min (2S), 28.93 min (2R); AD-mix a : ee(S)� 93.0 %, [a]23:5


D ��1508
(c� 0.42, CHCl3); AD-mix b : ee(R)� 96.0 %, [a]23:5


D �ÿ1688 (c� 0.5,
CHCl3). The spectroscopic data were in accordance with those listed above.


1,1-Diethoxy-2-hydroxy-2-phenyl-ethyldiphenylphosphine oxide (34) and
mandelic acid ethyl ester (43): Aldehyde 7 (318 mg, 3.0 mmol) was used to
prepare the title compound 34 (1.11 g, 2.67 mmol, 89%) by the general
procedure described above. Colorless crystals; m.p. 139 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 7.89 ± 7.19 (m, 4H, Ph), 7.58 ± 7.19 (m,
8H, Ph), 7.12 ± 6.99 (m, 3 H, Ph), 5.54 (d, J� 6.8 Hz, 1H, OH), 5.04 (dd, J�
6.8, JPÿH� 12.3 Hz, 1H, CHOH), 3.86 ± 3.56 (m, 4 H, 2 OCH2CH3) 1.17, 1.14
(t, J� 7.0 Hz, 6H, 2CH3); 13C NMR (50 MHz, CDCl3): d� 138.8 ± 130.4
(o, Ph), 132.6 ± 127.1 (� , Ph), 103.3 (o, d, JPÿC� 109.3 Hz, C(OEt)2), 76.4
(� , d, JPÿC� 11.2 Hz, CHOH), 60.6, 58.4 (ÿ , d, JPÿC� 4.4 and 7.3 Hz,
PC(OCH2CH3)2), 15.2, 14.9 (� , 2C(OCH2CH3)2).


Elimination and asymmetric dihydroxylation of 34 (1 mmol) according to
the standard protocol afforded the title compound 43 (157 mg, 0.87 mmol,
87%) after column chromatography (petroleum ether/ethyl acetate 8:1).
The enantiomeric excess was determined by chiral GC: isothermal 99 8C,
52.7 min (2S), 48.6 min (2R); AD-mix a : ee(S)� 98.4 %, [a]21


D ��118.68
(c� 1.02, CHCl3); AD-mix b : ee(R)� 99.9 %, [a]21


D �ÿ121.48 (c� 0.92,
CHCl3). The spectroscopic data were in accordance with those listed above.


1,1-Diethoxy-2-hydroxy-2-naphtylethyldiphenylphosphine oxide (35) and
2-hydroxy-2-naphtylacetic acid ethyl ester (44): Aldehyde 26 (468 mg,
3.0 mmol) was used to prepare the title compound 35 (1.089 g, 2.52 mmol,
84%) by the general procedure described above. Amorphous solid;
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.80 ± 7.28 (m, 14 H, naph),


7.16 ± 6.90 (m, 3 H, Ph), 5.77 (d, J� 6.8 Hz, 1H, OH), 5.22 (d, J� 6.8 Hz,
1H, CHOH), 3.86 ± 3.40 (m, 4 H, 2 OCH2CH3), 1.25, 1.14 (t, J� 7.0 Hz, 6H,
2CH3).


Elimination and asymmetric dihydroxylation of 35 (1 mmol) according to
the standard protocol afforded the title compound 44 (156 mg, 0.68 mmol,
68%) after column chromatography (petroleum ether/ethyl acetate 15:1).
The enantiomeric excess was determined by preparing the Mosher esters of
both diastereomers[42] followed by 1H NMR analysis: AD-mix a : ee(S)�
92.7 %; AD-mix b : ee(R)� 94.7; amorphous solid; m.p. 85 8C (lit. 87 8C[43]);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.93 ± 7.72 (m, 4H, naph),
7.56 ± 7.38 (m, 3H, naph), 5.31 (d, J� 5.6 Hz, 1H, CHOH), 4.19, 4.11 (dq,
J� 7.2, 10.6 Hz, 2 H, OCH2CH3), 3.77 (d, J� 5.6 Hz, 1 H, OH), 1.18 (t, J�
7.2 Hz, 3 H, CH3); 13C NMR (50 MHz, CDCl3): d� 175.7 (o, C�O), 132.1 ±
122.3 (� , naph), 75.8 (� , CHOH), 62.7 (ÿ , OCH2CH3), 14.3 (� ,
OCH2CH3).


1,1-Dimethoxy-2-hydroxy-2-(4-isopropylphenyl)ethyldiphenylphosphine
oxide (36), 1-hydroxy-1-(4-isopropylphenyl)methyldiphenylphosphine ox-
ide (52), and 2-hydroxy-2-(4-isopropylphenyl)acetic acid methyl ester (45):
Aldehyde 27 (444 mg, 3.0 mmol) was used to prepare the title compounds
36 (983 mg, 2.32 mmol, 78 %) and 52 (123 mg, 0.4 mmol, 13 %) by the
general procedure described above.


1st fraction 36 : colorless crystals; m.p. 135 8C; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 7.81 ± 7.55 (m, 4H, Ph), 7.54 ± 7.17 (m, 8 H, Ph), 6.90 ± 6.80
(m, 2 H, Ph), 5.60 (br, 1 H, OH), 5.06 (d, JPÿH� 14.3 Hz, 1H, CHOH), 3.45,
3.27 (2s, 6H, 2OCH3), 2.72 (sep, J� 7.0 Hz, 1H, CH(CH3)2), 1.13 (d, J�
7.0 Hz, 6 H, 2 CH3); 13C NMR (50 MHz, CDCl3): d� 147.8 ± 130.1 (o, Ph),
132.8 ± 125.2 (� , Ph), 103.5 (o, d, JPÿC� 109.8 Hz, C(OMe)2), 75.9 (� , d,
JPÿC� 11.6 Hz, CHOH), 52.6, 50.4 (� , d, JPÿC� 3.9 and 8.8 Hz,
PC(OCH3)2), 33.6 (� , C(CH3)2), 23.9 (� , C(CH3)2).


2nd fraction 52 : colorless crystals; m.p. 162 8C; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 7.84 ± 7.24 (m, 11 H, Ph), 7.10 ± 6.98 (m, 3 H, Ph), 5.44 (d,
JPÿH� 5.3 Hz, 1H, PCHOH), 4.29 (br, 1 H, OH), 2.83 (sep, J� 6.8 Hz, 1H,
CH(CH3)2), 1.19 (d, J� 6.8 Hz, 6H, 2CH3); 13C NMR (50 MHz, CDCl3):
d� 148.8 ± 127.5 (o, Ph), 132.9 ± 126.5 (� , Ph), 73.8 (� , d, JPÿC� 81.2 Hz,
PCHOH), 33.8 (� , C(CH3)2), 23.9, 23.6 (� , C(CH3)2); C22H23O2P: calcd C
75.41, H 6.62; found C 75.36, H 6.71.


Elimination and asymmetric dihydroxylation of 36 (1 mmol) according to
the standard protocol afforded the title compound 45[44] (193 mg,
0.93 mmol, 93 %) after column chromatography (petroleum ether/ethyl
acetate 8:1). The enantiomeric excess was determined by chiral GC:
isothermal 130 8C, 41.13 min (2S), 38.89 min (2R); AD-mix a : ee(S)�
91.0 %, [a]21


D ��124.38 (c� 1.0, CHCl3); AD-mix b : ee(R)� 96.0 %,
[a]21


D �ÿ127.28 (c� 1.0, CHCl3); 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 7.37 ± 7.17 (m, 4 H, Ph), 5.14 (d, J� 5.8 Hz, 1 H, CHOH), 3.74
(s, 3H, OCH3), 3.49 (d, J� 5.8 Hz, 1 H, OH), 2.30 (sep, J� 6.9 Hz, 1H,
CH(CH3)2), 1.24 (d, J� 6.9 Hz, 6H, 2CH3); 13C NMR (50 MHz, CDCl3):
d� 174.2 (o, C�O), 149.2, 135.6 (o, Ph), 126.7, 126.5 (� , Ph), 72.7 (� ,
CHOH), 52.8 (� , OCH3), 33.8 (� , CH(CH3)2), 23.8 (� , CH(CH3)2);
C12H16O3: calcd C 69.21, H 7.74; found C 69.26, H 7.88.


1,1-Diethoxy-2-hydroxy-2-(4-isopropylphenyl)ethyldiphenylphosphine ox-
ide (37) and 2-hydroxy-2-(4-isopropylphenyl) ethyl acetate (46): Aldehyde
27 (136 mg, 1.0 mmol) was used to prepare the title compound 37 (326 mg,
0.72 mmol, 72 %) by the general procedure described above. Amorphous
solid; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.83 ± 7.62 (m, 4 H, Ph),
7.50 ± 7.10 (m, 8H, Ph), 6.90 ± 6.80 (m, 3 H, Ph), 6.90 ± 6.86 (m, 2H, Ph), 5.58
(br, 1H, OH), 5.05 (d, JPÿH� 13.2 Hz, 1 H, CHOH), 4.17 ± 3.41 (m, 4H,
2OCH2CH3), 2.73 (sep, J� 7.0 Hz, 1H, CH(CH3)2), 1.26, 1.13 (2t, J�
7.0 Hz, 6 H, 2CH3), 1.13 (d, J� 7.0 Hz, 6 H, 2CH3); 13C NMR (50 MHz,
CDCl3): d� 138.5 ± 130.2 (o, Ph), 132.7 ± 127.2 (� , Ph), 103.4 (o, d, JPÿC�
109.5 Hz, C(OMe)2), 76.1 (� , d, JPÿC� 12.2 Hz, CHOH), 52.9, 50.5 (� , d,
JPÿC� 3.9, 8.3 Hz, PC(OCH3)2).


Elimination and asymmetric dihydroxylation of 37 (1.0 mmol) according to
the standard protocol afforded the title compound 46[45] (196 mg,
0.88 mmol, 88 %) after column chromatography (petroleum ether/ethyl
acetate 20:1). The enantiomeric excess was determined by chiral GC:
isothermal 115 8C, 105.39 min (2S), 97.65 min (2R); AD-mix a : ee(S)�
67.7 %; AD-mix b : ee(R)� 80.3 %; oil; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 7.35 ± 7.19 (2dt, J� 8.4, 2.0 Hz, 4H, Ph), 5.12 (d, J� 6.0 Hz, 1H,
CHOH), 4.28, 4.15 (dq, J� 7.0, 10.7 Hz, 2H, OCH2CH3), 3.46 (d, J�
6.0 Hz, 1 H, OH), 2.90 (sep, J� 7.0 Hz, 1H, CH(CH3)2), 1.24 (d, J�
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7.0 Hz, 6 H, CH(CH3)2), 1.23 (t, J� 7.0 Hz, 3 H, CH3); 13C NMR (50 MHz,
CDCl3): d� 173.8 (o, C�O), 149.1, 135.5 (o, Ph), 126.7, 126.5 (� , Ph), 72.7
(� , CHOH), 62.1 (ÿ , OCH2CH3), 33.8 (� , CH(CH3)2), 23.9 (� ,
CH(CH3)2), 14.0 (� , CH3); C13H18O3: calcd C 70.24, H 8.16; found C
69.96, H 8.34.


1,1-Diethoxy-2-hydroxy-2-(4-methoxyphenyl)ethyl-1-(diphenylphosphine
oxide) (38), 4-methoxy mandelic acid ethyl ester (47), and 2-(4-methoxy-
phenyl)-2-oxoacetic acid ethyl ester (57): Aldehyde 28 (136 mg, 1.0 mmol)
was used to prepare the title compound 38 (403 mg, 0.92 mmol, 92 %) by
the general procedure described above. Oil; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 7.88 ± 7.66 (m, 4 H, Ph), 7.48 ± 7.34 (m, 6H, Ph), 7.30, 6.57
(2d, J� 8.6 Hz, Ph), 5.40 (d, J� 6.6 Hz, 1H, OH), 4.99 (dd, J� 6.6, 12.4 Hz,
1H, CHOH), 3.70 (s, 3 H, OCH3), 3.69 ± 3.44 (m, 4H, 2OCH2CH3), 1.19,
1.14 (2t, J� 7.0 Hz, 6H, 2CH3).


Elimination and asymmetric dihydroxylation of 38 (0.92 mmol) according
to the standard protocol afforded the title compounds 47[46] (120 mg,
0.57 mmol, 57 %) and 57 (47 mg, 0.226 mmol, 23%) after column
chromatography (petroleum ether/ethyl acetate 3:1). When the reaction
time was limited to 3 h, the yield for 47 was improved to 71 %.


1st fraction 57: oil ; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 8.01 and
6.98 (2d, 4H, J� 8.8 Hz, Ph), 4.44 (q, J� 7.2 Hz, 2 H, OCH2CH3), 3.90 (s,
3H, OCH3), 1.42 (t, J� 7.2 Hz, 3H, OCH2CH3); 13C NMR (50 MHz,
CDCl3): d� 184.8 (o, C�O), 164.5 (o, CO2), 164.1 (o, C-para), 132.5, 114.2
(� , Ph), 125.5 (o, C-ipso), 62.1 (ÿ , OCH2,CH3), 55.6 (� , OCH3), 14.1 (� ,
CH3); LRMS (DCI): m/z (%): 226.0 (100) [M�NH4]� .


2nd fraction 47: The enantiomeric excess of 47 was determined by chiral
GC: isothermal 131 8C, 52.1 min (2S), 47.9 min (2R); AD-mix a : ee(S)�
86.1 %, [a] V238.8 nm� 169018, V253.8 nm� 7558 , V274.6 nm� 21148, V287.6 nm�
14568, V280.6 nm� 17428 (c� 0.580 mm, MeOH, 26 8C); AD-mix b : ee(R)�
88.0 %, [a] V206.8 nm�ÿ64708, V216.0 nm�ÿ2198, V232.0 nm�ÿ261008,
V255.0 nm�ÿ10308, V273.8 nm�ÿ24308, V277.8 nm�ÿ17308, V280.6 nm�ÿ18808
(c� 0.286 mm, MeOH, 26.5 8C); oil; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 7.34, 6.90 (2 d, J� 8.8 Hz, 4 H, Ph), 5.11 (d, J� 5.8 Hz, 1H,
CHOH), 4.28, 4.17 (dq, J� 7.2, 10.6 Hz, 2 H, OCH2CH3), 3.81 (s, 3H,
OCH3), 3.39 (d, J� 5.8 Hz, 1 H, OH), 1.24 (t, J� 7.2 Hz, 3 H, OCH2CH3);
13C NMR (50 MHz, CDCl3): d� 173.8 (o, C�O), 159.6, 130.8 (o, Ph), 127.8,
114.9 (� , Ph), 72.4 (� , CHOH), 62.1 (ÿ , OCH2CH3), 55.2 (� , OCH3), 14.0
(� , CH3).


1,1-Diethoxy-2-hydroxy-4-phenyl-but-3-enyl-1-(diphenylphosphine oxide)
(39) and (E)-2-hydroxy-4-phenylbut-3-enoic acid ethyl ester (48): Alde-
hyde 11 (132 mg, 1.0 mmol) was used to prepare the title compound 39
(294 mg, 0.72 mmol, 72%) by the general procedure described above.
Amorphous solid; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.92 ± 7.26
(m, 9H, Ph), 7.22 ± 6.95 (m, 6 H, Ph), 6.61 (dd, J� 1.3, 15.6 Hz, 1 H,
�CHÿPh), 6.12 (dd, J� 5.4, 15.6 Hz, 1H,ÿCH�CHPh), 5.30 (br, 1H, OH),
4.97 (ddd, J� 1.2, 5.4, 5.6 Hz, 1 H, CHOH), 3.90 ± 3.42 (m, 4H,
2OCH2CH3), 1.18, 1.12 (2t, J� 7.0 Hz, 6H, 2CH3); C26H29O4P: calcd C
71.54, H 6.70; found C 71.66, H 6.74.


Elimination and asymmetric dihydroxylation of 39 (204 mg, 0.5 mmol)
according to the standard protocol afforded the title compound 48[47]


(71 mg, 0.37 mmol, 73%) after column chromatography (petroleum
ether/ethyl acetate 12:1). The enantiomeric excess of 48 was determined
by chiral GC: isothermal 107 8C, 42.83 min (2S), 41.20 min (2R); AD-mix a :
ee(S)� 95.7 %; AD-mix b : ee(R)� 93.5 %; oil; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 7.43 ± 7.25 (m, 5 H, Ph), 6.82 (dd, J� 1.2, 15.6 Hz, PhCH�
), 6.25 (dd, J� 5.4, 15.6 Hz, 1H, PhCH�CH), 4.83 (ddd, J� 1.2, 5.4, 5.6 Hz,
1H, CHOH), 4.32, 4.27 (2dq, J� 7.0, 10.6 Hz, 2 H, OCH2CH3), 3.08 (d, J�
5.6 Hz, 1H, OH), 1.32 (t, J� 7.0 Hz, 3 H, OCH2CH3); 13C NMR (50 MHz,
CDCl3): d� 177.2 (o, C�O), 152.7 (� , C-4), 139.0 ± 128.2 (o and � , Ph),
122.4 (� , C-3), 73.5 (� , CHOH), 62.9 (ÿ , OCH2,CH3), 15.8 (� , CH3).


1,1-Dimethoxy-2-hydroxy-4-phenylbutyl-1-(diphenylphosphine oxide) (40)
and 2-hydroxy-4-phenylbutyric acid methyl ester (49): Aldehyde 29
(134 mg, 1.0 mmol) was used to prepare the title compound 40 (293 mg,
0.71 mmol, 71 %) by the general procedure described above. Colorless
crystals, m.p. 132 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 8.1 ±
7.85 (m, 4H, Ph), 7.60 ± 7.35 (m, 6 H, Ph), 7.30 ± 6.95 (m, 5H, Ph), 4.05 ± 3.84
(m, 2 H, CHOH), 3.39, 3.29 (2s, 6H, 2OCH3), 2.84 (ddd, J� 4.8, 9.4,
14.0 Hz, 1H, PhCH), 2.52 (ddd, J� 7.7, 8.7, 14.0 Hz, 1H, PhCH'), 1.96 ± 1.56
(m, 2H, PhCH2CH2); 13C NMR (50 MHz, CDCl3): d� 141.7 (o, Ph), 132.9,
131.1 (o, d, JPÿC� 9.2, 11.7 Hz, Ph), 132.4 ± 125.5 (� , Ph), 103.9 (o, d, JPÿC�


111.3 Hz, C(OMe)2), 74.0 (� , d, JPÿC� 12.2 Hz, CHOH), 52.0, 51.5 (� , d,
JPÿC� 5.8, 7.3 Hz, PC(OCH3)2), 34.0, 32.4 (ÿ , PhCH2CH2); C24H27O4P:
calcd C 70.23, H 6.63; found C 70.28, H 6.60.


Elimination and asymmetric dihydroxylation of 40 (1.0 mmol) according to
the standard protocol afforded the title compound 49[48] (66 mg, 0.34 mmol,
34%) after column chromatography (petroleum ether/ethyl acetate 9:1).
The enantiomeric excess of 49 was determined by chiral GC: isothermal
130 8C, 31.10 min (2S), [a]23


D ��10.88 (c� 0.88, CHCl3); 27.94 min (2R),
[a]23


D �ÿ12.08 (c� 0.5, CHCl3); AD-mix a : ee(S)� 93.0 %; AD-mix b :
ee(R)� 94.0 %; oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.35 ± 7.14
(m, 5 H, Ph), 4.19 (dd, J� 4.1, 7.8 Hz, CHOH), 3.75 (s, 1 H, OCH3), 2.74 (m,
3H, CHOH, PhCH2), 2.13 (ddt, J� 4.1, 8.3, 14.0 Hz, 1H, PhCH2H'CH),
1.98 (ddt, J� 6.7, 7.8, 14.0 Hz, 1H, PhCH2H'CH); 13C NMR (50 MHz,
CDCl3): d� 175.6 (o, C�O), 141.0 (o, Ph), 128.5 ± 126.0 (� , Ph), 69.6 (� ,
CHOH), 52.5 (� , CO2CH3), 35.8, 31.0 (ÿ , PhCH2CH2).


1,1-Dimethoxy-2-hydroxyundecyl-1-(diphenylphosphine oxide) (41), 1-hy-
droxydecyl-1-(diphenylphosphine oxide) (53), and 2-hydroxyundecanoic
acid methyl ester (50): Aldehyde 30 (156 mg, 1.0 mmol) was used to
prepare the title compound 41 (352 mg, 0.81 mmol, 81 %) and 53 (63 mg,
0.17 mmol, 17 %) by the general procedure described above.


1st fraction 41: colorless crystals; m.p. 78 8C; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 8.1 ± 7.85 (m, 4 H, Ph), 7.60 ± 7.35 (m, 6 H, Ph), 3.98 ± 3.73
(m, 2H, CHOH), 3.43, 3.32 (2s, 6 H, 2OCH3), 1.61 ± 0.98 (m, 16H, (CH2)8),
0.95 ± 0.79 (m, 3H, CH3); 13C NMR (50 MHz, CDCl3): d� 133.8 ± 131.0 (o,
Ph), 132.5 ± 128.1 (� , Ph), 103.9 (o, d, JPÿC� 111.3 Hz, C(OMe)2), 74.9 (� ,
d, JPÿC� 12.2 Hz, CHO), 52.0, 51.3 (� , d, JPÿC� 5.4, 7.8 Hz, C(OCH3)2), 32.9
(ÿ , d, JPÿC� 1.5 Hz, C-3), 31.8 ± 22.6 (ÿ , C-4 ± C-10), 14.2 (� , C-11);
C25H37O4P: calcd C 69.42, H 8.62; found C 69.38, H 8.82.


2nd fraction 53 : colorless crystals; m.p. 100 8C; 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 7.95 ± 7.72 (m, 4 H, Ph), 7.60 ± 7.37 (m, 6 H, Ph), 4.39 (d, J�
9.2 Hz, 1 H, PCHOH), 3.62 (br, 1H, OH), 1.79 ± 1.15 (m, 16H, (CH2)8),
0.92 ± 0.80 (m, 3 H, CH3); 13C NMR (50 MHz, CDCl3): d� 132.0 ± 128.3 (� ,
Ph), 130.2, 129.4 (o, Ph), 70.6 (� , d, JPÿC� 83.6 Hz, PCHOH), 31.8 ± 22.6
(ÿ , C-3 ± C-9), 30.5 (ÿ , d, JPÿC� 2.9 Hz, C-2), 14.1 (� , C-10); C22H31OP:
calcd C 73.72, H 8.72; found C 73.88, H 8.69.


Elimination and asymmetric dihydroxylation of 41 (433 mg, 1.0 mmol)
according to the standard protocol afforded the title compound 50[49]


(152 mg, 0.7 mmol, 70%) after column chromatography (petroleum
ether/ethyl acetate 10:1). The enantiomeric excess of 50 was determined
by chiral GC: isothermal 108 8C, 29.36 min (2S), [a]23


D ��7.28 (c 1.0,
CHCl3); 27.88 min (2R); [a]21


D �ÿ10.28 (c 1.0, CHCl3); AD-mix a : ee(S)�
92.0 %; AD-mix b : ee(R)� 98.0 %; oil; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 4.19 (ddd, J� 4.2, 5.6, 6.8 Hz, 1 H, CHOH), 3.79 (s, 3H, OCH3),
2.70 (d, J� 5.6 Hz, 1H, OH), 1.84 ± 1.20 (m, 16H, (CH2)8), 0.93 ± 0.83 (m,
3H, CH3); 13C NMR (50 MHz, CDCl3): d� 175.9 (o, C�O), 70.4 (� ,
CHOH), 52.5 (� , OCH3), 34.4 ± 22.7 (ÿ , (CH2)8), 14.1 (� , CH3). C12H24O3:
calcd C 66.63, H 11.18; found C 66.66, H 11. 36.


1,1-Diethoxy-2-hydroxy-(2-furyl)ethyl-1-(diphenylphosphine oxide) (55)
and furan-2-yloxoacetic acid ethyl ester (56): Aldehyde 54 (282 mg,
3.0 mmol) was used to prepare the title compound 55 (466 mg, 1.26 mmol,
42%) by the general procedure described above. Oil; 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d� 7.88 ± 7.67 (m, 3H, Ph), 7.49 ± 7.16 (m, 7 H, Ph), 7.03
(d, J� 2.5 Hz, 1H, OCHCHCH), 6.14 (d, J� 3.4 Hz, 1H, OCHCH), 5.92
(dd, J� 2.5, 3.4 Hz, 1H, OCHCH), 5.18 (br, 1 H, CHOH), 5.04 (d, J�
11.0 Hz, 1 H, CHOH), 4.16 ± 3.44 (m, 4 H, 2 OCH2CH3), 1.09, 1.04 (2t, J�
7.0 Hz, 6H, 2CH3).


Elimination and asymmetric dihydroxylation of 55 (400 mg, 1.0 mmol)
according to the standard protocol with AD-mix a afforded the title
compound 56[50] (42 mg, 0.25 mmol, 25%) after column chromatography
(petroleum ether/ethyl acetate 19:1 and trace of NEt3). Oil; 1H NMR
(400 MHz, CDCl3, 25 8C, TMS): d� 8.01, (d, J� 7.5 Hz, 1 H, OCH), 7.67 (d,
J� 7.5 Hz, 1H, OCHCHCH), 7.52 (t, J� 7.5 Hz, 1H, OCHCHCH), 4.45 (q,
J� 7.0 Hz, 2H, OCH2CH3), 1.43 (t, J� 7.0 Hz, 3 H, OCH2CH3); 13C NMR
(50 MHz, CDCl3): d� 184.1 (o, C�O), 165.6 (o, CO2Et), 151,5 (� , OCH),
142.1 (o, OCHCHCHC), 111.0 (� , OCHCHCH), 108.9 (� , OCHCH), 62.2
(ÿ , OCH2CH3), 14.9 (� , CH3).


(2RS,3R)-1,1-Dimethoxy-2-hydroxy-3-phenylbutyl-1-(diphenylphosphine
oxide) (66) and (2RS,3R)-2-Hydroxy-3-phenylbutyric acid methyl ester
(61 a,b): Aldehyde 60 (402 mg, 3.0 mmol) was used to prepare the title
compound 66 (902 mg, 2.2 mmol, 73%) by the general procedure described
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above. Compound 66 was obtained as 10:1 mixture of which the major
isomer was isolated after column chromatography in pure form. Colorless
crystals; m.p. 127 8C; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 8.18 ±
7.98 (m, 4 H, Ph), 7.58 ± 7.38 (m, 6H, Ph), 7.16 ± 7.05 (m, 3H, Ph), 6.73 ± 6.67
(m, 2 H, Ph), 4.10 (ddd, J� 3.5, 5.1, 9.5 Hz, 1 H, CHOH), 3.41, 3.37 (2s, 6H,
2OCH3), 3.45 ± 3.24 (m, 1H, PhCH), 3.28 (d, J� 9.5 Hz, 1 H, OH), 1.32 (d,
J� 7.0 Hz, 3 H, CH3); 13C NMR (50 MHz, CDCl3): d� 146.2 ± 132.3 (o, Ph),
132.5 ± 125.7 (� , Ph), 104.1 (o, d, JPÿC� 111.3 Hz, C(OMe)2), 78.4 (� , d,
JPÿC� 17.0 Hz, CHO), 52.5, 52.1 (� , d, JPÿC� 5.3, 8.8 Hz, C(OCH3)2), 40.1
(� , d, JPÿC� 1.5 Hz, C-3), 14.4 (� , CH3).


Elimination and asymmetric dihydroxylation of 66 (410 mg, 1.0 mmol)
according to the standard protocol afforded the title compound 61a,b[51]


(151 mg, 0.78 mmol, 78%) after column chromatography (petroleum ether/
ethyl acetate 10:1). The diastereomeric excess of 61a,b* was determined by
chiral GC: isothermal 122 8C, 27.42 min (2S, 3R); 20.59 min (2R, 3R); AD-
mix a : de(2S)� 91.0 %; AD-mix b : de(2R)� 77.8 %; oil; 1H NMR (200 MHz,
CDCl3, TMS): d� 7.35 ± 7.16 (m, 5 H, Ph), 4.37 (m, 1H, CHOH), 3.76, 3.69*
(s, 3H, CO2CH3), 3.33 ± 3.17 (m, 1H, PhCH), 2.76, 2.57* (d, J� 6.2, 7.0* Hz,
OH), 1.29, 1.15* (d, J� 6.8, 6.8* Hz, 3H, PhCHCH3); 13C NMR (50 MHz,
CDCl3): d� 174.6, 174.2* (o, C�O), 142.5, 140.5* (o, Ph), 128.5 ± 126.8 (� ,
Ph), 75.0, 74.9 (� , CHOH), 52.5, 52.2* (� , CO2CH3), 43.4*, 43.3 (� ,
PhCH), 17.5*, 14.4 (� , PhCHCH3); C11H14O3: calcd C 68.02, H 7.27; found
C 66.68, H 7.16.


(2S,3R,4S)-5-tert-Butyldiphenylsiloxy-2-hydroxy-4-methyl-5-tetrahydro-
pyranyloxypentanoic acid methyl ester (63): Aldehyde 62 (two isomers 3:1;
440 mg, 1.0 mmol) and lithiated diphenylphosphine oxide 31 (3.0 mmol)
were used to prepare the corresponding intermediate phosphine oxide
(350 mg, 0.49 mmol, 49%), which was directly converted into the title
compound 63 (two isomers 3:1*; 160 mg, 0.32 mmol, 65 %) by applying the
general procedure described above, with AD-mix a. Oil; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 7.78± 7.61 (m, 4 H, Ph), 7.50 ± 7.31 (m,
6H, Ph), 4.66 (dd, J� 2.8, 3.8 Hz, 1H, OCHO (THP, tetrahydropuran)),
4.58 (dd, J� 2.2, 4.2 Hz, 1 H, CHOH), 5.53* [dd, 1H, OCHO (THP)), 4.12*
(dd, J� 2.6, 4.6 Hz, 1H, CHOH), 4.01 ± 3.50 (m, 5 H, CHOTHP, SiOCH2,
CH2O (THP)), 3.81 (s, 3 H, OCH3), 3.78* (s, 3 H, OCH3), 2.79* (dq, 1H,
CHCH3), 2.55 (dq, J� 2.0, 7.0 Hz, 1 H, CHCH3), 1.89 ± 1.25 (m, 6 H, THP),
1.07 (s, 9H, tBu), 0.78 (d, J� 7.0 Hz, 3H, CHCH3); 13C NMR (50 MHz,
CDCl3): d� 175.3 (o, C�O), 133.5, 133.4 (o, Ph), 135.8 ± 127.5 (� , Ph), 100.8
(� , OCO (THP)), 81.2, 71.1 (� , C-2, C-3), 64.6, 62.5 (ÿ , C-5, CH2O
(THP)), 52.4 (� , OCH3), 37.6, (� , C-4), 30.8, 25.3, 19.6 (ÿ , 3 CH2 (THP)),
26.8 (� , tBu), 19.3 (o, tBu), 10.3 (� , CH3); C28H40O6Si: calcd C 67.17, H
8.05; found C 67.15, H 8.24.


(2R,4R)-4-(tert-Butyldiphenylsiloxy)-2-hydroxypentanoic acid ethyl ester
(65): Aldehyde 64 (259 mg, 0.726 mmol) and lithiated diphenylphosphine
oxide 32 (3.0 mmol) were used to prepare the corresponding intermediate
phosphine oxide (oil : 293 mg, 0.46 mmol, 64%; 2:3 diastereomeric ratio),
of which 155 mg, 0.246 mmol were directly converted into the title
compound 65 (92 mg, 0.23 mmol, 94%) by applying the general procedure
with AD-mix b. Purification was achieved by after column chromatography
(petroleum ether/ethyl acetate 1:1). The diastereomeric excess of 65 was
determined by NMR spectroscopy. Oil ; [a]24


D ��4.18 (c� 1.0, CHCl3);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.74 ± 7.69 (m, 4 H, Ph), 7.46 ±
7.36 (m, 6 H, Ph), 4.36 ± 4.14 (m, 4H, OCH2CH3, 2-H, 4-H), 2.99 (br, 1H,
OH), 1.97 (ddd, 1H, J� 4.0, 6.4, 13.8 Hz, 1 H, 3-H), 1.85 (ddd, J� 5.6, 8.8,
13.8 Hz, 1H, 3-H'), 1.29 (t, J� 7.2 Hz, 3H, OCH2CH3), 1.14 (d, J� 6.0 Hz,
1H, 5-H), 1.08 (s, 9 H, tBu); 13C NMR (50 MHz, CDCl3): d� 175.0 (o,
C�O), 134.4, 134.2 (o, Ph), 135.8 ± 127.5 (� , Ph), 68.7, 67.9 (� , C-2, C-4),
61.1 (ÿ , OCH2CH3), 43.5 (ÿ , C-3), 26.9 (� , tBu), 23.0 (� , C-5), 19.2 (o,
tBu), 14.1 (� , OCH2CH3); C23H32O4Si: calcd C 68.96, H 8.05; found C
68.81, H 7.89.


(2S,2''S,3''R,4''R,5''R,6''R)-1,1-Dimethoxy-2-hydroxy-2-[2''(3'',4'',5'',6''-di-O-iso-
propylidene)tetrahydropyranyl]ethyl-1-(diphenylphosphine oxide) (68),
(2RS,2''S,3''R,4''R,5''R,6''R)-2-hydroxy-2-[2''(3'',4'',5'',6''-di-O-isopropylidene)-
tetrahydropyranyl]acetic acid methyl ester (69 a,b), and
(2''S,3''R,4''R,5''R,6''R)-2-[2''(3'',4'',5'',6''-di-O-isopropylidene)tetrahydropyra-
nyl]acetic acid methyl ester (70): Aldehyde 67 (310 mg, 1.2 mmol) was used
to prepare the title compound 68 (359 mg, 0.67 mmol, 56 %) by the general
procedure described above. Colorless solid, m.p. 70 8C; 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 8.17 ± 8.03 (m, 4H, Ph), 7.5 ± 7.32 (m,
6H, Ph), 5.54 (d, J� 4.8 Hz, 1H, 6'-H), 4.61 (brd, J� 5.6 Hz, 1H, 2'-H), 4.56
(dd, J� 1.8, 6.0 Hz, 1H, 4'-H), 4.51 (dd, J� 1.0, 6.0 Hz, 1 H, 3'-H), 4.47 (dd,


J� 5.6 Hz, JPÿC� 12.4 Hz, 1 H, 2-H), 4.25 (dd, J� 1.8, 4.8 Hz 1H, 5'-H),
3.41, 3.37 (2s, 6H, 2OCH3), 2.76 (br, 1 H, COH), 1.06, 1.40, 1.31, 1.30, 1.06
(4s, 2 C(CH3)2); 13C NMR (50 MHz, CDCl3): d� 134.5 (o, d, JPÿC� 19.9 Hz,
Ph), 132.7 (o, d, JPÿC� 21.4 Hz, Ph), 132.1 ± 127.8 (� , Ph), 108.8, 108.7 (o,
2C(CH3)2), 104.6 (o, d, JPÿC� 114.2 Hz, C(OCH3)2), 96.3 (� , C-6'), 73.0,
71.1, 70.8 (� , C-5', C-4', C-3'), 71.3 (� , d, JPÿC� 12.2 Hz, C-2'), 64.9 (� , d,
JPÿC� 2.9 Hz, CHOH), 52.7, 51.4 (� , d, JPÿC� 6.8 Hz, 2OCH3), 26.0, 25.9,
25.0, 23.9 (� , 2 C(CH3)2).


Elimination and asymmetric dihydroxylation of 68 (536 mg, 1.0 mmol) by
applying the standard protocol described above except that a threefold
excess of the AD-mix a reagent was employed afforded the title
compounds (2S)-69a (257 mg, 0.81 mmol, 81 %) and 70 (18.1 mg,
0.06 mmol, 6 %) after column chromatography (petroleum ether/ethyl
acetate 10:1). The diastereomeric excess was determined by 1H NMR
spectroscopy of the crude product.


1st fraction 70 : Oil; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 5.49 (d,
J� 5.0 Hz, 1H, 6'-H), 4.63 (dd, J� 2.3, 7.8 Hz, 1 H, 4'-H), 4.31 (dd, J� 2.3,
5.0 Hz, 1H, 5'-H), 4.34 ± 4.19 (m, 2H, 2'-H, 3'-H), 3.71 (s, 3 H, OCH3), 2.71
(dd, J� 7.4, 16.2 Hz, 1H, CHCO2CH3), 2.61 (dd, J� 5.8, 16.2 Hz, 1H,
CH'CO2CH3), 1.59, 1.46 (2s, 6H, C(CH3)2), 1.34 (s, 6 H, 2C(CH3)2);
13C NMR (50 MHz, CDCl3): d� 171.5 (o, C�O), 109.3, 108.8 (o, 2C(CH3)2),
96.3 (� , C-6'), 72.3, 70.8, 70.4, 64.7 (� , C-5', C-4', C-3', C-2'), 51.8 (� ,
OCH3), 35.4 (ÿ , CH2CO2CH3), 25.9, 25.8, 25.0, 24.4 (� , 2C(CH3)2);
C14H22O7: calcd C 55.62, H 7.33; found C 55.64, H 7.55.


2nd fraction: 69a : Oil; [a]24
D �ÿ45.38 (c� 1, CHCl3); 1H NMR (200 MHz,


CDCl3, 25 8C, TMS): d� 5.57 (d, J� 5.0 Hz, 1H, 6'-H), 4.64 (dd, J� 2.4,
8.0 Hz, 1H, 4'-H), 4.56 (dd, J� 2.3, 3.2 Hz, 1 H, CHOH), 4.48 (dd, J� 1.8,
8.0 Hz, 1H, 3'-H), 4.33 (dd, J� 2.4, 5.0 Hz, 1 H, 5'-H), 4.19 (dd, J� 1.8,
3.2 Hz, 1H, 2'-H), 3.82 (s, 3 H, OCH3), 3.73 (d, J� 2.3 Hz, 1H, OH), 1.54,
1.49, 1.46, 1.33 (4s, 12 H, 2C(CH3)2); 13C NMR (50 MHz, CDCl3): d� 171.3
(o, C�O), 110.0, 109.0 (o, 2C(CH3)2), 96.4 (� , C-6'), 72.9, 72.0, 71.0, 70.6,
67.2 (� , C-5', C-4', C-3', C-2', CHOH), 52.6 (� , OCH3), 25.9, 25.7, 25.0, 24.0
(� , 2 C(CH3)2).


Accordingly, a threefold excess of AD-mix b afforded (2R)-69b (248 mg,
0.78 mmol, 78%) starting from aldehyde 67 (536 mg, 1.0 mmol). Colorless
crystals, m.p. 152 8C; [a]23


D �ÿ65.48 (c� 0.5, CHCl3); 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d� 5.56 (d, J� 5.0 Hz, 1H, 6'-H), 4.64 (dd, J� 2.5,
8.0 Hz, 1H, 4'-H), 4.43 (dd, J� 1.8, 7.0 Hz, 1 H, 3'-H), 4.43 (dd, J� 7.2,
9.0 Hz, 1 H, CHOH), 4.34 (dd, J� 2.5, 5.0 Hz, 1H, 5'-H), 3.96 (dd, J� 1.7,
7.2 Hz, 1H, 2'-H), 3.82 (s, 3H, OCH3), 3.24 (d, J� 9.0 Hz, 1 H, OH), 1.53,
1.49, 1.36, 1.33 (4s, 12 H, 2 C(CH3)2); 13C NMR (50 MHz, CDCl3): d� 173.3
(o, C�O), 109.8, 108.9 (o, 2 C(CH3)2), 96.4 (� , C-6'), 71.1, 71.1, 71.0, 71.0,
67.7 (� , C-5', C-4', C-3', C-2', CHOH), 52.6 (� , OCH3), 26.0, 25.8, 24.9, 24.2
(� , 2 C(CH3)2); C14H22O8: calcd C 52.82, H 6.97; found C 52.80, H 7.16.


Asymmetric dihydroxylation of O,S-ketene acetal 71 (118 mg, 0.3 mmol)
with the AD-mix a afforded the title compounds 69 a,b (9 mg, 0.028 mmol,
9%) as a 2:1 diastereomeric mixture. In analogy, sulfoxide 72 (315 mg,
0.77 mmol) gave 69a,b (76 mg, 0.24 mmol, 31%) as a 1:1 mixture after use
of the AD-mix b under the standard conditions. In both cases, the analytical
data were in accordance with those described above.
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Synthesis and Conformational Analysis of a Conformationally Constrained
Trisaccharide, and Complexation Properties with Concanavalin A
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Jesus JimeÂnez-Barbero,[c] Alan Cooper,[e] Margaret A. Nutley,[e] and Geert-Jan Boons*[a, f]


Abstract: The trisaccharide b-d-
GlcNAc(1!2)a-d-Man(1!3)d-Man is
a fragment of a biantennary glycan that
is recognized by a-d-Man-specific lec-
tins such as concanavalin A (ConA),
Lathyrus ochrus lectin, lentil lectin, and
can adopt several conformations upon
binding. To probe the importance of loss
of flexibility of a saccharide during
binding with ConA this trisaccharide
has been synthesized in a conformation-
ally constrained form where a methyl-
ene acetal bridge mimics a GlcNAc ± O-
6'' ´ ´ ´ Man ± O-4 intramolecular hydro-
gen bond. Microcalorimetry measure-
ments revealed that the conformation-


ally constrained compound has a more
favorable entropy term but this term is
offset by a smaller enthalpy term. NMR
spectroscopic studies have shown that
the cyclic compound is indeed consid-
erably less flexible than the linear com-
pound and both compounds adopt main-
ly one conformation. SYBYL software
together with energy parameters appro-
priate for carbohydrates was used for a
systematic conformational search. The


linear compound is very flexible. A
clustering method determined seven
main conformational families. Six possi-
ble conformational families were iden-
tified for the cyclic compound when
considering the orientations of the
bGlcNAc(1!2)Man and abMan-
(1!3)Man glycosidic bonds. The cen-
tral mannose residue was docked in the
binding site of ConA and the complex
was refined. The results are compared
with crystal structures of legume lectin ±
oligosaccharide complexes and with the
NMR and thermodynamic data.


Keywords: calorimetry ´ carbohy-
drates ´ lectins ´ molecular model-
ing ´ oligosaccharides


Introduction


Protein ± carbohydrate interactions are implicated in many
essential biological processes. Examples include embryogen-
esis, fertilization, neuronal development, hormonal activities,
and cell proliferation and organization into specific tissues.


These interactions are also important in health science, and
are involved in the invasion and attachment of pathogens,
inflammation, metastasis, blood group immunology, and
xenotransplantation. Among protein ± carbohydrate com-
plexes those involving lectins are of considerable interest
because of the high specificities of their interactions.


The molecular basis of lectin ± carbohydrate interactions
has been widely studied[1] but the thermodynamics of these
interactions are complex and not well understood.[2] Conse-
quently, the prediction of binding constants is still a difficult
and unreliable process. While counterexamples exist, pro-
tein ± carbohydrate association is typified by a favorable
enthalpy term, which is offset by an unfavorable entropy
contribution. It is widely accepted that the enthalpy term
arises from a large number of hydrogen bonds and extensive
van der Waals interactions. Furthermore, it has been pro-
posed that the dynamic rearrangement of water may also
contribute to the enthalpy of complexation. The entropy term
has been considered to arise either from solvation effects[3] or
from the loss of conformational flexibility of the carbohydrate
ligand.[4]


The majority of oligosaccharides are flexible and in many
cases a lectin binds a saccharide in a secondary rather than a
global minimum conformation. For example, the bGlcNAc-
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(1!2)aMan(1!3)Man trisaccharide is known to adopt
different conformations when crystallized in different crystal
forms of Lathyrus ochrus lectin.[5] Another different con-
formation is observed when it is complexed with animal
S-lectin.[6] It has been shown that many of these conforma-
tions do not correspond to the global lowest energy con-
formation of the uncomplexed trisaccharide but to secondary
minima.[7] This trisaccharide has not been cocrystallized with
ConA but has been the subject of a systematic conformational
search when docked in the lectin-binding site.[8] It has been
predicted that several conformations can be complexed in the
lectin-binding site.


In order to study both conformational and thermodynamic
aspects of protein ± carbohydrate interactions, two cyclic
trisaccharides have been designed (Figure 1). The design of


trisaccharide II[9] is based on
mimicking an intramolecular
hydrogen bond O2 ´´ ´ O6''
which is present in the crystal-
line lectin ± oligosaccharide
complex[5] by a methylene ace-
tal. The O2 ´´´ O6'' hydrogen
bond is also present in a pre-
dicted docking mode of the
trisaccharide to ConA.[8] Trisac-
charide II has been recently
synthesized[9] and its binding
properties are currently under
investigation.


Here, we present the synthe-
sis of trisaccharide III, which
contains a methylene acetal
that mimics an O-4 ´´ ´ O-6'' in-
tramolecular bond as was pre-
dicted to occur in another pos-
sible docking mode of bGlcN-
Ac(1!2)aMan(1!3)Man with ConA.[8] Molecular model-
ing and NMR studies have demonstrated that the introduction
of the methylene tether does not distort the conformation of
the cyclic compound, although its flexibility is significantly
reduced. On the basis of these results, it was anticipated that
the conformationally constrained trisaccharide III would lose
less conformational flexibility than the corresponding linear
trisaccharide and therefore the entropic barrier associated


with loss of flexibility of the cyclic oligosaccharide was
expected to be smaller. Indeed, the measured thermodynamic
data revealed a more favorable entropy of binding of
compound III, which surprisingly was offset by a less
favorable enthalpy term.


Results and Discussion


Synthesis of the cyclic trisaccharide :
Macrocyclization is a very challenging aspect in the


preparation of the conformationally restricted trisaccharide
III. A successful approach is outlined in Scheme 1. The
cyclization was achieved by an intramolecular glycosylation
utilizing the precursor 10, which already possessed a methyl-
ene acetal linker. This approach was more fruitful than


macrocyclization by methylene
acetal formation.


The precursor 10 for the
macrocyclization was assem-
bled from the monomeric
building blocks 1,[10] 2,[11] and
6.[12] These compounds were
readily available by standard
carbohydrate protecting-group
interconversion strategies.
Thus, coupling of glycosyl do-
nor 1 with glycosyl acceptor 2 in
dichloromethane/ether in the
presence of N-iodosuccinimide


(NIS)/catalytic trimethylsilyl triflate (TMSOTf)[13] afforded
the a-linked disaccharide 3 in an excellent yield (96 %). The
benzylidene group of 3 was selectively opened by treatment
with sodium cyanoborohydride, followed by HCl in ether[14] to
give compound 4 (93 %). The methylthiomethyl protecting
group was introduced[15] with dimethyl sulfide and benzoyl
peroxide in acetonitrile to yield compound 5 (87 %). The
methylene acetal functionality was introduced by coupling of


Figure 1. Schematic representation of the linear trisaccharide and the cyclic analogues.
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Scheme 1. Synthesis of trisaccharide III.
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the compounds 5 and 6 in the presence of NIS/triflic acid
(TfOH), and the required saccharide 7 was obtained in a yield
of 76 %. Next, methylene-linked compound 7 had to be
converted into a glycosyl donor suitable for an intramolecular
glycosylation. To this end, the protecting group at the
anomeric center of the 2-deoxy-2-phthalimidoglycosyl moiety
of compound 7 had to be converted into a suitable leaving
group and the 2-OH had to be deprotected. We selected an
anomeric trichloroacetamido functionality as the anomeric
leaving group.[16] Thus, cleavage of the acetyl group of 7 with
potassium tert-butoxide in methanol gave 8 and the p-
methoxyphenyl group (MP) of 8 was removed by reaction
with cerium ammonium nitrate (CAN)[17] to afford 9. Treat-
ment of 9 with trichloroacetonitrile and DBU resulted in the
formation of the trichloroacetimidate 10. The regioselectivity
of the latter reaction was achieved by virtue of the higher
acidity of the anomeric hydroxyl group; however, care had to
be taken to avoid bis(trichloroacetimidate) formation. In the
following step, TMSOTf-mediated intramolecular glycosyla-
tion of 10 gave the macrocyclic
compound 11 in a very good
yield of 82 %. Interestingly, a
similar cyclization for the prep-
aration of II resulted in a low
yield of cyclic compound. Com-
pound 11 was deprotected as
follows: conversion of the
phthalimido functionality into
an NHAc moiety was accom-
plished by treatment with hy-
drazine monohydrate[18] fol-
lowed by acetylation with acetic
anhydride. The benzyl ether
protecting groups were re-
moved by catalytic hydrogena-
tion over palladium acetate to
afford the requisite saccharide
III.


The structural integrity of
compound III was confirmed
by NMR spectroscopy and FAB
mass spectrometry (594,
[M�Na]�). The 1H and 13C NMR signals were unambiguously
assigned by two-dimensional homonuclear correlation spec-
troscopy (COSY, TOCSY). The assignments were aided by
heteronuclear, proton ± carbon chemical shift correlation
experiments (d (13C)� 103.1 (JC1, H1� 173.5 Hz, C-1), 102.0
(JC1', H1'� 173.3 Hz, C-1'), 99.6 (JC1'', H1''� 166.4 Hz, C-1).


Molecular modeling of the uncomplexed trisaccharides :
A four-dimensional systematic conformational search per-


formed on the F and Y torsion angles of the bGlcNAc-
(1!2)aMan(1!3)Man trisaccharide I yielded 26 712 con-
formations in a 10 kcal molÿ1 energy window. A cluster
analysis[8] gave seven families, and the lowest energy con-
formation of each of those families was fully optimized. The
resulting geometries are described in Table 1. All seven
conformations retained present very different geometries.
The F and Y values of these conformers have been reported


on the energy maps of both linkages (Figure 2) which were
calculated recently[19] with the MM3 program.[20] For both
disaccharides, the main low-energy region has been labeled A,
whereas the second low-energy region has been given the
label B. Regions C and D correspond to remote parts of the
main low-energy region that could be considered as secondary
minima. The conformations in Table 1 have been identified by
the orientation of each linkage: Linear_AB corresponds to a


conformation with the bGlcNAc(1!2)Man linkage in con-
formation A and the aMan(1!3)Man linkage in conforma-
tion B of their respective energy map.


The lowest energy conformation, Linear_AA, corresponds
to the one predicted by NMR and molecular modeling
studies.[21] However, some of the other conformations are not
much higher in energy. More particularly, the conformations
Linear_BA and Linear_BB correspond to those observed in
N-glycan fragments when cocrystallized with Lathyrus ochrus
lectin.[5, 6] The occurrence of a conformation (B on each map)
that greatly differs from the absolute minimum is a character-
istic of oligosaccharide flexibility. The occurrence of a small
percentage of these anti conformers has also been demon-
strated by high-resolution nuclear magnetic resonance spec-
troscopy (NMR). For the a-linkage, the secondary minimum
corresponds to the gauche orientation of the Y angle, which
has been proven to exist in solution in mannobiose[22] and


Table 1. Low-energy conformations of linear trisaccharide I and structural
characteristics (torsion angle values in 8 and relative energy value in
kcal molÿ1).


Family F1±2 Y1±2 F1±3 Y1±3 DE


Linear_AA ÿ 50.7 ÿ 171.7 68.7 99.4 0.0
Linear_AB ÿ 51.8 ÿ 174.5 81.8 ÿ 44.6 0.8
Linear_BC 44.4 143.7 164.6 174.5 1.6
Linear_BA 44.1 146.7 68.9 104.3 2.0
Linear_BB 46.4 149.5 92.5 ÿ 39.9 2.5
Linear_BD 56.7 159.1 133.6 66.2 3.3
Linear_DC ÿ 104.0 71.4 152.9 160.1 3.6


Figure 2. Superimposition of the conformations predicted for the isolated and ConA-bond trisaccharide I and III
on the energy maps of each linkage, as calculated with the MM3 program.[19] The conformations observed in some
crystal structures of lectin ± oligosaccharide complexes are also depicted.
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maltose.[23] For the b-linkages, the secondary minimum is the
gauche conformation about the y angle that has been referred
to as the gauche ± gauche or alternate exo-anomeric effect.
Independent NMR studies on the b(1!3) linkage,[24] the
b(1!2) linkage,[25] and the C-analogue of the b(1!4)
linkage[26] in solution demonstrated the existence of the
alternate conformation in addition to the usual syn con-
former.


A systematic conformational search was run on nine of the
torsion angles of the 13-membered-ring cyclic trisaccharide
III. The F and Y torsion angles of both glycosidic linkages as
well as five torsion angles of the methylene acetal bridge were
rotated, resulting in 1203 conformations. After partial opti-
mization and rejection of conformers with incorrect stereo-
chemistry or van der Waals conflicts, 792 conformations were
considered in an energy window of 10 kcal molÿ1. As a result
of convergence during the last step of geometry optimization,
only 23 conformations presented different geometries in
terms of the 13-membered-ring shape and were stored. Since
the acetal bridge appears to be the most flexible part of this
macrocycle, the 23 conformations can be classified in six
families, based on the conformation of the two glycosidic
linkages (Table 2).


The conformations, grouped in six families, are displayed in
Figure 3. Despite the cyclization constraints, both linkages can
adopt several very different conformations in an energy
window of 10 kcal molÿ1. For each family, the methylene
acetal bridge moves freely. In order to evaluate the influence
of cyclization on the conformational behavior of the glyco-
sidic linkages, the six conformations have been reported on
the energy maps of both linkages (Figure 2). From this
comparison it can be seen that the cyclization does not force
the linkages into high-energy regions: all the calculated
conformations are encountered by the most external iso-


Figure 3. Graphical representation of the 23 low-energy conformers of
compound III distributed in six families, based on the conformations of the
glycosidic linkages. The lowest energy conformation of each family is
represented by sticks. Color-coding is as follows: red for the bGlcNAc,
green for the central aMan, and yellow for the aManOMe; the tether is
colored violet.


energy contour (8 kcal molÿ1). The trisaccharide is still rather
flexible since many areas of the energy maps are spanned by
the calculated conformations. However, there is a significant
reduction of flexibility when compared with the linear
trisaccharide, and, for example, the AB conformation cannot


be adopted by the constrained
compound.


When comparing the confor-
mational behavior of the linear
and cyclic trisaccharides, the
global minimum conformation
of each oligosaccharide appears
to be almost identical. Howev-
er, the secondary minima do
not appear in the same order.


Conformational analysis by
NMR spectroscopy:


The 1H NMR and 13C NMR
spectra were completely as-
signed by a combination of
homonuclear COSY, TOCSY,
and heteronuclear HMQC,
HMBC, and HMQC-TOCSY
techniques. The latter two tech-
niques were crucial to resolve
the final ambiguities. The cor-
responding 1H and 13C NMR
chemical shifts of compounds I
and III are listed in Table 3.


Table 2. Low-energy conformations of cyclic trisaccharide III, and their classification in conformational families
based on the conformation at the two glycosidic linkages (torsion angle values in 8 and relative energy value in
kcal molÿ1).


Family F1±2 Y1±2 F1±3 Y1±3 w1 w2 w3 w4 w5 DE


Cyclic_AA ÿ 44.4 ÿ 169.4 75.9 89.3 76.1 ÿ 74.5 128.6 159.6 ÿ 118.7 0.0
ÿ 43.3 ÿ 168.8 62.9 84.5 56.9 80.7 ÿ 117.8 ÿ 85.9 ÿ 95.8 1.3
ÿ 49.4 ÿ 163.7 77.8 117.5 42.3 69.1 ÿ 161.9 166.3 57.7 2.6
ÿ 38.4 ÿ 170.7 77.5 146.1 61.0 ÿ 94.5 ÿ 162.6 ÿ 72.4 122.5 3.9
ÿ 37.6 175.7 67.6 138.2 73.2 ÿ 44.1 ÿ 176.6 179.9 154.9 4.0
ÿ 29.1 ÿ 172.1 97.1 86.3 ÿ 42.2 76.2 24.2 155.0 ÿ 103.8 4.2
ÿ 47.7 ÿ 163.3 123.2 101.8 47.3 ÿ 97.5 142.5 51.8 40.2 4.8
ÿ 38.7 ÿ 166.1 122.8 81.7 ÿ 42.6 112.2 ÿ 50.3 175.5 ÿ 37.1 8.2
ÿ 38.6 ÿ 156.6 143.4 60.6 ÿ 44.5 107.2 ÿ 88.5 173.7 40.1 8.4


Cyclic_BA 43.0 150.4 74.0 95.3 ÿ 71.7 70.6 57.8 156.0 ÿ 129.0 0.3
47.5 150.2 79.2 113.4 ÿ 59.7 107.0 ÿ 145.7 177.7 56.5 2.2
66.3 ÿ 172.3 57.6 75.7 ÿ 77.2 85.8 ÿ 126.3 ÿ 168.5 64.4 3.4
45.8 142.1 70.1 134.9 ÿ 60.6 68.2 151.1 ÿ 176.9 134.3 3.6
45.7 147.8 68.0 93.9 ÿ 60.1 144.0 ÿ 78.6 ÿ 125.2 ÿ 89.5 3.8


Cyclic_BD 52.0 148.1 140.5 55.0 ÿ 65.6 73.4 ÿ 95.4 ÿ 144.7 66.0 2.7


Cyclic_CA ÿ 59.6 ÿ 86.5 54.2 53.1 69.7 ÿ 131.5 57.6 142.5 52.7 3.3
ÿ 57.0 ÿ 83.0 52.8 46.4 ÿ 56.7 76.6 40.9 165.7 ÿ 102.7 4.4
ÿ 51.6 ÿ 77.2 51.9 63.7 ÿ 45.3 120.3 ÿ 132.8 166.7 57.7 6.4
ÿ 54.7 ÿ 84.5 52.0 48.0 ÿ 45.4 139.5 ÿ 58.2 ÿ 134.7 ÿ 80.0 7.3


Cyclic_CB ÿ 68.0 ÿ 96.2 74.0 1.5 49.3 75.4 ÿ 452.8 ÿ 23.9 ÿ 98.1 5.6


Cyclic_BB 69.0 ÿ 167.0 87.4 ÿ 16.3 ÿ 63.7 112.9 ÿ 148.7 ÿ 2.3 ÿ 99.2 5.8
68.6 179.2 124.5 ÿ 30.8 ÿ 66.0 101.5 ÿ 160.9 38.9 ÿ 118.9 6.2
65.1 161.1 141.5 ÿ 26.7 ÿ 58.5 101.1 ÿ 153.7 32.4 ÿ 107.8 6.4
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The existence of molecular motion around the glycosidic
linkages of oligosaccharides has now been firmly establish-
ed.[27±29] In addition, recent investigations have revealed that
the rates of overall and internal motions of small and medium-
size oligosaccharides may occur on similar time scales.[30]


Since NMR parameters are es-
sentially time-averaged, the in-
formation that can be deduced
from NOE experiments corre-
sponds to a time-averaged con-
formation in solution.


For both trisaccharides, the
pyranoid rings can be described
as essentially monoconforma-
tional 4C1, as deduced from the
proton ± proton coupling pat-
terns and intraresidue NOE
data. Small couplings are ob-
served for both Man anomeric
protons (<2 Hz) and H-2 Man-
a(1!3) (<4 Hz), while an
8.4 Hz coupling is measured
for the GlcNAc analogue. In
fact, for the GlcNAc residue all
proton chemical shifts (H-
1!H-6(S, R)) can be obtained
through a TOCSY experiment
as expected for an all-axial
conformation of the ring pro-
tons. In addition, medium-
strong H-1 ± H-3 and H-1 ± H-5
cross-peaks support the usual
chair conformation. For both
Man residues, the TOCSY
transfer from H-1 stops at H-2


(two small consecutive JH1,H2 and JH2,H3), although all cross-
peaks H-2!H-6(S, R) can be deduced from H-2 Mana(1!3),
and H-2!H-5 connectivities from H-2 ManaOMe, as ex-
pected for the Man residues adopting the 4C1 conformation. In
addition, medium-strong H-1 ± H-2 cross-peaks are observed
for both Man anomeric protons. The NOESY and ROESY
experiments were used to estimate proton ± proton interresi-
due distances qualitatively.[31] NOESY cross-peaks are pos-
itive at 299 K and 500 MHz. (Figures 4 and 5) 1H NMR cross-
relaxation rates[31, 32] (sROESY and sNOESY) were obtained from
the 2D-NOESY and 2D-ROESY experiments. sROESY/sNOESY


ratios[33] are independent of interproton distances and allow us
to estimate specific correlation times and therefore interpro-
ton distances (see Experimental Section). For both com-
pounds, overall correlation times around 0.2 ± 0.3 ns were
obtained. This fact indicates that both molecules tumble
almost isotropically in solution and that the isolated-spin-pair
approximation (ISPA) can be safely applied to deduce
proton ± proton distances. In fact, the results for the distances
given in Tables 4 ± 6 are very similar to those estimated by the
ISPA method. The corresponding H-1 ± H-2 intraresidue
signals were used as reference (2.4 �) for the a-linkages,
and the H-1 ± H-3 and H-1 ± H-5 intensities for the unique b-
linkage. The distances calculated by molecular mechanics are
also shown in Tables 4 ± 6.


For the acyclic trisaccharide I, the experimentally deduced
NMR distances arise from different conformational isomers
(Table 4). Indeed, the observed NOEs for the Man-
a(1!3)Man linkage (weak NOE for Mana(1!3) H-1 ±


Table 3. 500 MHz 1H and 13C NMR chemical shifts for trisaccharides I and
III at 303 K.


Proton Trisaccharide I Trisaccharide III


GlcNAc H-1 4.52/101.7 4.92/99.6
GlcNAc H-2 3.68/57.8 3.95/56.6
GlcNAc H-3 3.53/75.8 3.61/76.4
GlcNAc H-4 3.49/72.2 3.53/71.6
GlcNAc H-5 3.47/78.3 3.71/78.7
GlcNAc H-6A 3.92/63.0 4.10/70.4
GlcNAc H-6B 3.79/63.0 4.02/70.4
Mana(1!3) H-1 5.12/100.3 5.68/102.0
Mana(1!3) H-2 4.16/78.7 4.38/75.0
Mana(1!3) H-3 3.89/71.9 4.01/71.8
Mana(1!3) H-4 3.52/69.6 3.71/69.3
Mana(1!3) H-5 3.69/76.0 3.72/75.7
Mana(1!3) H-6A 3.91/63.6 3.97/63.4
Mana(1!3) H-6B 3.64/63.6 3.86/63.4
ManaOMe H-1 4.72/102.2 4.82/103.1
ManaOMe H-2 4.06/72.0 4.10/72.5
ManaOMe H-3 3.85/80.5 4.11/77.7
ManaOMe H-4 3.75/68.2 3.84/76.9
ManaOMe H-5 3.65/75.0 3.77/74.4
ManaOMe H-6A 3.95/63.0 3.95/62.7
ManaOMe H-6B 3.78/63.0 3.84/62.7
pro-R CH2 ± 5.17/100.4
pro-S CH2 ± 5.03/100.4


Figure 4. NOE spectrum of compound I.
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ManaOMe H-2, strong NOE for Mana(1!3) H-1 ±
ManaOMe H-3, and medium NOE for Mana(1!3) H-5 ±
ManaOMe H-2) are basically identical to those observed for
the disaccharide indicating that the GlcNAc residue does not
have a significant effect on the conformational behavior of
this linkage. The conformation around this glycosidic linkage
may be described as a conformational equilibrium around
conformer A, with minor excursions towards the regions
defined by conformers C and D, and in all cases the values of
the F and Y angles are positive. The NOE data obtained for
the GlcNAcb(1!2)Man linkage unequivocally indicate that
the conformation of this linkage can be described by a
conformational equilibrium between conformers A and D,
since both GlcNAcb H-1 ± Mana H-1 and GlcNAcb H-1 ±


Mana H-2 NOE contacts are
fairly strong. Since no GlcNAcb


H-2 ± Mana H-2 NOE is ob-
served, conformer B is less than
5 % present in solution at this
linkage, within experimental er-
ror. In addition, no conformer
can simultaneously satisfy the
corresponding two close distan-
ces, and therefore the presence
of conformational averaging
between conformers A and D
is firmly confirmed.


The observed NOEs for cy-
clic compound III (Tables 5 and
6) are fairly distinct for the
GlcNAcb(1!2)Man linkage
and now the interresidue
GlcNAcb H-1 ± Mana H-2 dis-
tance is appreciably larger than
the corresponding GlcNAcb


H-1 ± Mana H-1, as can be de-
duced from the relative inten-
sities of the NOEs. Again, no
GlcNAcb H-2 ± Mana H-2 is
observed; this indicates that
conformer B does not partici-
pate in the conformational


equilibrium. According to these results, the cyclization
rigidifies the GlcNAcb(1!2)Man linkage and conformer A
is basically the only one in solution. On the other hand, the
NOEs for the Mana(1!3)Man linkage are identical to the
linear compound. Although there is overlapping between


Figure 5. NOE spectrum of compound III.


Table 4. Experimental and calculated proton ± proton distances for trisacchar-
ide I. The experimental distances have been calculated from the NOE and ROE
cross-relaxation rates as described in the experimental part. The calculated
distances correspond to the representative structure for every local minimum.
Estimated errors in the experimental distances are smaller than 5%.


H ± H Pair GlcNAcb(1!2)Mana linkage Mana(1!3)ManaOMe linkage
Conformer Conformer


Exp A B C D Exp A B C D


1 ± 1 2.4 2.1 3.6 4.1 nd[a] 6.0 4.7 4.5 5.9
1 ± 2 2.6 3.3 3.6 2.3 3.3 4.3 3.5 2.1 4.2
1 ± 3 nd 4.8 5.3 3.8 2.2 2.4 3.6 2.9 2.4
1 ± 4 nd 3.9 4.2 3.8 3.5 3.7 2.3 4.3 3.5
2 ± 1 ov[b] 4.7 4.2 4.3 nd 7.1 6.0 5.3 6.2
2 ± 2 nd 4.1 2.2 4.2 nd 5.2 3.9 3.3 5.0
5 ± 2 nd 4.2 4.6 4.5 2.7 2.4 5.1 5.0 3.9


[a] nd�not determined. [b] ov� overlapping signal.


Table 5. Experimental and calculated proton ± proton distances for trisac-
charide III.


H ± H Pair GlcNAcb(1!2)Mana linkage Mana(1!3)Mana linkage
Conformer Conformer


Exp AA BA CA, CB Exp AA BB BD


1 ± 1 2.2 2.1 3.6 3.3 nd[a] 6.0 4.7 5.9
1 ± 2 3.2 3.3 3.6 3.6 ov[b] 4.3 3.5 4.2
1 ± 3 nd 4.8 5.3 3.6 2.2 2.4 3.6 2.4
1 ± 4 nd 3.9 4.2 2.0 3.3 3.7 2.3 3.5
2 ± 1 nd 4.7 4.2 4.6 nd 7.1 6.0 6.2
2 ± 2 nd 4.1 2.2 4.5 nd 5.2 3.9 5.0
5 ± 2 nd 4.2 4.6 5.4 ov 2.4 5.1 3.9


[a] nd�not determined. [b] ov� overlapping signal.


Table 6. Experimental and calculated proton ± proton distances for the
bridge methylene protons of trisaccharide III.


Pair Exp AA BA BB BD CA CB


pro-R CH2 ± Mana(1!3) H-1 2.8 2.6 2.6 4.2 3.4 4.2 4.2
pro-R CH2 ± Mana(1!3) H-2 2.6 2.5 2.3 6.6 4.5 6.6 6.6
pro-R CH2 ± GlcNAcb H-6S 3.2 3.6 3.1 3.4 4.0 3.1 2.7
pro-R CH2 ± GlcNAcb H-6R 2.9 2.5 3.8 2.8 3.3 2.7 3.7
pro-R CH2 ± ManaOMe H-4 2.7 2.7 2.8 3.9 3.6 3.8 3.2
pro-S CH2 ± GlcNAcb H-6S 2.7 3.8 3.7 3.4 3.5 3.9 2.6
pro-S CH2 ± GlcNAcb H-6R 2.9 3.1 4.1 2.2 2.2 3.6 3.6
pro-S CH2 ± ManaOMe H-6AB 3.3 2.6 3.0 3.8 4.1 3.4 3.7
pro-S CH2 ± ManaOMe H-4 2.8 2.3 2.1 3.3 3.9 3.6 3.5
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ManaOMe H-3 and H-2 protons, the NOE cross-peak
intensity between these resonances and Mana(1!3)Man
H-1 can be ascribed exclusively to the ManaOMe H-3 ±
Mana(1!3)Man H-1 cross-peak. In fact, according to the
modeling results, and despite the extensive search performed
(see below), no conformer with a ManaOMe H-2 ±
Mana(1!3)Man H-1 distance below 3.82 � could be detect-
ed. This is due to the fact that conformation C around this
glycosidic linkage cannot be attained because of the cycliza-
tion. Therefore, the presence of the cycle poses a major
constraint around the GlcNAcb(1!2)Mana linkage and now
the experimental NOEs of this compound can be described by
conformer AA. In the absence of J coupling data, the
assignment of diastereotopic protons heavily relies on the
presence of a major conformation.[31] Thus, by considering the
geometries (not the relative energies) deduced from the
modeling studies, the diastereotopic methylene bridge pro-
tons could also be assigned. As mentioned above, cyclization
of the trisaccharide highly restricts the GlcNAcb(1!2)Mana


linkage. Several NOEs were observed for the methylene
bridge protons. Particularly important were those between the
low-field proton with both Mana(1!3) H-1 and H-2. Again,
and according to the modeling results, for all the found
conformers, only the pro-R proton may show short distances
with these two protons at the Man residue, thus providing the
key for diastereotopic assignment. Additional NOEs are also
observed between both methylene bridge protons with
ManaOMe H-4, both GlcNAc and ManaOMe H-6s, and
ManaOMe H-5. The pattern of the observed NOEs between
both methylene bridge protons and the GlcNAc H-6s (strong
pro-R-high field, weak pro-R-low field, strong pro-S-low field,
weak pro-S-high field) seems to indicate that the low-field
GlcNAc H-6 proton is indeed the pro-S proton. This assign-
ment is also supported by observed intraresidue NOEs
between the methylene GlcNAc H-6s with H-4 and H-5, that
is medium/strong high field GlcNAc H-6 ± H-4, medium/
strong low-field GlcNAc H-6 ± H-5, medium/weak high field
GlcNAc H-6 ± H-5, weak low-field GlcNAc H-6 ± H-4. This is
the expected NOE pattern for the usual gg/gt equilibrium
around the GlcNAc C-5 ± C-6 bond.[34] The JH5, H6S and JH5, H6R


of this residue are 2.0 and 4.9 Hz and therefore the exper-
imental equilibrium is approximately gg:gt 60:40.[34]


The simultaneous existence of all the aforementioned
NOEs can only be explained by the presence of mobility in
this region of the molecule. Therefore, a major conformer AA
may explain the conformational behavior of this trisaccharide,
with local flexibility around the C-6-O-CH2-O region of the
macrocycle. Although only qualitative, the geometry of this
conformer may explain the unusual chemical shift observed
for H-1 and H-2 of the Mana(1!3) residue. These two atoms
are in close proximity to O-4 ManaOMe (2.3 �) and O-5
GlcNAc (2.5 �). In addition, the relative deshielding of the
pro-R methylene bridge proton with respect to the pro-S
analogue could also be explained by its proximity to O-5
GlcNAc (2.4 �) in the AA conformation.


The modeling results of the uncomplexed molecules are in
good agreement with the experimental results, because the
calculations (see above) predict an equilibrium in which
conformer A is the major one for the GlcNAcb(1!2)Man


linkage, while an equilibrium between conformers A and D
was predicted. The calculations for compound III predict a
major conformer AA with variation around the angles
defining the methylene orientation. These predictions are
consistent with the experimental data, and the only discrep-
ancy is the absence of conformer BA, which according to the
calculations should be present to some extent.


Molecular modeling of the complexes between ConA and the
trisaccharides :


All conformational families determined for the linear
compound I were docked in the ConA binding site. All of
the seven tested conformations could be accommodated in the
binding site with no major changes in their geometries
(Table 7), except for the Linear_BD conformation, which


gave a much higher energy complex than the others. The
complex with the lowest energy is ConA ± Linear_BA. The
preference of conformation B (the one that does not
correspond to the exo-anomeric effect) for the
bGlcNAc(1!2)Man linkage is marked, since this orientation
is predicted to occur in the three lowest energy docking
modes. This result is in agreement with previous calculations
performed on the same complex by a different approach.[8]


The conformation of this linkage also affects the orientation
of the central mannose in the binding site. When conforma-
tion B is adopted, the mannose is very deep in the binding site
and all the hydrogen bonds have the characteristics observed
in the ConA ± aMan complex.[35] When conformation A is
taken, the mannose is not so deeply docked, probably because
of steric interactions of the GlcNAc with the protein surface,
and some hydrogen bonds are weaker. The GlcNAc residue
also establishes hydrogen bonds with the peptide, but only if
linkage b(1!2) is not in conformation A. The third predicted
conformation for the bGlcNAc(1!2)Man is termed D. In this
intermediate case, the mannose is not very deep in the binding
site, but many hydrogen bonds still exist, and furthermore, the
GlcNAc presents some additional hydrogen bonds with the
Thr226 side chain and Gly224 backbone. It has to be noted that
this peculiar conformation is the one observed for the


Table 7. Low-energy conformations of linear trisaccharide I and cyclic trisac-
charide III when docked in the binding site of ConA. Hb indicates the number
of hydrogen bonds between the ligand and the protein. DEtot (kcal molÿ1) is the
difference between the energy of the complex and the energy of the
noninteracting protein and trisaccharide, whereas DEint is the interaction
energy between protein and ligand.


Conformation F1±2 Y1±2 F1±3 Y1±3 Hb DEtot DEint


ConA ± Linear_BA 52.2 151.7 71.0 102.3 8 ÿ 37.9 ÿ 45.9
ConA ± Linear_BC 51.5 150.5 161.7 166.1 11 ÿ 35.4 ÿ 43.7
ConA ± Linear_BB 54.3 146.5 139.3 ÿ 69.8 8 ÿ 35.0 ÿ 43.2
ConA ± Linear_AA ÿ 55.8 ÿ 166.6 89.9 87.2 6 ÿ 31.5 ÿ 38.2
ConA ± Linear_AB ÿ 52.6 ÿ 158.2 83.9 ÿ 68.6 6 ÿ 31.1 ÿ 39.2
ConA ± Linear_DC ÿ 82.8 99.5 152.6 145.7 11 ÿ 26.4 ÿ 42.3


ConA ± Cyclic_BA 48.8 148.9 70.7 88.9 9 ÿ 39.2 ÿ 45.6
ConA ± Cyclic_BD 52.9 149.1 141.3 55.7 10 ÿ 36.3 ÿ 42.3
ConA ± Cyclic_AA ÿ 55.9 ÿ 154.7 100.5 90.1 7 ÿ 33.4 ÿ 41.2
ConA ± Cyclic_BB 57.3 147.1 156.6 ÿ 20.2 10 ÿ 31.0 ÿ 40.9
ConA ± Cyclic_CA ÿ 62.1 ÿ 83.1 60.3 61.3 11 ÿ 27.5 ÿ 47.6
ConA ± Cyclic_CD ÿ 42.6 ÿ 156.8 128.4 71.6 8 ÿ 24.2 ÿ 38.3
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bGlcNAc(1!2)Man disacchar-
ide in the crystal structure of
ConA ± pentasaccharide com-
plex.[36]


All of the 23 low-energy
conformations of the cyclic tri-
saccharide III were considered
for the docking study with
ConA. After the central man-
nose residue was fitted in the
binding site and the energy of
the complexes was optimized
with appropriate energy param-
eters,[37] 20 different conformers
were stored in an energy win-
dow of 15 kcal molÿ1. The other
conformers were rejected ei-
ther because of their high en-
ergy or because their geometry
converged close to one already
considered. The conformers
have been clustered in six fam-
ilies based on the conformation
at the bGlcNAc(1!2)Man and
aMan(1!3)Man linkages (Ta-
ble 7). All conformations are
displayed in Figure 6. When
docked in the ConA binding
site, the trisaccharide can in
principle still adopt several dif-
ferent conformations. Howev-
er, as for the linear saccharide,
the B conformation of the
bGlcNAc(1!2)Man linkage is
energetically favored in the
ConA complex state.


Complexation studies of the
saccharides with ConA :


Thermodynamic data ob-
tained by isothermal microca-
lorimetry for complexation of
the disaccharide aMan-
(1!3)aManOMe, the trisac-
charide I and III with ConA
are listed in Table 8 together
with literature data for related
compounds. Although the en-
tropy and enthalpy contribu-
tions of particular interactions
vary between reporting authors,
some clear tendencies can be
identified. First, there is a lim-
ited variation of free energy of binding between mono-, di-,
and trisaccharides, a phenomenon that is attributed to
entropy/enthalpy compensation. Second, binding of
aMan(1!3)Man-containing fragments has a more favorable
enthalpy but a less favorable entropy contribution than its
bGlcNAc(1!2)Man counterpart. The linear trisaccharide I


has a slightly more favorable energy of binding than both
disaccharide constituents do. Nevertheless, the thermody-
namic characteristics of the linear oligosaccharide are close to
those of the bGlcNAc(1!2)Man disaccharide.


It was anticipated that the conformationally constrained
trisaccharide III can adopt a conformation required for


Figure 6. Graphical representation of the 20 conformers of cyclic trisaccharide III when interacting with ConA,
distributed in six docking modes, based on the glycosidic linkage conformation. The protein is depicted by a
ribbon-type representation.


Table 8. Thermodynamic data for the binding of trisaccharide I and III with ConA compared with literature data.


Compound DG DH TDS Ref.
[kcal molÿ1] [kcal molÿ1] [kcal molÿ1]


Man ÿ 4.4 ÿ 5.7 ÿ 1.3 [45]
aManOMe ÿ 5.3 ÿ 6.6 ÿ 1.3 [46]


ÿ 5.3 ÿ 6.8 ÿ 1.6 [45]
ÿ 5.3 ÿ 8.2 ÿ 2.9 [47]
ÿ 5.3 ÿ 6.8 ÿ 1.5 [48]


bGlcNAc(1!2)Man ÿ 5.2 ÿ 5.3 ÿ 0.1 [46]
aMan(1!3)Man ÿ 5.7 ÿ 10.2 ÿ 4.5 [47]
aMan(1!3)aManOMe ÿ 5.7 ÿ 7.8 ÿ 2.0 [46]


ÿ 6.2 ÿ 10.7 ÿ 4.5 [47]
ÿ 6.0 ÿ 7.4 ÿ 1.4 [47]
ÿ 5.9 ÿ 9.5 ÿ 3.6 Present work


bGlcNAc(1!2)aMan(1!3)aManOMe (I) ÿ 6.1 ÿ 4.6 1.5 Present work
4!6, cyclic trisaccharide (III) ÿ 5.8 ÿ 2.7 3.1 Present work
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binding with the lectin ConA but will lose less conformational
flexibility than the corresponding linear trisaccharide. There-
fore, the entropic barrier associated with loss of flexibility of
the cyclic oligosaccharide was expected to be smaller and
should thus result in more favored binding. Indeed, the
measured thermodynamic data revealed more favorable
entropy of binding of compound III, which surprisingly is
offset by a less favorable enthalpy term.


The conformational studies have shown that the introduc-
tion of the methylene acetal tether does not distort the
conformation of compound III, but only reduces its conforma-
tional space as intended. Furthermore, the docking studies
indicate that both compounds complex in similar secondary
minimum energy conformations (BA) and have similar
interactions with the protein surface (Figure 7).


Recently, Bundle et al.[38] reported complexation studies of
preorganized branched trisaccharides with a monoclonal


antibody. They found that the introduction of conformational
constraints had little effect on the thermodynamic parameters
of complexation and their data suggested that interresidue
flexibility is not a major contributor to the weak association
that characterizes oligosacharide ± protein interactions. They
also proposed that the absence of large impacts on DH and DS
implies that oligosaccharides display a restricted range of
conformations.


The data presented in this paper show that loss of flexibility
contributes significantly to the entropy of binding. Recently,
Quiocho and co-workers[39] made a similar observation for the
binding of linear and cyclic oligosaccharides to the maltodex-
trin-binding protein of Escherichia coli.


It is important to speculate about the origin of loss of
enthalpy of binding since it may provide opportunities to


design high-affinity carbohydrate ligands.[40] The NMR studies
demonstrated that in solution both compounds populate the
BA binding conformer less than 5 %. Thus, upon binding a
considerable unfavorable enthalpy term is introduced for this
conformational change and this term may well be larger for
the conformationally constrained compound explaining the
less favorable enthalpy of binding. We attempted to confirm
the predicted BA bound conformation of the saccharides by
measuring TR-NOE�s. However, despite major efforts, no
TR-NOE�s could be measured and the failure of these
experiments is probably due to the time scale of complex
dissociation and/or to the presence of a paramagnetic Mn2�


ion close to the sugar-binding site.
It is important to note that the calculations do not take into


account enthalpy effects arising from water rearrangement
and the assumption was made that the bulk solvent should
have the same enthalpic effect on the complexes involving the


linear and cyclic trisaccharides.
However, we may speculate
that the desolvation enthalpy
of the cyclic compound is sig-
nificantly higher than for the
linear compound.


Conclusion


The synthesis of a cyclic con-
formationally constrained tri-
saccharide is desribed, the de-
sign of which is based on mim-
icking an internal hydrogen
bond which is present in a
docking mode of a ConA ± sac-
charide complex.


NMR spectroscopic and mo-
lecular modeling studies have
shown that the cyclic compound
III is indeed considerably less
flexible than the linear com-
pound I ; however, both com-
pounds adopt mainly the con-
formation AA. It was anticipat-
ed that the entropy barrier of
complexation of compound III


with ConA should be smaller because less conformational
flexibility is lost during binding. Indeed, the complexation has
a more favorable entropy term but surprisingly this term is
offset by a smaller enthalpy contribution, and the linear and
cyclic compounds have similar binding constants. Molecular
modeling studies have been performed to explain the loss of
enthalpy of binding, and it was predicted that both com-
pounds are complexed in the local minimum energy con-
formation BA. Figure 7 displays a comparison of the lowest
energy complexes of the two compounds; both have very
similar interactions with the protein, and thus the small
enthalpy term of complexation of the cyclic compound cannot
be explained by fewer interactions with the protein.


The NMR studies have shown that in solution the BA
conformation for both compounds is less than 5 % populated.


Figure 7. Comparison of the lowest energy complexes of ConA and both the linear trisaccharide I and the cyclic
trisaccharide III. The solvent-accessible surface of the protein has been represented with the MOLCAD option in
the SYBYL package. The linear trisaccharide I is colored by atom type whereas the cyclic trisaccharide III is
colored by residue.
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Thus, a considerable amount of energy will be lost for this
conformational change and it may be possible that this energy
term is considerably more unfavorable for the cyclic com-
pound. On the other hand, the observed differences of
enthalpy for III and I may arise from differences in solvent
reorganization.


The data presented in this paper suggest that loss of
flexibility during complexation accounts for a significant
entropic penalty. Further thermodynamic measurements and
NMR experiments will be conducted to validate the models
proposed in the present study, and these results will be
important for the future design of putative high-affinity
carbohydrate ligands. Cocrystallization experiments with
ConA and the ligand are under way, and these experiments
will confirm whether the ligands are bound in the predicted
BA conformation. Other conformationally constrained sac-
charides that adopt the BA conformation will be prepared to
study the general applicability of the observed binding data.


Experimental Section


Nomenclature : Schematic representations of the cyclic trisaccharide I and
III are given in Figure 1. The three carbohydrate residues are labeled from
unprimed to primed and double-primed from the ManOMe residue, by
analogy to the linear compound. The relative orientation of a pair of
contiguous residues about each glycosidic linkage is described by a set of
two torsional angles: F1±3�O-5'-C-1'-O-1'-C-3 and Y1±3�C-1'-O-1'-C-3-C-
4 for the aMan(1!3)Man linkage and F1±2�O-5''-C-1''-O-1''-C-2' and
Y1±2�C-1''-O-1''-C-2'-C-3' for the bGlcNAc (1!2)Man linkage. The
orientation of the methylene acetal bridge is given by a set of five torsion
angles: w1�O-5''-C-5''-C-6''-O-6'', w2�C-5''-C-6''-O-6''-C-7'', w3�C-6''-
O-6''-C-7''-O-4, w4�O-6''-C-7''-O-4-C-4 and w5�C-7''-O-4-C-4-C-5 (Fig-
ure 3). The sign of the torsion angles is given as proposed by the
Commission on Nomenclature.[41]


Equipment : 1H and 13C NMR spectra were recorded on a Bruker AC300
spectrometer equipped with a B-ACS 60 autochanger, and an Aspect 3000
off-line editing computer. The 1H 2D-COSY[45] spectra were recorded on a
Bruker AMX400 spectrometer and an Aspect station I off-line editing
computer. Chemical shifts (d) were measured with tetramethylsilane as
internal standard. Fast atom bombardment (FAB) mass spectra were
recorded by means of a VG Zabspec spectrometer with m-nitrobenzyl
alcohol as matrix.
All calculations were performed on Silicon Graphics workstations.


General methods and materials : All chemicals were purchased from
Aldrich, Fluka, and Lancaster. 4 � Molecular sieves were purchased from
Avocado, activated at 300 8C for 5 h, and stored at 180 8C. Hydrogen and
nitrogen (White Spot) were supplied by British Oxygen Company.
All reaction solvents were distilled prior to use: dichloromethane and 1,2-
dichloroethane were distilled from P2O5, acetonitrile, pyridine, and diethyl
ether from CaH2, tetrahydrofuran (THF) from LiAlH4, and methanol from
magnesium activated with iodine.
Chromatography was performed with Merck 7734 silica gel 60, and flash
chromatography with Crosfield ES70X microspheroidal silica gel. TLC
analyses were carried out on silica gel plates (Merck 1.05554 Kieselgel
60F254). Compounds on TLC were visualized by UV light and/or by dipping
in H2SO4/MeOH (1:10 v/v/v) followed by subsequent charring at 140 8C.


Methyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-2-O-
benzyl-4,6-di-O-benzylidene-a-dd-mannopyranoside (3): A mixture of ethyl
2-O-acetyl-3,4,6-tri-O-benzyl-1-thio-a-d-mannopyranoside (1) (6.06 g,
11.31 mmol), methyl 2-O-benzyl-4,6-di-O-benzylidene-a-d-mannopyrano-
side (2) (3.66 g, 9.84 mmol), and 4 � powdered molecular sieves (10 g) was
stirred for 1 h in CH2Cl2 (120 mL). Subsequently, a solution of N-
iodosuccinimide (120 mL, 0.1m in ether/CH2Cl2, 1:1 v/v) and TMSOTf
(0.232 mL, 1.2 mmol) were added. The mixture was stirred at room
temperature for 1 h, and then neutralized with triethylamine. The solution
was filtered through Celite�, washed with MeOH/CH2Cl2, 5:95 v/v/v, and
the combined filtrates were concentrated to dryness. The residue was


dissolved in CH2Cl2 (100 mL), and the solution was washed with Na2S2O3


(1m, 2� 100 mL) and water (100 mL). The organic layer was dried
(MgSO4), filtered, and concentrated to dryness. Purification of the crude
product by column chromatography on silica gel (CH2Cl2/acetone, 99:1 v/v)
afforded the desired disaccharide (3) as a colorless oil (8.0 g, 96 % yield); Rf


(acetone/CH2Cl2, 3:97 v/v)� 0.70; [a]22�kap�D�=kap� ��12.1 (CH2Cl2, c�
13.13 mg mLÿ1); 1H NMR (300 MHz, CDCl3): d� 7.52 ± 7.15 (m, 25H,
arom H), 5.63 (s, 1H, PhCH-), 5.62 (m, 1H, H-2'), 5.32 (d, 1H, J1', 2'�
2.0 Hz, H-1'), 4.89 (d, 1 H, Jgem� 11.0 Hz, -CH2- benzyl), 4.67 (d, 1H, J1, 2�
1.5 Hz, H-1), 4.77 ± 4.60 (4d, 4 H, Jgem� 12.0 Hz, -CH2- benzyl), 4.51 ± 4.41
(3d, 3H, -CH2- benzyl), 4.25 (m, 2 H, H-3, H-5'), 3.98 (dd, 1H, J3', 2'�
3.5 Hz, J3', 4'� 9.0 Hz, H-3'), 3.92 ± 3.65 (m, 8 H, H-4, H-4', H-5, H-2, H-6,
H-6'), 3.30 (s, 3H, -OCH3), 2.10 (s, 3 H, -CH3 acetyl); 13C NMR (75 MHz,
CDCl3): d� 170.1, (C�O), 138.7, 138.4, 137.9, 137.4 (Cq benzyl�Cq
benzylidene), 128.6 ± 126.1 (arom C), 101.1 (PhCH-), 100.6, 98.9 (C-1,
C-1'), 79.1, 78.0, 77.4, 74.3, 73.2, 72.2, 68.2, 63.9 (C-2, C-3, C-4, C-5, C-2',
C-3', C-4', C-5'), 75.1, 73.7, 73.5, 71.6 (-CH2- benzyl), 69.1, 68.8 (C-6, C-6'),
54.9 (-OCH3), 21.1 (-CH3 acetyl); MS (FAB): m/z (%): 885 (4) [M�K]� ,
869 (100) [M�Na]� ; HRMS (FAB): calcd C50H54O12Na [M�Na]� 869.35;
found 869.35.


Methyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-2,6-
di-O-benzyl-a-dd-mannopyranoside (4): 4 � molecular sieves (7 g) and
sodium cyanoborohydride (4.8 g, 76.47 mmol) was added to a solution of
compound 3 (6.47 g, 7.65 mmol) in dry THF (100 mL). Subsequently, a
solution of HCl in ether (1m, 99 mL) was slowly added over a period of
20 min to the mixture, which was stirred for 3 h under argon. The reaction
mixture was neutralized by the addition of triethylamine, and washed with
saturated NaHCO3 (2� 100 mL) and water (100 mL). The organic layer
was dried (MgSO4), filtered, and concentrated under reduced pressure. The
crude product was purified by column chromatography with acetone/
CH2Cl2 (3:97 v/v) as the eluent, and the desired disaccharide (4) was
isolated as a colorless oil (6.03 g, 93% yield); Rf (acetone/CH2Cl2, 2:98
v/v)� 0.10; [a]22�kap�D�=kap� ��27.5 (CH2Cl2, c� 29.26 mg mLÿ1); 1H NMR
(300 MHz, CDCl3): d� 7.40 ± 7.12 (m, 25H, arom H), 5.50 (m, 1H, H-2'),
5.37 (s, 1 H, H-1'), 4.89 (d, 1H, Jgem� 11.0 Hz, -CH2- benzyl), 4.75 ± 4.45 (m,
11H, Jgem� 11.4 Hz, -CH2- benzyl, H-1), 4.11 (dd, 1 H, J4, 3� 9.2 Hz, H-4),
3.98 (m, 3 H, H-3', H-5, H-5'), 3.74 (m, 7H, H-2, H-3, H-6, H-4', H-6'), 3.33
(s, 3 H, -OCH3), 2.10 (s, 3 H, -CH3 acetyl); 13C NMR (75 MHz, CDCl3): d�
170.4, (C�O), 138.6, 138.0, 137.9 (Cq benzyl), 128.4-127.6 (arom C), 98.8,
98.7 (C-1, C-1'), 77.9, 77.5, 74.5, 71.9, 71.0, 68.8, 68.6 (C-2, C-3, C-4, C-5, C-2',
C-3', C-4', C-5'), 74.9, 73.7, 72.6, 71.8, 70.8, 69.4 (-CH2- benzyl, C-6, C-6'),
54.9 (-OCH3), 21.1 (-CH3 acetyl); MS (FAB): m/z (%): 887 (4) [M�K]� ,
871 (100) [M�Na]� ; HRMS (FAB): calcd C50H56O12Na [M�Na]� 871.37;
found 871.37.


Methyl (2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-2,6-
di-O-benzyl-4-O-methylthiomethyl-a-dd-mannopyranoside (5): Dimethyl
sulfide (5.2 mL, 70.3 mmol) was added to a cooled solution (0 8C) of 4
(5.96 g, 7.03 mmol) in dry acetonitrile (80 mL). Benzoyl peroxide (6.8 g,
28.12 mmol) was added in portions over a period of 45 min under the
exclusion of light, and the mixture was stirred for 18 h and gradually
allowed to reach room temperature. TLC analysis (acetone/CH2Cl2, 3:97
v/v) showed complete conversion of the starting material into the product.
The solution was diluted with ethyl acetate, and washed with NaOH (1m,
2� 100 mL) and brine (100 mL). The organic layer was dried (MgSO4),
filtered, and concentrated in vacuo. Purification by column chromatog-
raphy on silica gel (petroleum ether 40 ± 60/CH2Cl2, 1:1 v/v, followed by
CH2Cl2 and acetone/CH2Cl2, 1:99 v/v) gave the compound 5 as a pale
yellow foam (5.55 g, 87 % yield); Rf (acetone/CH2Cl2, 3:97 v/v)� 0.62;
[a]22�kap�D�=kap� ��37.8 (CH2Cl2, c� 25.73 mg mLÿ1); 1H NMR (300 MHz,
CDCl3): d� 7.39 ± 7.15 (m, 25 H, arom H), 5.35 (dd, 1H, J2', 1'� 1.8 Hz,
J2', 3'� 3.3 Hz, H-2'), 5.10 (d, 1 H, H-1'), 4.89 (d, 1 H, Jgem� 11.0 Hz, -CH2-
benzyl), 4.78 (d, 1H, Jgem� 11.4 Hz, -CH2- benzyl), 4.72 (d, 1H, J1, 2�
1.8 Hz, H-1), 4.67 (d, 1H, -CH2- benzyl), 4.64 ± 4.43 (m, 9 H, -CH2SCH3,
-CH2- benzyl), 4.06 (dd, 1H, J3, 2� 3.3 Hz, J3, 4� 9.2 Hz, H-3), 3.97 (dd, 1H,
J3', 4'� 9.2 Hz, H-3'), 3.88 (m, 2H, H-4, H-5'), 3.77 (m, 4H, H-2, H-4', H-6a,
H-6a'), 3.68 (m, 3H, H-5, H-6b, H-6b'), 3.30 (s, 3H, -OCH3), 2.22 (s, 3H,
-CH3 acetyl), 2.02 (s, 3H, -SCH3); 13C NMR (75 MHz, CDCl3): d� 170.3,
(C�O), 138.7, 138.4, 138.1, 137.9 (Cq benzyl), 128.5 ± 127.6 (arom C), 99.8,
99.3 (C-1, C-1'), 77.9, 77.3, 74.5, 74.4, 72.2, 71.4, 69.1 (C-2, C-3, C-4, C-5, C-2',
C-3', C-4', C-5'), 75.0, 73.5, 73.4, 73.0, 72.1, 72.0, 69.5, 69.3 (-CH2- benzyl,
-CH2SCH3, C-6, C-6'), 54.9 (-OCH3), 21.2 (-CH3 acetyl), 14.8 (-SCH3); MS
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(FAB): m/z (%): 948 (8) [M�K]� , 932 (100) [M�Na]� ; HRMS(FAB): calcd
C52H60O12SNa [M�Na]� 931.37; found 931.37.


Methyl 2,6-di-O-benzyl-3-O-(2-O-acetyl-3,4,6-tri-O-benzyl-a-dd-manno-
pyranosyl)-a-dd-mannopyranoside-p-methoxyphenyl 3'''',4''''-di-O-benzyl-2''''-
deoxy-2''''-phthalimido-b-dd-glucopyranoside-4,6''''-methylidene acetal (7): A
mixture of 5 (5.1 g, 5.62 mmol), p-methoxyphenyl 3,4-di-O-benzyl-2-deoxy-
2-phthalimido-b-d-glucopyranoside (6) (2.90 g, 4.88 mmol) and powdered
molecular sieves (8 g) was stirred for 1 h in a mixture of THF and 1,2-
dichloroethane (1:1 v/v, 100 mL) under argon. The solution was cooled to
0 8C. N-iodosuccinimide (1.35 g, 6 mmol) was dissolved in a mixture of THF
and 1,2-dichloroethane (60 mL, 1:1 v/v). Trifluoromethanesulfonic acid
(54 mL, 0.6 mmol) was then added and the solution stirred for further 30 s.
The resulting mixture (0.1m, 58.7 mL) was added quickly to the initial
solution which was then stirred for 30 min at 0 8C. TLC analysis indicated
the conversion of the starting material into a major product. The reaction
mixture was neutralized by the addition of triethylamine and filtered
through Celite. The resulting solution was diluted with CH2Cl2


(200 mL)and washed with Na2S2O3 (2� 100 mL), NaHCO3 (100 mL) and
brine (100 mL). The organic layer was dried (MgSO4), filtered, and
concentrated to dryness. Purification of the crude product by column
chromatography on silica gel (CH2Cl2/acetone, 98:2 v/v) afforded the
trisaccharide 7 as a colorless oil (5.39 g, 76 % yield); Rf (acetone/CH2Cl2,
4:96 v/v)� 0.66; [a]22�kap�D�=kap� ��44.4 (CH2Cl2, c� 26.8 mg mLÿ1); 1H NMR
(300 MHz, CDCl3): d� 7.65 (br s, 4 H, arom H -Pht), 7.38 ± 6.85 (m, 35H,
arom H), 6.80, 6.65 (2 m, 4H, arom H -MP), 5.59 (d, 1 H, J1'', 2''� 8.1 Hz,
H-1''), 5.56 (dd, 1 H, J2', 1'� 1.8 Hz, J2', 3'� 3.3 Hz, H-2'), 5.21 (d, 1H, H-1'),
5.02 (d, 1H, Jgem� 6.3 Hz, -OCH2O-), 4.94 ± 4.42 (m, 16H, H-1, -OCH2O-,
-CH2- benzyl), 4.40 (m, 1 H, H-2''), 4.02 (dd, 1 H, J3, 2� 2.6 Hz, J3, 4� 9.6 Hz,
H-3), 4.38 ± 3.53 (m, 15 H, H-2, H-4, H-5, H-6, H-3', H-4', H-5', H-6', H-3'',
H-4'', H-5'', H-6''), 3.62 (s, 3H, -OCH3 -MP), 3.25 (s, 3H, -OCH3), 2.10 (s,
3H, -CH3 acetyl); 13C NMR (75 MHz, CDCl3): d� 170.0 (C�O), 151.0 (Cq
-MP), 138.0 (Cq benzyl), 133.7, 123.3 (arom C -Pht), 131.6 (Cq -Pht), 128.5 ±
127.4 (arom C), 118.6, 114.4 (arom C -MP), 100.1, 98.8, 97.7 (C-1, C-1',
C-1''), 97.8 (-OCH2O-), 79.6, 79.1, 77.8, 77.5, 74.3, 74.1, 72.2 (C-2, C-3, C-4,
C-5, C-2', C-3', C-4', C-5', C-3'', C-4'', C-5''), 74.8, 73.4, 73.0, 72.1, 71.9, 69.8,
69.2, 67.5 (-CH2- benzyl, C-6, C-6'), 64.1 (C-6''), 55.9, 55.7, 54.8 (-OCH3 -MP,
-OCH3, C-2''), 21.1 (-CH3 acetyl); MS (FAB): m/z (%): 1478 (100)
[M�Na]� ; HRMS (FAB): calcd C86H89NO20Na [M�Na]� 1478.59; found
1478.59.


Methyl 2,6-di-O-benzyl-3-O-(3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-a-
dd-mannopyranoside-3'''',4''''-di-O-benzyl-2''''-deoxy-2''''-phthalimido-b-dd-glu-
co-pyranose-4,6''''-methylidene acetal (9): Potassium tert-butoxide (0.412 g,
3.67 mmol) was added to a solution of trisaccharide 7 (5.34 g, 3.67 mmol) in
methanol (50 mL). The resulting mixture was stirred at room temperature
under argon. After 4 h, TLC analysis (acetone/CH2Cl2, 3:97 v/v) showed
the complete conversion of the starting material. The reaction mixture was
neutralized with Dowex-50WX8-[H�] and filtered, and the filtrate con-
centrated to dryness in vacuo. The crude compound 8 was used without
further purification. Compound 8 was dissolved in a mixture of toluene/
acetonitrile/water (60 mL, 1:4:1 v/v/v), and cerium ammonium nitrate
(6.04 g, 11.01 mmol) was added. The mixture was stirred for 4 h at room
temperature under the exclusion of light, after which time the solution was
diluted with ethyl acetate. The organic layer was washed with saturated
NaHCO3 (2� 75 mL) and brine (75 mL), dried (MgSO4), and filtered, and
the filtrate concentrated under reduced pressure. The crude product was
purified by column chromatography on silica gel with acetone/CH2Cl2 (4:96
v/v) as the eluent. The trisaccharide 9 was obtained as a pale yellow oil
(2.16 g, 45% yield); Rf (acetone/CH2Cl2, 5:95 v/v)� 0.20; [a]22


D ��29.8
(CH2Cl2, c� 20.8 mg mLÿ1); 1H NMR (300 MHz, CDCl3): d� 7.80 ± 7.60
(4H, m, arom H -Pht), 7.41 ± 6.88 (m, 35 H, arom H), 5.32 (d, 1H, J1', 2'�
1.1 Hz, H-1'), 5.25 (d, 1H, J1'', 2''� 8.5 Hz, H-1''), 4.85 (2d, 2H, Jgem�
11.0 Hz, -CH2- benzyl), 4.70 (d, 1H, J1, 2� 1.4 Hz, H-1), 4.81 ± 4.39 (m,
15H, -OCH2O-, -CH2- benzyl, H-3''), 4.27 (br s, 1 H, H-2'), 4.13 (dd, 1H,
J2'', 3''� 10.7 Hz, H-2''), 4.09 (m, 1H, H-3), 4.01 ± 3.54 (m, 14H, H-2, H-4,
H-5, H-6, H-3', H-4', H-5', H-6', H-4'', H-5'', H-6''), 3.31 (s, 3H, -OCH3);
13C NMR (75 MHz, CDCl3): d� 168.2 (C�O), 138.7, 138.4, 138.3, 138.2,
138.0 (Cq benzyl), 133.7, 123.2 (arom C -Pht), 131.8 (Cq -Pht), 128.5 ± 126.6
(arom C), 100.7, 98.6, 92.9 (C-1, C-1', C-1''), 97.6 (-OCH2O-), 79.7, 79.3, 79.2,
78.0, 76.3, 75.7, 74.6, 74.5, 71.7, 71.5, 68.3 (C-2, C-3, C-4, C-5, C-2', C-3', C-4',
C-5', C-3'', C-4'', C-5''), 74.8, 74.6, 73.4, 71.9, 69.5, 69.3 (-CH2- benzyl, C-6,
C-6', C-6''), 57.7, 54.9 (-OCH3, C-2''); MS (FAB): m/z (%): 1346 (3)


[M�K]� , 1330 (100) [M�Na]� ; MS (FAB): calcd C77H81NO18Na [M�Na]�


1330.54; found 1330.53.


Methyl 2,6-di-O-benzyl-3-O-(3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-a-
dd-mannopyranoside-trichloroacetimidate 3'''',4''''-di-O-benzyl-2''''-deoxy-2''''-
phthalimido-b-dd-glucopyranoside-4,6''''-methylidene acetal (10): - Trichlor-
oacetonitrile (0.782 mL, 7.80 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene
(19.5 mL, 0.13 mmol) were added to a solution of 9 (1.7 g, 1.3 mmol) in
CH2Cl2 (30 mL) and the reaction mixture was stirred under argon. After
20 min the TLC analysis (CH2Cl2/acetone, 95:5 v/v) showed almost
complete conversion of the starting material into the product. The mixture
was concentrated in vacuo and the oily residue was applied onto a column
of silica gel and eluted with acetone/CH2Cl2 (1:99 v/v). Concentration of the
appropriate fractions gave 10 as a white foam (1.22 g, 65 % yield); Rf


(acetone/CH2Cl2, 5:95 v/v)� 0.50; [a]22
D ��53.3 (CH2Cl2, c �1


9.6 mg mLÿ1); 1H NMR (300 MHz, CDCl3): d� 8.41 (s, 1H, C�NH), 7.65
(br s, 4H, arom H -Pht), 7.40 ± 6.80 (m, 35 H, arom H), 6.37 (d, 1H, J1'', 2''�
8.5 Hz, H-1''), 5.15 (d, 1H, J1', 2'� 1.1 Hz, H-1'), 4.87 (d, 1H, Jgem� 11.4 Hz,
-CH2- benzyl), 4.85 (d, 1H, Jgem� 11.0 Hz, -CH2- benzyl), 4.82 ± 4.35 (m,
17H, -OCH2O-, -CH2- benzyl, H-1, H-2'', H-3''), 4.15 (br s, 1H, H-2'), 4.03
(dd, 1H, J3, 2� 3.3 Hz, J3, 4� 9.2 Hz, H-3), 3.98 ± 3.52 (m, 14 H, H-2, H-4,
H-5, H-6, H-3', H-4', H-5', H-6', H-4'', H-5'', H-6''), 3.31 (s, 3 H, -OCH3),
3.10 (br s, 1H, -OH); 13C NMR (75 MHz, CDCl3): d� 168.0 (C�O), 160.9
(Cq imidate), 138.7, 137.9 (Cq benzyl), 133.8, 123.3 (arom C -Pht), 131.5 (Cq
-Pht), 128.5 ± 127.4 (arom C), 102.1, 98.3, 94.0 (C-1, C-1', C-1''), 97.6
(-OCH2O-), 80.2, 79.5, 78.9, 77.6, 75.7, 74.8, 74.6, 71.3, 68.4 (C-2, C-3, C-4,
C-5, C-2', C-3', C-4', C-5', C-3'', C-4'', C-5''), 74.9, 74.7, 73.5, 73.2, 72.1, 69.7,
69.5, 67.1 (-CH2- benzyl, C-6, C-6', C-6''), 54.8 (-OCH3, C-2''); MS (FAB):
m/z (%) 1473 (73) [M�Na�3� 35Cl]� , 1476 (100), [M�Na�2� 35Cl�1�
37Cl]� , 1479 (32) [M�Na�1� 35Cl�2� 37Cl]� ; HRMS (FAB): calcd
C79H81N2O18


35Cl3Na [M�Na]� 1473.44; found 1473.44; calcd
C79H81N2O18


35Cl2
37ClNa [M�Na]� 1475.44; found 1475.44; calcd


C79H81N2O18
35Cl37Cl2Na [M�Na]� 1477.44; found 1477.44.


Methyl (3,4-di-O-benzyl-2-deoxy-2-phthalimido-b-dd-glucopyranosyl)-
(1!2)-(3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-2,6-di-O-benzyl-
a-dd-mannopyranoside-4,6''''-methylidene acetal (11): A mixture of 10
(1.22 g, 0.84 mmol) and 4 � powdered molecular sieves (1 g) was stirred
for 30 min in CH2Cl2 (50 mL) under argon. The solution was cooled to
ÿ20 8C and trimethylsilyl trifluoromethanesulfonate (8 mL, 0.042 mmol)
was added and the reaction mixture was stirred for 10 min. The reaction
mixture was quenched by the addition of triethylamine and filtered through
Celite; the filtrate was diluted with CH2Cl2, and washed with NaHCO3 (2�
50 mL) and water (50 mL). The organic layer was dried (MgSO4), filtered,
and concentrated to dryness. Purification of the residue by column
chromatography on silica gel (CH2Cl2/acetone, 98:2 v/v) afforded the
cyclic trisaccharide 11 as a colorless oil (891.8 mg, 82% yield); Rf (CH2Cl2/
acetone, 96:4 v/v)� 0.78; [a]22


D ��42.1 (CH2Cl2, c� 20.53 mg mLÿ1);
1H NMR (300 MHz, CDCl3): d� 7.52 (br s, 4H, arom H-Pht), 7.41 ± 6.80
(m, 35H, arom H), 5.75 (2d, 2 H, J1'', 2''� 7.7 Hz, H-1'', H-1'), 5.06 (d, 1H,
Jgem� 4.0 Hz, -OCH2O-), 4.88 (d, 1 H, Jgem� 11.0 Hz, -CH2- benzyl), 4.67 (d,
1H, J1, 2� 1.5 Hz, H-1), 4.83 ± 4.23 (m, 15 H, -OCH2O-, -CH2- benzyl, H-2'',
H-2'), 4.15 (d, 1 H, Jgem� 10.7 Hz, -CH2- benzyl), 4.11 (dd, 1H, J3, 2� 2.9 Hz,
H-3), 3.99 (2dd, 2H, J4, 3� 9.9 Hz, H-4, H-4''), 3.82 ± 3.44 (m, 13H, H-2,
H-5, H-6, H-3', H-4', H-5', H-6', H-3'', H-5'', H-6''), 3.25 (s, 3H, -OCH3);
13C NMR (75 MHz, CDCl3): d� 167.9 (C�O), 139.1, 138.4, 138.1, 137.9,
137.7 (Cq benzyl), 133.4, 123.1 (arom C -Pht), 131.6 (Cq -Pht), 128.5 ± 126.8
(arom C), 100.0, 99.0, 94.5 (C-1, C-1', C-1''), 96.9 (-OCH2O-), 79.2, 78.9,
77.2, 76.8, 76.0, 75.3, 74.5, 72.0, 71.8, 71.3 (C-2, C-3, C-4, C-5, C-2', C-3', C-4',
C-5', C-3'', C-4'', C-5''), 74.9, 74.3, 73.5, 73.2, 72.5, 72.3, 69.1, 68.8, 66.2
(-CH2- benzyl, C-6, C-6', C-6''), 54.7, 53.8 (C-2'', (-OCH3); MS (FAB): m/z
(%): 1328 (8) [M�K]� , 1312 (100) [M�Na]� ; HRMS (FAB): calcd
C77H79NO17Na [M�Na]� 1312.52; found 1312.52.


Methyl (3,4-di-O-benzyl-2-acetimido-2-deoxy-b-dd-glucopyranosyl)-
(1!2)-(3,4,6-tri-O-benzyl-a-dd-mannopyranosyl)-(1!3)-2,6-di-O-benzyl-
a-dd-mannopyranoside-4,6''''-methylidene acetal (12): Hydrazine monohy-
drate (1.78 mL, 36.69 mmol) was added to a solution of 11 (945.8 mg,
0.733 mmol) in EtOH (10 mL) and the reaction mixture was heated under
reflux for 18 h. TLC analysis with ninhydrin showed complete conversion
of the starting material into an amino-containing intermediate (Rf


(acetone/CH2Cl2, 4:96 v/v)� 0.10). The solvent was removed in vacuo
and the residue coevaporated with toluene. The amine thus obtained was
subsequently dissolved in a mixture of pyridine (10 mL) and acetic
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anhydride (10 mL) and the solution was stirred at room temperature for
4 h. The mixture was then concentrated and coevaporated with toluene
(3� 20 mL), ethanol (2� 20 mL) and CH2Cl2 (2� 20 mL). Purification of
the crude product by column chromatography on silica gel (CH2Cl2/
acetone, 97:3 v/v) gave the title compound 12 (563.4 mg, 64 % yield) as a
colorless oil; Rf (acetone/CH2Cl2, 4:96 v/v)� 0.23; [a]24


D ��31.2 (CH2Cl2,
c� 16.93 mg mLÿ1); 1H NMR (300 MHz, CDCl3): d� 7.45 ± 7.11 (m, 35H,
arom H), 5.43 (d, 1H, JNH, 2''� 6.3 Hz, NH), 5.39 (s, 1 H, H-1'), 5.22 (d, 1H,
J1'', 2''� 8.8 Hz, H-1''), 4.91, 4.90, 4.85 (3d, 3 H, Jgem� 11.0 Hz, -CH2- benzyl),
4.79 ± 4.48 (m, 15H, -OCH2O-, -CH2- benzyl, H-1, H-3''), 4.22 (s, 1H, H-2'),
4.08 ± 3.97 (m, 2 H, H-3, H-4), 3.88 ± 3.48 (m, 13H, H-2, H-5, H-6, H-3', H-4',
H-5', H-6', H-4'', H-5'', H-6''), 3.27 (s, 3H, -OCH3), 2.91 ± 2.80 (m, 1H,
H-2''); 13C NMR (75 MHz, CDCl3): d� 171.0 (C�O), 139.3, 138.5, 138.3,
138.1, 137.8 (Cq benzyl), 129.0 ± 127.5 (arom C), 102.9, 98.6, 96.3 (C-1, C-1',
C-1''), 97.2 (-OCH2O-), 79.0, 78.2, 78.0, 77.5, 76.8, 76.3, 75.9, 74.3, 72.6, 72.1,
70.5 (C-2, C-3, C-4, C-5, C-2', C-3', C-4', C-5', C-3'', C-4'', C-5''), 75.1, 74.8,
74.5, 73.6, 72.6, 69.3, 69.1, 66.1 (-CH2- benzyl, C-6, C-6', C-6''), 56.2, 54.8 (C-
2'', -OCH3), 23.5 (-CH3 acetyl); MS (FAB): m/z (%): 1240 (5) [M�K]� ,
1224 (100) [M�Na]� ; HRMS (FAB): calcd C71H79NO16Na [M�Na]�


1224.53; found 1224.53.


Methyl (2-acetimido-2-deoxy-b-dd-glucopyranosyl)-(1!2)-(a-dd-manno-
pyranosyl)-(1!3)-a-dd-mannopyranoside-4,6''''-methylidene acetal (III):
Compound 12 (536.6 mg, 0.447 mmol) in ethanol (10 mL) was hydro-
genated (H2, 54 mg Pd(OAc)2) for 18 h. The mixture was filtered though
Celite and concentrated. The cyclic trisaccharide III was obtained as a
white solid (230 mg, 90%yield); Rf (MeOH/CH2Cl2, 20:80 v/v)� 0.05;
[a]22


D ��34.7 (MeOH, c� 3.4 mg mLÿ1); 1H NMR (400 MHz, D2O): d�
5.68 (d, 1 H, J1', 2'� 1.3 Hz, H-1'), 5.15, 5.02 (2d, 2 H, Jgem� 5.1 Hz, -OCH2O-
), 4.95 (d, 1H, J1'', 2''� 8.4 Hz, H-1''), 4.83 (d, 1H, J1, 2� 1.5 Hz, H-1), 4.37
(dd, 1 H, J2', 3'� 3.9 Hz, H-2'), 4.20 ± 3.92 (m, 8H, H-2, H-3, H-6a, H-3',
H-6a', H-2'', H-6a'', H-6b''), 3.90 ± 3.56 (m, 9 H, H-4, H-5, H-6b, H-4', H-5',
H-6b', H-3'', H-4'', H-5''), 3.49 (s, 3 H, -OCH3), 2.13 (s, 3 H, -CH3 acetyl);
13C NMR (100 MHz, D2O): d� 177.5 (C�O), 103.1 (JC1, H1� 173.5 Hz, C-1),
102.0 (JC1', H1'� 173.3 Hz, C-1'), 100.4 (-OCH2O-), 99.6 (JC1'', H1''� 166.4 Hz,
C-1''), 78.7, 77.7, 76.9, 76.4, 75.7, 75.0, 74.4, 72.5, 71.8, 71.6, 69.3 (C-2, C-3,
C-4, C-5, C-2', C-3', C-4', C-5', C-3'', C-4'', C-5''), 70.4 (C-6''), 63.4, 62.7 (C-6,
C-6'), 57.3 (-OCH3), 56.6 (C-2''), 24.8 (-CH3 acetyl); MS (FAB): m/z (%):
616 (7) [M�2�Na]� , 594 (100) [M�Na]� ; MS (FAB): calcd C22H37NO16Na
[M�Na]� 594.20; found 594.20.


Microcalorimetry : Isothermal titration calorimetry (ITC) experiments to
measure the binding of saccharides to concanavalin A were done at 25 8C
by means of a Microcal MCS titration microcalorimeter following standard
instrumental procedures[42] with a 250 mL injection syringe and 400 rpm
stirring. Concanavalin A (Sigma) was used without further purification and
was dissolved in a buffer (0.1m Tris, 0.5m NaCl, 1 mm MnCl2, 1mm CaCl2,
pH 7.0) and degassed gently immediately before use. Saccharide ligands
were dissolved in the same buffer. Protein concentrations in the ITC cell
were determined from UV absorbance measurements at 280 nm with the
molar extinction coefficient e280� 33000 (ConA). A typical binding experi-
ment involved 25� 10 mL injections of ligand solution (typically around
10mm concentration) into the ITC cell (ca. 1.3 mL active volume)
containing protein (0.1 ± 0.5mm). Control experiments were performed
under identical conditions by injection of ligand into buffer alone (to
correct for heats of ligand dilution) and injection of buffer into the protein
mix (to correct for heats of dilution of the protein). Integrated heat effects,
after correction for heats of dilution, were analyzed by nonlinear regression
in terms of a simple single-site binding model using the standard Microcal
ORIGIN software package. For each thermal titration curve this yields
estimates of the apparent number of binding sites (N) on the protein, the
binding constant (K, mÿ1) and the enthalpy of binding (DH, kcal molÿ1). In
cases of weak ligand binding the titration curve is too gradual to allow
unambiguous estimation of N, and in such cases the stoichiometry was fixed
at N� 1 for regression fits. Other thermodynamic quantities were
calculated with the standard expression DG8�ÿRT ln K�DH8ÿTDS8.


Molecular modeling :


Starting models for the oligosaccharides and for ConA : The trisaccharide
bGlcNAc(1!2)aMan(1!3)Man was constructed with the monosacchar-
ides obtained from a database of three-dimensional structures.[43] All
subsequent calculations were performed by SYBYL software. Cyclization
was performed through a systematic search around the four torsion angles
of the glycosidic linkage, while a short distance was imposed between the


atom O-4 and O-6''. The solution with the best energy was taken as a
starting point for the cyclic compound. The coordinates of concanavalin A
were taken from the 2.0 � resolution crystal structure of the ConA ±
mannose complex.[35] Four conserved water molecules, which are involved
in the coordination of the structural cations, were incorporated into the
model. All hydrogen atoms were added and their position optimized with
the Tripos force field.[44]


Systematic conformational search for the trisaccharides : For the linear
trisaccharide, a four-dimensional systematic search was performed by
rotating the F and Y angles of the two glycosidic linkages by 108 steps. The
SEARCH procedure of the SYBYL software was used for this purpose
together with energy parameters appropriate for carbohydrates.[37] In order
to avoid limitation of conformational space due to steric conflicts in the
rigid-residue approach, the hydroxyl hydrogens were omitted and the
hydroxymethyl groups at C-6 were replaced by methyl groups. In order to
limit the computation time needed, all conformations with penetration of
van der Waals spheres larger than 40% were rejected prior to any energy
calculations.
A systematic search of the possible conformations of the 13-membered ring
has been performed on the cyclic trisaccharide. In the 13-membered ring of
this cyclic trisaccharide, nine torsion angles could be rotated, one of which
was used as a ring-closure bond. An eight-dimensional systematic
conformational search was performed by rotating the F and Y torsion
angles of the two glycosidic linkages as well as the torsion angles of the
methylene acetal bridge by 108 steps, except for w3 , which corresponds to
the ring-closure bond.
In order to establish the correct stereochemistry at the ring-closure point
and to relieve small steric conflicts, each of the resulting conformations of
the cyclic trisaccharide was submitted to several steps of energy minimi-
zation. The hydroxyl atoms were restored, and the charges and atom types
specially defined for carbohydrate parameterization[37] were used. The first
cycles included constraints on the torsion angles. The final optimization was
run with a termination gradient of 0.05 rms with no constraints. The
structures obtained after the systematic search were checked for the
puckering of the pyranose rings and chirality of carbon atoms.
A family analysis method[8] was used to identify groups of conformations. In
this approach, a family algorithm was used which concludes that an object
belongs to a group if there is only a single-step change to at least one of the
objects in the group. For this purpose, the torsion angles of both the
bGlcNAc(1!2)Man and the aMan(1!3)Man glycosidic linkage were
used as selection criteria and the step limit was fixed at 308.


Docking in the binding site of ConA : The lowest energy conformation of
each family of compound I and each of the low-energy conformations of
compound III, in an energy window of 10 kcal molÿ1, were used as starting
structures to be docked in the binding site of ConA. This was performed by
superimposing the central mannose unit of the cyclic trisaccharide onto the
sugar ring in the ConA ± mannose complex.[35] The hydroxyl groups were
oriented in order to create the appropriate hydrogen network between the
mannose residue and the amino acids of the binding site. Each of these
ConA ± trisaccharide complexes was optimized by means of the appro-
priate energy parameters.[37] Two shells of amino acids were considered for
the optimization cycle. A 10 � shell around the binding site (33 amino acids
as well as the water molecules and cations) was taken into account for the
energy calculations. A 4 � shell containing the 15 amino acids closest to the
carbohydrate (Tyr12, Asn14, Thr97, Gly98, Leu99, Tyr100, Ser168, Ala207, Asp208,
Gly224, Ser225, Thr226, Gly227, Arg228, and Leu229) was defined as the hot region
to be optimized. In the first optimization cycles, only the cyclic trisacchar-
ide and the side chains of these 15 amino acids were allowed to optimize. In
the second step, the backbone of these amino acids was also optimized.


Conformational analysis by NMR spectroscopy : NMR experiments were
recorded on a Bruker DRX500 spectrometer, with an approximately
5 mg mLÿ1 solution of the trisaccharides in D2O at 299 K. Chemical shifts
are reported in ppm, with the residual HDO signal (d� 4.72) and external
TMS (d� 0) as references. The double quantum filtered COSY spectrum
was recorded with a data matrix of 256� 1 k to digitize a spectral width of
2000 Hz. 16 scans were used with a relaxation delay of 1 s. The 2D-TOCSY
experiment was performed with a data matrix of 256� 2 k to digitize a
spectral width of 2000 Hz; 16 scans were used per increment with a
relaxation delay of 2 s, and MLEV 17 with 100 ms isotropic mixing time.
The one-bond proton ± carbon correlation experiment was collected by
means of the gradient-enhanced HMQC sequence. A data matrix of 256�
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1 k was used to digitize a spectral width of 2000 Hz in F2 and 10 000 Hz in
F1. 4 scans were used per increment with a relaxation delay of 1 s and a
delay corresponding to a J value of 145 Hz. 13C decoupling was achieved by
the WALTZ scheme.


The 2D-HMQC-TOCSY experiment was conducted with 80 ms mixing
time (MLEV 17). The same conditions as for the HMQC were employed.
HMBC experiments were performed with the gradient-enhanced sequence
with a data matrix of 256� 2 k to digitize a spectral width of 2000�
15000 Hz. Eight scans were acquired per increment with a delay of 65 ms
for evolution of long-range couplings. NOESY experiments were recorded
with mixing times of 100, 200, 300, and 400 ms. ROESY experiments used
mixing times of 100, 200, 300, and 400 ms. The rf carrier frequency was set
at d� 6.0, and the spin locking field was 3.0 kHz. Good linearity of the
build-up curves was observed up to 250 ms (NOESY) and 300 ms
(ROESY). Estimated errors are smaller than 10 %. Assuming that the
motion of two interacting protons can be described by a monoexponential
autocorrelation function, the corresponding cross-relaxation rates are
given in Equations (1) and (2).


sNOESY� (k2/10r6) [6J(2w)ÿ J(0)] (1)


sROESY� (k2/10r6) [2J(0)� 3J(w)] (2)


Cross-relaxation rates were estimated from the build-up courses by
extrapolation at zero mixing time.[31, 32] Effective correlation times and,
thus, interproton distances, for selected proton pairs may be obtained from
sNOESY/sROESY ratios, since they only depend on tc. Developing the spectral
density functions, J(nw), as a function of the correlation time, tc , and of the
spectrometer frequency, w0 , we obtain Equation (3), which is a quartic


sROESY/sNOESY� (5� 22w2
0 t2


c � 8w4
0 t4


c)/(5�w2
0 t2


c ÿ 4w2
0 t4


c) (3)


equation in tc, which can be easily solved. It should be stressed that the
assumption made here does not require equal mobility between different
proton pairs, as in a rigid molecule. Therefore, it is possible to obtain
internuclear distances r (geometrical parameter) and local correlation
times (dynamic parameter) for any pair of protons.[33] This approach
reduces the intrinsic error resulting from the use of an internal reference (as
in the isolated-spin-pair approximation).
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Self-Assembled Superanions: Ionic Capsules Stabilized by Polynuclear
Chromium(iii) Aqua Cations


Alexander Drljaca, Michaele J. Hardie, Colin L. Raston,* and Leone Spiccia[a]


Abstract: Aqueous solutions of sodium
p-sulfonatocalix[4]arene and 18-crown-6
containing purified, polynuclear hydro-
lytic CrIII cations [Cr2(OH)2(H2O)8]4�,
[Cr3(OH)4(H2O)10]5� or [Cr4(OH)6-
(H2O)12]6� (as their perchlorates) at
about pH 2 afford crystalline, extensive-
ly hydrated complexes. These complexes
contain the CrIII complex cations and
self-assembled globularlike superanions
or ionic capsules [{Na�� (18-crown-6)-


(OH2)2}� {(p-sulfonatocalix[4]are-
ne4ÿ)2}]7ÿ, which are triply, doubly or
singly protonated, respectively. The su-
peranions possess a central sodium ion
bound by a crown ether and two trans


water molecules; this moiety is further
shrouded by two calixarenes. The di- and
trinuclear cations can be leached from
the solid complexes by treatment with
aqueous HClO4, and the complex con-
taining the tetranuclear species is selec-
tively formed from a solution containing
a mixture of the various polynuclear
cations.


Keywords: calixarenes ´ chromium
´ ionic capsules ´ polynuclear
cations ´ self-assembly ´ supramo-
lecular chemistry


Introduction


Large, highly charged ions are important for the formation of
micelle-like species and other nano-sized structures in sol-
ution, for the development of enzyme models and for crystal
engineering in preparation of complex assemblies in the solid
state.[1±10] Bowl-shaped and highly charged, water soluble
sodium p-sulfonatocalix[4,5]arenes can form claylike bilayer
structures that show remarkable inclusion properties, encom-
passing ionic guests and molecules,[3±5] including water, in the
hydrophobic cavity associated with H2O ´´´ p-aromatic hydro-
gen bonding.[6] We now report that from solutions of sodium
p-sulfonatocalix[4]arene in the presence of 18-crown-6 at
around pH 2, the self-assembly of globular-like superanions or
ionic capsules with axial symmetry occurs. These capsules con-
tain a central sodium ion bound by a crown ether and two
trans water molecules; this moiety is further shrouded by two
calixarenes. The superanions are effectively inclusion com-
plexes of inclusion complexes, and the cohesion in the solid state
comes from interplay of different supramolecular interac-
tions, notably hydrogen-bonding, electrostatic, p-stacking and
van der Waals interactions. Self-assembly of analogous
molecular capsules has been achieved through hydrogen
bonding,[11±19] and both cationic[20] and anionic[21] capsules
have been generated through metal ± ligand coordination.


The superanions are versatile charge reservoirs with a
common structural motif; they can facilitate the crystalliza-
tion of polynuclear transition metal aqua ions with different
charge, size and shape. Indeed this has led to the structural
authentication of the nonlabile polynuclear hydrolytic CrIII


cations [Cr3(OH)4(H2O)10]5� and [Cr4(OH)6(H2O)12]6� for the
first time.[22] The only previously characterised species in the
series is the lowest oligomer, the dinuclear cation
[Cr2(OH)2(H2O)8]4� ; the anaologous nonlabile, dinuclear
RhIII [23] and mixed CrIII and RhIII species are the only
authenticated cations in their respective homologous series.
[24] Furthermore, the superanion has been found to selectively
bind the cations according to size and shape. These findings
open the possibilities of confinement of other cations in the
core of the superanion assembly, the binding and stabilization
of large, highly charged cations in general and the formation
of ionic capsules based on more than two calixarenes that
shroud large cations.


Results and Discussion


Treatment of an oligomeric mixture of polynuclear CrIII aqua
ions[25] with aqueous solutions of Na4{p-sulfonatocalix[4]ar-
ene} and 18-crown-6 at around pH 2 results in the selective
binding of the tetranuclear [Cr4(OH)6(H2O)12]6� with the
superanion [X�H�]6ÿ, X� {Na�� (18-crown-6)(OH2)2}� {(p-
sulfonatocalix[4]arene4ÿ)2}7ÿ, to give compound 1. Compound
1 crystallizes as pale green crystals with a large component of
water molecules, Figure 1. The hydrolytic CrIII dinuclear and


[a] Prof. C. L. Raston, Dr A. Drljaca, Dr M. J. Hardie, Dr L. Spiccia
Department of Chemistry, Monash University
Clayton, Melbourne, Victoria 3168 (Australia)
Fax: (�61) 3-9905-4597
E-mail : c.raston@sci.monash.edu.au


FULL PAPER


Chem. Eur. J. 1999, 5, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2295 $ 17.50+.50/0 2295







FULL PAPER C. L. Raston et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2296 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 82296


trinuclear cations also form crystalline complexes with the
same superanion (2 and 3), albeit from pure solutions of the
respective oligomers. The overall yields of the dimer and
trimer complexes are�60 % based on calixarene, which is the
limiting reagent. Maintaining the solution at less than pH 3 is
required in order to stabilize the polynuclear cations towards
the formation of higher polynuclear species.[22, 25] In the solid
state the ratio of cation to anion is 1:1 for the system with the
tetranuclear cation, 2:3 for the trinuclear cation and 1:3 for
the dinuclear system; these data were established by X-ray
diffraction data and electron-microprobe analysis.


The ratio of cations to anions in the solid state is maintained
for each system even when varying the ratios of calixarene:


crown ether and calixarene:
polynuclear cations, despite
the different charge and size of
the cations. This highlights a
remarkable property of the su-
peranion, that is, the ability to
accommodate different charged
species by varying the degree of
protonation of the sulfonate
groups. In the case of the dinu-
clear and trinuclear cations this
is achieved within the same
packing array of the superan-
ions. Addition of excess crown
ether over calixarene still gives
the same complexes. This is an
important consideration in the
X-ray structure determinations,
since any residual electron den-
sity within the lattice must be
associated with water mole-
cules rather than sodium ions,
which would be bound by a
crown ether.


The solid-state structure of
the CrIII tetranuclear species
[Cr4(OH)6(H2O)12]6�[X�H�]6ÿ


(1), with 31 molecules of water
of crystallization, was establish-
ed from X-ray diffraction data
at 123 K. The structure of the
superanion assembly, Figure 2a,
shows Na� as the central core
bound to the 18-crown-6 and
two trans-water molecules to
form the {Na�� (18-crown-6)-
(OH2)2} moiety. This moiety fits
snugly into two calixarenes,
held together by hydrogen
bonds between the two water
molecules and sulfonate groups,
and the hydrophobic comple-
mentarity of the peripheral of
the crown ether with the cavity
of the calixarenes. Complemen-
tarity of curvature of the crown


ether with that of the calixarene is achieved by two opposite
phenol groups being splayed apart, dihedral angle 918, relative
to the other two, dihedral angle 468. Presumably the collective
energies of hydrogen bonding of the sodium-bound water
molecules (SÿO ´´´ H2OÿNa), electrostatic interactions and
van der Waals interactions within the cavities of the calixar-
enes is greater than the energy associated with inclusion of
water molecules in the cavities through H2O ´´´ p-aromatic-
hydrogen interactions.[6]


The anions reside on inversion centres, but their overall
symmetry (ignoring any protons on the sulfonate groups)
approximates to D2h. They are essentially globular with
axially dependant surface properties, alternating hydrophilic


Figure 1. Synthesis of the hydrates of 1, 2 and 3. Conditions for the generation of the chromium cations used in
i) ± iii): a mixture of CrIII aqua ions formed on treating a solution containing [Cr(H2O)6]3� with aqueous base
followed by immediate quenching with HClO4 generates a series of polynuclear Cr3� aqua ions (% Cr), dinuclear
[Cr2(OH)2(H2O)8]4� (8%), trinuclear [Cr3(OH)4(H2O)10]5� (13 %), tetranuclear [Cr4(OH)6(H2O)12]6� (10 %),
higher oligonuclear species (64 %) and unreacted [Cr(H2O)6]3� (5 %).[25] i) [Cr4(OH)6(H2O)12][ClO4]6; ii) purified
solution of [Cr2(OH)2(H2O)8][ClO4]4; iii) purified solution of [Cr3(OH)4(H2O)10][ClO4]5.
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and hydrophobic in the direction of the principle axis:
hydrophilic for the OH group, hydrophobic for the aromatic
rings, hydrophilic for the two adjacent sets of sulphonate
groups (and associated water molecules), then hydrophobic
and hydrophilic. This Jovian array relates to how the anions
pack in the solid state; this appears to be driven by p stacking
between aromatic rings of adjacent superanions, with each
calixarene forming p ± p interactions with three other calix-
arenes within the crystal lattice at ring centroid separations of
3.77, 3.81 and 4.28 �.


The structurally characterised CrIII tetranuclear cation in 1
sits at the periphery of the hydrophilic sulphonate equator of
the superanion, with each cation forming hydrogen-bonding
interactions with two superanions (Figure 2b). Tetranuclear
[Cr4(OH)6(H2O)12]6� is cyclic and lies across a crystallographic
inversion centre with two types of Cr centres. One is
coordinated by two terminal water molecules and four m-
OH-bridging ligands, with a double bridge to an equivalent Cr
centre, at a Cr ´´´ Cr separation of 2.929(1) �, and a single
bridge to the other type of Cr centre, at a Cr ´´´ Cr separation
of 3.585(1) and 3.599(1) �. This second Cr centre is coordi-
nated by four terminal waters and two m-OH-bridging ligands.
CrÿO distances range from 1.944(3) to 2.003(3) �, which is
consistent with those found for [Cr2(OH)2(H2O)8]4�.[26] The
cyclic nature of the observed structure is similar to that
proposed on the basis of solution studies; however, there is no
evidence of the proposed m3-OH[22] here. The cation to anion
ratio is 1:1, hence the overall charge of the superanion is 6ÿ ,
which equates to protonation of one sulphonate group of the
superanion. Numerous water molecules sit within the crystal
lattice at hydrogen-bonding distances to both the anion and
cation.


The structures of the hydrates of the dinuclear and
trinuclear species [Cr2(OH)2(H2O)8][X3�17 H�] (2) and
[Cr3(OH)4(H2O)10]2[X3�11 H�] (3) were also established from
X-ray diffraction data at 123 K. The supramolecular struc-
tures are similar despite the differences in cation ratios and
identities, as is evident from the similarity in unit-cell


parameters, and the degree of
protonation of the superanions,
which should be regarded as
tentative (see later) unlike in 1.
The atom-to-atom connectivity
of the dinuclear cation is un-
exceptional[26] and that of the
trinuclear cation is similar to
that proposed on the basis of
solution studies.[22] The struc-
tures and crystal packing of the
superanions are essentially the
same in both structures. There
are two types of superanion,
one of which lies across an
inversion centre, that are struc-
turally distinguished by slightly
different degrees of pitch of
aromatic rings in the calixar-
enes. The dihedral angles be-
tween opposite phenol groups


are 598 and 838 for one superanion and 488 and 1008 for the
other. It is notable that the closest SÿO ´´´ OÿS distances of
opposed calixarenes in the superanions are closer for 2 and 3
than for 1 (ca. 5.8 cf. 6.3 �). Packing of the superanions within
the crystal lattice is different to that seen for 1 and
incorporates both p stacking with ring ± centroid distances of
3.82, 3.89 and 4.04 � and, unlike in 1, OÿH ´´´ OÿS hydrogen
bonds between calixarenes of adjacent superanions (Fig-
ure 3).


The cation to anion ratios for 2 and 3 were established by
electron-microprobe analysis and analysis of displacement
parameters within the crystal structures. Both techniques


Figure 3. Packing diagram of 3 viewed along the a axis. The cation is
disordered over three sites, two of which are superimposedÐone of the
superimposed cation positions and disordered water molecules have been
omitted for the sake of clarity. The structure of 2 has the same superanion
packing and has disordered cations.


Figure 2. Projections of the structure of hydrated compound 1, showing a) the superanion assembly with
hydrogen-bonded water molecules in orange and b) the interplay of all components. The fine black lines indicate
hydrogen-bonding interactions.
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indicated similar results with a 1:2 dinuclear cation to
superanion ratio (1:3 Cr to Na ratio) in 2, and a 2:3 trimer
cation to superanion ratio (2:1 Cr to Na ratio) in 3. In both
cases the cations are disordered. For 2 the dinuclear cation is
present at one site of the asymmetric unit with a partial
occupancy of 0.25. On the other hand, the trinuclear cation in
3 is disordered over three sites, each with an occupancy of
0.33. Two of these sites show partial overlap of the trinuclear
units. The extreme disorder of the dinuclear and trinuclear
cations means that the determination of their geometric
parameters with a high degree of reliability is not possible;
however, their gross structural features can be established.
The structure of the dinuclear cation is in agreement with that
reported by Spiccia et al.,[26] while the hitherto structurally
unauthenticated trinuclear cation has a cyclic m-OH-bridged
structure (Figure 3) similar to that found for the tetranuclear
complex, with the three Cr positions forming a triangle at
approximate Cr ´´´ Cr distances 2.86(1), 3.50(1) and 3.56(1) �.
The trimer is isostructural with a cyclic form of the analogous
RhIII trimer proposed from solution studies.[27]


The structures of 2 and 3 have a large number of disordered
water molecules, some of which hydrogen bond to the cations
and anions. Charge balance can be rationalised by protona-
tion of sulfonate groups. As was seen for 1 the superanions are
part of the secondary coordination sphere of the transition
metals clusters through extensive hydrogen bonding. The
disordered dinuclear cations in 2 are associated with only one
of the two types of superanions, while in 3 both types of
superanions form weak interactions with the disordered
cations. It should be stressed, however, that the actual number
of anion-to-cation interactions are less than this owing to the
partial occupancy of the cations. The collective energetics of
these interactions together with the intra-superanion hydro-
gen-bonding and p stacking are, presumably, important in the
overall cohesion of the structure, especially given that
electrostatic attraction of the internal sodium cation is
unlikely to compensate for the electrostatic repulsion be-
tween the deprotonated calixarenes.


The transition metal cations may initially act as a clamp for
the two calixarenes of each supermolecule. In the case of 1,
the tetranuclear species forms hydrogen bonds to the
sulphonates of all four calixarenes of adjacent superanions
to create a large supramolecular entity. This extra mode of
stabilization is not as readily available to the dinuclear- and
trinuclear-containing systems owing to geometric considera-
tions; the cations are not large enough to span four
calixarenes and are only partially incorporated within the
crystal lattices. Additional stability may be provided by closer
inter-superanion interactions than those seen in 1 and addi-
tional water ± superanion interactions.


The CrIII oligomers can be irreversibly leached out of
crystalline hydrated 2 and 3 by treatment with aqueous
HClO4, leaving a white crystalline powder, whereas similar
treatment of 1 results in its dissolution and solvation of the
tetranuclear species.[19] Mononuclear [Cr(H2O)6]3� does not
form a superanion complex under the same conditions, which
includes a pH close to 2; the lower charge on the mononuclear
cation (3� , cf. 4� , 5� and 6� for 2, 3 and 1, respectively)
must be insufficient to compensate for the electrostatic


repulsion between the calixarenes within the superanions.
Given that the ratio of cations to superanions in 2 and 3 is <1,
the cations may be in part leached from the solid once the
superanions are formed with charge compensation by protons
from the strongly acidic medium. There are channels laden
with water molecules (and cations) in the two structures that
are large enough for such a process. The higher charge and
size of the cations in 1 results in the cations being trapped in
the lattice.


Conclusions


Generation of the superanions relies on the formation of a
large number of supramolecular interactions that interplay in
concert. The ability to have control over all of these within the
same system, and for different highly charged cations, is
remarkable, and the ground rules established have relevance
for the building of systems with different core cations and
different multiply charged cations, leading to larger super-
anions. The crystallization of polynuclear aqua ions has been a
challenging problem. One of the more successful methods is a
supramolecular approach that uses aromatic sulfonates as
counter ions. This method relies on the formation of layers of
aqua cations and water molecules stabilized in a hydrogen-
bonded network by suitably oriented layers of sulfonate
anions and, more recently, by the inclusion of crown ether
molecules in this network.[26, 28] However, this technique has
only allowed the structural X-ray authentication of some oxo-
and hydroxo-bridged binuclear aqua ions, such as [Cr2(m-OH)2-
(H2O)8]4�,[26, 28] [Rh2(m-OH)2(H2O)8]4�,[23] [CrRh(m-OH)2-
(H2O)8]4�,[24] and a MoIV trinuclear species.[29] Although
studies of the hydrolytic polymerisation of Cr3� and Rh3�


has led to the isolation and solution characterisation of several
oligomers,[22, 23] attempts to crystallize oligomers with a higher
nuclearity than dinuclear species have been unsuccessful. The
superanion or ionic capsule approach demonstrates a new
general method for the structural characterisation of metal
ions present in aqueous systems. This has implications for a
better understanding of the hydrolytic polymerisation reac-
tions of metal ions in solution; these are of fundamental
importance and occur widely in biological systems, industrial
processes and natural waters. There is also scope for stabiliz-
ing large organic and biological cations.


Experimental Section


Synthesis: Details of the synthesis of the hydrates of 1 ± 3 are given in
Figure 1. Crystalline material suitable for single crystal X-ray diffraction
studies deposited over several days in ca 60% yield. Electron-microprobe
analyses gave ratios of cations to anions consistent with the structure
determinations.


Crystal structure determinations: All X-ray structural data were collected
on an Enraf-Nonius KappaCCD diffractometer with MoKa radiation (l�
0.71073 �) at T� 123 K. Data were corrected for Lorentzian polarisation
but not absorption. The structures were solved by direct methods with
SHELXS-97[30] and refined by full matrix least-squares on jF 2 j with
SHELXL-97.[31]


Crystal structure of [1 ´ 31(H2O)]0.5 : C34H65Cr2Na0.5O44.5S4, M� 1429.6 g
molÿ1; triclinic, P1Å, a� 13.4803(4), b� 14.2163(4), c� 17.7347(7) �, a�
104.477(1), b� 109.611(1), g� 97.779(1)8, V� 2946.4(2) �3, Z� 2, 1calcd�
1.61 g cmÿ3, F(000)� 1493, mMo� 0.628 mmÿ1 (no correction), size 0.30�
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0.23� 0.23 mm, 2qmax� 56.68, 790 parameters, final R1� 0.073 (observed
data), wR2� 0.2282 {all data, weights w� 1/[s2F 2


o � 0.1195 P2� 8.6042 P]
where P� (F 2


o � 2 F 2
c )/3}, No� 9445 observed [I> 3 s(I)] reflections out of


N� 13960 unique. OneÿC2H4ÿ group of the crown ether was modelled as
disordered over two equally weighted parts, however only one suchÿC2H4ÿ
group is shown. CÿH hydrogens of the calixarene and crown ether moieties
were included as structural invariants.


Crystal structure of [2 ´ 37(H2O)]0.5 : C102H156.5CrNa1.5O83.5S12 , M� 3190.0 g
molÿ1, triclinic, P1Å, a� 17.5737(5), b� 22.5177(7), c� 25.9305(8) �, a�
111.903(1), b� 92.563(1), g� 96.871(1)8, V� 9407.6(5) �3, Z� 2, 1calcd�
1.13 g cmÿ3, F(000)� 3338, mMo� 0.28 mmÿ1 (no correction), size: 0.38�
0.30� 0.21 mm, 2qmax� 408, 1934 parameters, final R1� 0.2025 (observed
data), wR2� 0.5042 {all data, weights w� 1/[s2F 2


o � 0.1 P2] where P� (F 2
o �


2F 2
c )/3}. No� 11389 observed [I> 3s(I)] reflections out of N� 17000


unique.


Crystal structure of [3 ´ 29(H2O)]0.5: C102H160.5Cr3Na1.5O88.5S12, M� 3378.05 g
molÿ1, triclinic, P1Å, a� 17.8867(6), b� 22.7760(8), c� 26.0857(8) �, a�
112.015(1), b� 93.621(1), g� 96.722(1)8, V� 9718.1(6) �3, Z� 2, 1calcd�
1.15 g cmÿ3, F(000)� 3522, mMo� 0.38 mmÿ1, size: 0.35� 0.25� 0.15 mm,
2qmax� 408, 2111 parameters, final R1� 0.2049(observed data), wR2�
0.4954 {all data, weights w� 1/[s2F 2


o � 0.1P2] where P� (F 2
o � 2 F 2


c )/3}.
No� 11772 observed [I> 3s(I)] reflections out of N� 17 604 unique.


Note that poor data quality does not allow for the number of water
molecules to be established beyond doubt. Data in the range 408< 2q< 508
were extremely weak (<15% observed data) for both 2 and 3, hence all
data 2q> 408 were discarded for refinement purposes. CÿH hydrogens of
the calixarene and crown ether moieties were included as structural
invariants. All non-hydrogen atoms except oxygens associated with
disordered dimer and trimer cations for 2 and 3 were refined anisotropi-
cally. Crown ether groups for both structures showed signs of disorder
hence bond lengths were restrained to be similar. The high R1 values are a
consequence of a high degree of solvation and the extensive disorder and
partial occupancy of the cations. It is notable that approximately one third
of the crystal volume contains disordered material (cations or water).


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-112419,
CCDC-112420 and CCDC-112421. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Evidence for Competing syn and anti Pathways in Palladium-Catalyzed
Eliminations of Acyclic Allylic Carbonates


Ido Schwarz and Manfred Braun*[a]


Abstract: Syn- and anti-configured carbonates 6 a and 6 b, available from stereo-
selective aldol additions and subsequent protection with methyl chloroformate, serve
as probes for the elucidation of the stereochemistry of the b-PdÿH elimination. Upon
treatment with [Pd(PPh3)4], the carbonates 6 a and 6 b give the dienes 7 a and 7 b in
different ratios; the latter stereoisomer 7 b is formed as a result of p ± s ± p


conversions. Both syn and anti eliminations are shown to occur as competing
reactions, the former one being the strongly preferred pathway. The highly reactive
[Pd{P(nBu)3}4] catalyst, generated in situ from Pd(OAc)2 and P(nBu)3 causes
thermodynamic control in the elimination; thus, it serves as a smooth reagent for Z ±
E isomerization.


Keywords: allyl complexes ´ elimi-
nations ´ olefinations ´ palladium ´
reaction mechanisms


Introduction


The b-PdÿH elimination, a well-known and thoroughly
investigated process, is usually considered to be a limitation
of organopalladium compounds that leads to their thermal
instability.[1] More recently, however, this reaction has been
found to be an essential step in the catalytic cycles of Heck-
type reactions,[2] isomerizations of alkynes to dienes,[3] cycli-
zations of enynes,[4] and alkene methyl acrylate polymer-
izations.[5] As shown by the fundamental work of Trost[6] and
Tsuji,[7] smooth access to 1,3-dienes is opened when allylic
acetates are submitted to palladium-catalyzed eliminations.
Allylic carbonates were found to undergo this reaction under
even milder conditions[8] and Pd(OAc)2/P(nBu)3 turned out to
be the catalyst of choice in this case.[9] According to a widely
accepted mechanism, the allylic substrate 1 is first converted
into an h3-allylpalladium intermediate 2 a, which exists in an
equilibrium with an h1-complex 3 a.[10, 11] As shown in
Scheme 1, the latter then undergoes a b-PdÿH elimination[12]


to give the diene 4 a. Simultaneously, the catalyst is regen-
erated and HbX is liberated, the atom Hb having been in a syn
position relative to palladium in the complexes 2 a and 3 a.
Thus, the last step was commonly believed to occur as a syn-
elimination process. However, this stereochemical outcome
has been challenged more recently, when palladium com-
plexes 2 a lacking a syn-b-hydrogen atom Hb were found by
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Scheme 1. Pathways of syn and anti eliminations in allyl palladium
complexes.


the groups of Tsuji, Anderson, and Takacs to undergo at least
a formal anti elimination.[8, 9, 13, 14]


The explanation offered by Tsuji is based on a resubstitu-
tion of the metal in 2 a by free Pd0 under inversion. The
isomeric complex 2 b formed thereby undergoes a conven-
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tional syn elimination via the s-complex 3 b. Thus, HaX is
liberated under the formation of 4 b.[6, 7] On the other hand, a
base-induced abstraction of the b-hydrogen in 3 a has been
postulated to account for the anti elimination of allyl
palladium complexes.[13, 14] Thus the base Bÿ attacks the
hydrogen atom Ha, which is in an anti orientation relative to
the palladium in the complex 3 a. This type of elimination,
which follows essentially an E2 mechanism, leads to the
formation of the diene 4 b, whereby the protonated base HaB
is liberated and the catalyst is regenerated. In all cases, the
substrate was incorporated in a cyclohexyl ring system,
whereas in acyclic allylic carbonates an anti elimination
mechanism has been postulated only on the base of isotope
effects.[14] In this paper, we report for the first time on
evidence of competing syn and anti pathways in b-PdÿH
eliminations of acyclic substrates.


Results and Discussion


Recently, we have shown that methyl carbonates, generated in
situ from lithium aldolates, undergo an extremely smooth
elimination upon treatment with 1 to 5 mol% of
[Pd(PPh3)4].[15] In this context, the idea came up to use
carbonates derived from diastereomeric aldols as a suitable
probe for the elucidation of the stereochemical outcome in
palladium-catalyzed eliminations. For this purpose, lithium
enolates derived from 2',4',6'-trimethylpropiophenone 5 were
added to (E)-crotonaldehyde, and the lithium alkoxide
formed thereby was converted in situ into the diastereomeric
carbonates 6 a and 6 b upon treatment with methyl chlorofor-
mate (Scheme 2). A controlled and predictable access to the
racemic diastereomers 6 a or 6 b was possible, based on
established aldol methodology that provides simple diaster-
eoselection.[16]


Thus, syn-carbonate 6 a was obtained predominantly from
ketone 5 by deprotonation with lithium hexamethyldisila-
zide[17] and subsequent addition of the enolate to (E)-
crotonaldehyde. As shown in Table 1 (entries 1 and 2) the
diastereoselectivity in favor of 6 a could be enhanced when
lithium (N-phenyl)trimethylsilazide was chosen for enolate
generation.[18] On the other hand, the anti product 6 b was
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Scheme 2. Reaction scheme for the formation of 6a and 6b.


accessible in a highly diastereoselective manner by using
lithium diisopropylamide for the deprotonation of the ketone
5 (entry 3). The three different diastereomeric mixtures of the
carbonates 6 a/6 b were submitted to the elimination process.
For this purpose, a solution of the starting material 6 a/6 b in
tetrahydrofuran was stirred with 5 ± 20 mol % of the corre-
sponding palladium catalyst at room temperature. At a
glance, two conjugated dienes, (2E,4E)-7 a and (2Z,4E)-7 c,
isomeric with respect to this new bond, were the expected
products. The double bond between the carbon atoms 4 and 5,
which was already present in the precursors 6 a/6 b was not
expected to be isomerized. Indeed, all runs of the elimination
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Abstract in German: Syn- und anti-Carbonate 6a und 6b sind
durch diastereoselektive Aldoladdition und anschlieûendes
Schützen mit Chlorameisensäuremethylester erhältlich. Sie
dienen als Sonde zur Untersuchung der Stereochemie der b-
PdÿH-Eliminierung. Bei der Umsetzung mit Pd(PPh3)4 ent-
stehen aus den Carbonaten 6a und 6b die Diene 7a und 7b in
unterschiedlichen Verhältnissen. Das unerwartet gebildete
Stereoisomer 7b geht aus einer p ± s ± p-Umwandlung hervor.
Es zeigt sich, daû syn- und anti-Eliminierung als konkur-
rierende Reaktionen ablaufen, wobei der syn-Verlauf deutlich
bevorzugt ist. Der hochreaktive Pd[P(nBu)3]4-Katalysator, der
in-situ aus Pd(OAc)2 und P(nBu)3 erzeugt wird, führt zur
thermodynamisch kontrollierten Eliminierung und dient als
mildes Reagens zur Z ± E-Isomerisierung.


Table 1. Yield and syn/anti ratios of carbonates 6 a/6b prepared from
ketone 5.


LiNR2 Yield 6 a/6b Ratio 6 a :6b


1 LiN(SiMe3)2 48 % 87:13
2 LiN(Ph)SiMe3 41 % 95:5
3 LiN(iPr)2 56 % 2:98
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shown in Table 2 gave only two isomeric dienes, the structures
of which were assigned by 1H NMR spectroscopy from H,H-
COSY and NOESY experiments. As expected, one of the
isomers turned out to have the 2E,4E configuration 7 a, which


is proven by the trans 4-H, 5-H coupling constant and by the
NOE effect between 4-H and the methyl group at C-2 of the
diene moiety. Quite unexpectedly, the NMR spectra of the
second isomer did not display an E configuration of the
double bond between the carbon atoms 4 and 5, but a Z
geometry according to the 4-H, 5-H coupling constant.
Furthermore, the NOESY experiment correlated the methyl
group at C-2 with 4-H and the terminal methyl substituent
with 3-H. As a consequence, the structure of 2E,4Z-7 b had to
be assigned to the second isomer formed in the elimination
reaction, whereas the stereoisomers 7 c and 7 d were not
formed at all.


In a series of experiments shown in Table 2, the influence of
the palladium compound, the molar ratio of the catalyst, and
the diastereomeric ratio of the carbonates 6 a/6 b on the
composition of the mixture of dienes 7 a/7 b was investigated.
In all cases studied, the elimination products 7 a/7 b were
formed in quantitative crude yield, and the conversion was
found to be complete. First, there was a distinct influence of
the type of catalyst on the distribution of products. Compar-
ison of entries 8 ± 10 with 1 ± 7 clearly shows that there was a
constant product ratio of 91:9 when a mixture of palladium
acetate and four equivalents of tributylphosphine was used.
Obviously, the ratio of dienes 7 a :7 b is completely independent
of the syn :anti ratio of the precursors in this case. The starting
material containing mainly the syn diastereomer 6 a (entries 8
and 9) as well as that consisting predominantly of the anti
diastereomer 6 b gave the dienes 7 a/7 b in a ratio of 91:9. On
the other hand, the tetrakis(triphenylphosphine)palladium
catalyst displayed a completely different result (entries 1 ± 7).
There was a distinct tendency of syn carbonate 6 a to deliver
the E,E-isomer 7 a predominantly (entries 1 ± 4). When the
syn ± anti ratio was enhanced (entry 4), a higher amount of the
E,E-diene 7 a was formed. On the other hand, the anti
carbonate 6 b, being the predominant isomer in entries 5 ± 7,
afforded mainly the unexpected E,Z-diene 7 b, although in a
lower selectivity. In all cases studied, the relative amount of
the catalyst hadÐwithin experimental errorÐno influence on


the distribution of the isomeric dienes 7 a/7 b. It was not
possible to separate the diastereomeric carbonates 6 a and 6 b
in order to use the pure stereoisomers for the elimination
protocol. Fortunately, the data given in entries 1 ± 7 allowed us
to calculate the ratio of dienes 7 a :7 b that would have formed
if either pure syn or anti carbonate 6 a or 6 b had been used.[19]


These ratios are given in Scheme 3, and the following
discussion is based thereon.
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Scheme 3. Formation of dienes 7 a and 7 b from carbonates syn-6a and
anti-6b.


The correlation between the configuration of the carbo-
nates 6 a/6 b and the dienes 7 a/7 b obtained by means of
[Pd(PPh3)4] (entries 1 ± 7) is interpreted as follows. When syn-
6 a is chosen as the starting material, the palladium complex
8 a forms as a first intermediate. Obviously, it is the suitable
precursor for the favored syn elimination because the hydro-
gen atom 2-H is in syn position relative to the palladium.


Table 2. E/Z ratios of dienes 7 a/7b prepared from diastereomeric
mixtures of 6 a/6b by palladium-catalyzed elimination.


Palladium Catalytic Carbonates Dienes
catalyst amount


[mol %]
ratio 6a :6b ratio 7 a :7b


1 [Pd(PPh3)4] 5 87:13 87:13
2 [Pd(PPh3)4] 10 87:13 87:13
3 [Pd(PPh3)4] 20 87:13 86:14
4 [Pd(PPh3)4] 5 95:5 93:7
5 [Pd(PPh3)4] 5 2:98 27:73
6 [Pd(PPh3)4] 10 2:98 28:72
7 [Pd(PPh3)4] 20 2:98 28:72
8 Pd(OAc)2/4P(nBu)3 5 87:13 91:9
9 Pd(OAc)2/4P(nBu)3 20 87:13 91:9


10 Pd(OAc)2/4P(nBu)3 10 2:98 91:9
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Thus, the E,E-diene 7 a arises as the highly predominant
product. Being aware of the p ± s ± p interconversion,[11a]


however, one has to take into account that there is an
equilibrium between the complexes 8 a and 9 a. Owing to the
rotation about the C-4ÿC-5 bond in an intermediate complex
with a PdÿC-5 s-bond, the palladium switches from the rear
side in 8 a to the front side in 9 a. As a consequence, the only
hydrogen atom available for the elimination (2-H) is in an anti
position, relative to the palladium atom. Thus, the unfavored
anti elimination takes place, of course to a very small extent,
with the ratio of syn ± anti elimination being 97:3. This
experiment excludes the resubstitution pathway, which would
postulate an equilibrium between 8 a and 8 b, and would not
be able to explain the isomerization of the original double
bond (C-4/C-5).


On the other hand, the palladium complex 8 b is considered
to be the first intermediate formed upon treatment of the anti-
carbonate 6 b with [Pd(PPh3)4]. Since there is no hydrogen
atom in a syn orientation at C-2, the unfavored anti
elimination occurs, giving 7 a as the minor product. The major
pathway, in this case, follows the p ± s ± p mechanism that
converts the allyl complex 8 b into its diastereomer 9 b. In a
final step, the syn elimination takes place which gives the E, Z
alkene 7 b as the main product (the ratio of 7 a :7 b being
26:74). In order to avoid, at least partly, the anti elimination,
the allyl complex 8 b undergoes a themodynamically unfa-
vored conversion to 9 b. Again, this result is in a strict
contradiction to the resubstitution pathway. In the case of
resubstitution, the isomer 8 a would be generated from 8 b,
and, as a consequence, the alkene 7 a would be the main
product. The fact that the molar ratio of the catalyst does not
influence the ratio of the products 7 a/7 b serves as another
argument against the resubstitution mechanism, at least in this
particular case, when [Pd(PPh3)4] is used as catalyst. The
difference in the activation enthalpies of syn and anti
elimination might be estimated from the conversion of syn-
6 a into the alkenes 7 a and 7 b, the mechanism of which is
proposed above. When a rapid reversible p ± s ± p intercon-
version of the allyl complexes 8 a and 9 a is assumed, the
Curtin ± Hammett principle should apply so that the ratio of
the dienes 7 a and 8 a formed is determined by the difference
in the transition state enthalpies of the steps 8 a!7 a and
9 a!7 b. Based on the 97:3 ratio of the dienes 7 a and 7 b
formed at room temperature, the activation barrier of an anti
PdÿH elimination combined with a contrathermodynamic
p ± s ± p conversion is estimated to be higher than that of the
syn elimination by 2 kcal molÿ1.


The elimination procedures using a mixture of palladium
acetate and tributylphosphine [Pd(OAc)2/4 P(nBu)3] obvious-
ly follow a different mechanism. The formation of 7 a and 7 b
in a constant ratio of 91:9 which is independent of the choice
of the starting material, either diastereomer 6 a or 6 b (Table 1,
entries 8 ± 10), suggests the idea of thermodymamic control.
Thus, the ratio of 91:9 in the mixture of dienes 7 a and 7 b
formed should reflect the product distribution in the equili-
brium. This assumption was proven by the following experi-
ment: mixtures of the dienes 7 a and 7 b with different ratios
were treated with Pd(OAc)2/4 P(nBu)3 at room temperature.
In all cases, isomerization of the dienes was observed, and the


mixture obtained consisted of 7 a/7 b in a ratio of 91:9
(Scheme 4). Obviously, this is identical with the ratio of the
thermodynamic equilibrium also found in the elimination of
6 a and 6 b upon treatment with Pd(OAc)2/4 P(nBu)3.[20] The
equilibrium ratio of 7 a and 7 b corresponds to a difference of


Scheme 4. Equilibrium between 7 a and 7 b.


1.3 kcal molÿ1 in the enthalpy of both dienes. MM2 calcula-
tions of both compounds reveal a difference in energy of
1.0 kcal molÿ1. A slightly higher value (1.14 kcal molÿ1) was
obtained from an AM1 calculation based on optimized
geometries of 7 a and 7 b. Thus, there is acceptable accordance
between the calculated and the experimental data.


Conclusion


The treatment of diastereomeric carbonates 6 a and 6 b with
catalytic amounts of [Pd(PPh3)4] leads to the formation of the
dienes 7 a and 7 b, isomeric with respect to the C-4/C-5 double
bond, in kinetically controlled reactions. In all cases the syn
elimination of the allyl complex 8 a is found to be the
preferred stereochemical outcome; it leads to the predom-
inant formation of E,E-configured diene 7 a from syn
carbonate 6 a, which also gives a small amount of E,Z-diene
7 b by an anti elimination pathway. The latter is combined with
a p-s ± p conversion. The anti elimination occurs to a larger
extent when the anti carbonate 6 b serves as the starting
material. Nevertheless, the anti elimnation of the intermedi-
ate 8 b, arising from 6 b, is a clearly disfavored process. In
order to avoid the anti elimination as much as possible, the
allyl complex 8 b prefers to undergo a p ± s ± p conversion
followed by a syn elimination, so that the thermodynamically
less stable diene 7 b is formed in a distinctly predominant
manner. As a consequence, clear evidence of an anti
elimination pathway is given. The abstraction of the b-
hydrogen might follow an E2-type mechanism, in the course
of which the methoxide liberated may serve as a base. On the
other hand, the resubstitution of h3-palladium complexes can
be excluded for eliminations mediated by [Pd(PPh3)4].


When the elimination is brought about by a reactive
catalyst, generated in situ from Pd(OAc)2 and P(nBu)3,
thermodynamic control is provided. As this catalyst has been
shown to be able to equilibrate dienes 7 a and 7 b, it might
serve as a suitable smooth reagent for Z ± E isomerizations in
dienes and polyenes.


Experimental Section


The following spectrometers were used: NMR spectra: Varian VXR300
and Bruker DRX 500; CDCl3 solutions and TMS as internal standard. Mass
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spectra: Hewlett ± Packard 5890/5870. IR spectra: Bruker Vector 22. Chro-
matography: TLC: Silica gel 60F254 (Merck). Column chromatography:
Silica gel 60, mesh size 0.04 ± 0.063 mm (Merck). Elemental analyses were
carried out by Institut für Pharmazeutische Chemie, Universität Düsseldorf
and Mikroanalytisches Labor Beller, Göttingen. All reactions were carried
out under an atmosphere of dry nitrogen. Tetrahydrofuran (THF) was
predried with KOH and distilled under N2 from sodium/benzophenone.
Reactions at temperatures below ÿ20 8C were monitored by a thermo-
couple connected to a resistance thermometer (Ebro). General remarks
concerning the handling of lithium enolates and other organolithium
compounds are given in ref. [21]. (N-phenyl)trimethylsilazane[22] and
2',4',6'-trimethylpropiophenone[23] (5) were prepared according to litera-
ture procedures.


Deprotonation of 2'',4'',6''-trimethylpropiophenone (5): Generation of the
Z-enolate: A 100 mL two-necked flask, connected to a combined nitrogen/
vacuum line, was equipped with a magnetic stirrer and a septum. A
thermocouple was introduced through the septum. Anhydrous THF
(25 mL) and either hexamethyldisilazane (2.3 mL, 11 mmol) or (N-
phenyl)trimethylsilazane (1.94 mL, 11 mmol) were injected through the
septum by syringes. The mixture was stirred at ÿ5 8C, and a solution of n-
butyllithium in hexane (1.6m, 6.5 mL, 10.75 mmol) was added in such a way
that the temperature did not exceed 0 8C. After stirring for 30 min at 20 8C,
the mixture was cooled to ÿ78 8C. In a 50 mL two-necked flask, connected
to the combined nitrogen/vacuum line, a solution of 5 (1.76 g, 10 mmol) in
anhydrous THF (25 mL) was stirred at ÿ78 8C. This mixture was added
dropwise by a cannula to the slightly evacuated 50 mL flask containing the
solution of the lithium amide and the mixture was stirred at ÿ78 8C for 2 h.


Deprotonation of 2'',4'',6''-trimethylpropiophenone (5): Generation of the
E-enolate: A 50 mL two-necked flask, connected to a combined nitrogen/
vacuum line, was equipped with a magnetic stirrer and a septum. A
thermocouple was introduced through the septum. Anhydrous THF (5 mL)
and diisopropylamine (1.55 mL, 11 mmol) were injected through the
septum by syringes. The mixture was stirred at ÿ78 8C, and a solution of
n-butyllithium in hexane (1.6m, 6.5 mL, 10.75 mmol) was added in such a
way that the temperature did not exceed ÿ70 8C. After stirring for 30 min
at 0 8C, the mixture was cooled to ÿ78 8C. In a 25 mL two-necked flask,
connected to the combined nitrogen/vacuum line, a solution of 5 (1.76 g,
10 mmol) in anhydrous THF (10 mL) was stirred at ÿ78 8C. This mixture
was added dropwise by a cannula to the slightly evacuated 50 mL flask
containing the solution of the lithium amide and the mixture was stirred at
ÿ78 8C for 30 min.


3-(Methoxycarbonyloxy)-2-methyl-1-[(2,4,6-trimethyl)phenyl]hex-4-en-1-
one (6a/6b): (E)-Crotonaldehyde (0.91 mL, 11 mmol) was added dropwise
by syringe to the solution of the lithium enolate prepared as described
above so that the temperature did not exceed ÿ70 8C, and stirring was
continued for 30 min at ÿ78 8C. Methyl chloroformate (1.7 mL, 22 mmol)
was injected and the mixture was allowed to reach room temperature
overnight. A saturated aqueous solution of NH4Cl (20 mL) was added. The
mixture was transferred into a separatory funnel and the organic layer was
separated. The aqueous phase was extracted with diethyl ether (2� 50 mL).
The combined organic layers were washed with brine (20 mL), dried
(MgSO4), and concentrated in a rotary evaporator. The residue was
purified by column chromatography; Rf� 0.4 (hexane/ethyl acetate 6:1) to
give 6 a/6b as a light yellow oil. Yields and diastereomeric ratios are given
in Table 1.


Compound syn-6 a: 1H NMR (500 MHz): d� 1.20 (d, 3J� 7.3 Hz, 3H;
CH3CHCO), 1.71 (dd, 3J� 6.5 Hz, 4J� 1.6 Hz, 3H; CH3CH�), 2.19 (s, 6H;
ArCH3), 2.27 (s, 3 H; ArCH3), 3.14 (qd, 3J� 7.3 Hz, 3J� 5.2 Hz, 1H;
CHCO), 3.73 (s, 3H; OCH3), 5.46 (ddd, 3J� 7.5 Hz, 3J� 5.2 Hz, 4J� 0.7 Hz,
1H; OCH), 5.55 (qdd, 4J� 1.6 Hz, 3J� 15.2 Hz, 3J� 7.5 Hz, 1 H;
CH3CH�CH), 5.84 (qdd, 3J� 6.5 Hz, 3J� 15.2 Hz, 4J� 0.7 Hz, 1 H;
CH3CH�), 6.83 (s, 2H; Harom); 13C NMR (75 MHz): d� 11.38, 17.80,
19.65, 21.03, 51.00, 54.63, 78.34, 126.96, 128.83, 131.07, 133.60, 137.92, 138.70,
154.92, 209.83; IR (film): nÄ � 2956, 1752, 1695, 1611, 1442, 1379, 1263, 970,
852, 790 cmÿ1; MS (70 eV, EI): m/z (%): 304 (1) [M�], 228 (8), 213 (10), 148
(11), 147 (100), 119 (15); C18H24O4 (304.4): calcd C 71.03, H 7.95; found: C
71.14, H 8.06.


Compound anti-6b: 1H NMR (500 MHz): d� 1.07 (d, 3J� 7.3 Hz, 3H;
CH3CHCO), 1.73 (dd, 3J� 6.6 Hz, 4J� 1.6 Hz, 3H; CH3CH�), 2.24 (s, 6H;
ArCH3), 2.27 (s, 3 H; ArCH3), 3.26 (qd, 3J� 7.3 Hz, 3J� 8.2 Hz, 1H;


CHCO), 3.73 (s, 3 H; OCH3), 5.43 (qdd, 4J� 1.6 Hz, 3J� 14.7 Hz,
3J� 8.3 Hz, 1H; CH3CH�CH), 5.49 (dd, 3J� 8.3 Hz, 3J� 8.2 Hz, 1H;
OCH), 5.90 (qd, 3J� 6.6 Hz, 3J� 14.7 Hz, 1H; CH3CH�), 6.83 (s, 2H;
Harom); 13C NMR (75 MHz): d� 12.98, 17.88, 19.74, 21.05, 50.79, 54.55,
79.21, 126.30, 128.89, 132.71, 134.06, 137.71, 138.87, 154.82, 209.63; IR (film):
nÄ � 2957, 1752, 1697, 1611, 1442, 1379, 1263, 970, 852, 790 cmÿ1; MS (70 eV,
EI): m/z (%): 304 (1) [M�], 228 (5), 213 (6), 148 (12), 147 (100), 119 (18);
C18H24O4 (304.4): calcd C 71.03, H 7.95; found: C 70.79, H 7.93.


(2E,4E)- and (2E,4Z)-2-Methyl-1-(2,4,6-trimethylphenyl)hexa-2,4-dien-1-
one (7a/7 b): A 10 mL two-necked flask was equipped with a magnetic
stirrer, connected to a combined nitrogen/vacuum line, and was charged
with either [Pd(PPh3)4] (0.029 g ± 0.116 g, 0.025 ± 0.1 mmol, 5 % ± 20 %) or
Pd(OAc)2 (0.006 g ± 0.023 g, 0.025 ± 0.1 mmol, 5% ± 20%) with PBu3


(0.020 g ± 0.080 g, 0.1 ± 0.4 mmol) and anhydrous THF (4 mL) was added.
A 10 mL two-necked flask was equipped with a magnetic stirrer, connected
to a combined nitrogen/vacuum line, and was charged with the carbonate
(0.15 g, 0.5 mmol) to which anhydrous THF (1 mL) was added. This
mixture was added by a cannula to the slightly evacuated flask containing
the solution of the catalyst, and the resulting solution was stirred under N2


at ambient temperature overnight. The solvent was distilled off in a rotary
evaporator, and the residue was subjected to column chromatography, Rf�
0.27 (hexane/ethyl acetate 20:1), to give oily, yellowish 7 a/7b. Yield:
0.095 g, 83%. Product ratio are given in Table 2.


Compound (2E,4E)-7 a : 1H NMR (500 MHz): d� 1.84 (dd, 3J� 6.9 Hz,
4J� 1.6 Hz, 3H; CH3CH�), 2.02 (s, 3 H; CH3CCO), 2.08 (s, 6 H; ArCH3),
2.29 (s, 3 H; ArCH3), 5.97 (qd, 3J� 6.9 Hz, 3J� 14.7 Hz, 1H; CH3CH�),
6.48 (qdd, 4J� 1.6 Hz, 3J� 14.7 Hz, 3J� 11.1 Hz, 1 H; CH3CH�CH), 6.60
(d, 3J� 11.1 Hz, 1H; CH3C�CH), 6.82 (s, 2H; Harom); 13C NMR (125 MHz):
d� 10.71, 19.01, 19.14, 21.09, 128.10, 128.16, 134.12, 134.91, 137.46, 137.73,
139.59, 143.30, 202.93.


Compound (2E,4Z)-7 b : 1H NMR (500 MHz): d� 1.63 (dd, 3J� 7.2 Hz,
4J� 1.8 Hz, 3H; CH3CH�), 2.02 (s, 3 H; CH3CCO), 2.10 (s, 6 H; ArCH3),
2.29 (s, 3 H; ArCH3), 5.92 (qd, 3J� 7.2 Hz, 3J� 10.9 Hz, 1 H; CH3CH�), 6.42
(qdd, 4J� 1.8 Hz, 3J� 10.9 Hz, 3J� 11.7 Hz, 1H; CH3CH�CH), 6.83 (s, 2H;
Harom), 7.00 (d, 3J� 11.7 Hz, 1H; CH3C�CH); 13C NMR (125 MHz): d�
10.64, 13.99, 19.23, 21.11, 125.47, 128.08, 134.08, 135.64, 136.56, 137.17,
137.36, 137.79, 203.14.


Compounds 7 a/7b : IR (film): nÄ � 2920, 1651, 1627, 1440, 1384, 1339, 1295,
1266, 1185, 1003, 895 cmÿ1; MS (70 eV, EI): m/z (%): 229 (9) [M��1], 228
(50) [M�], 214 (16), 213 (93), 185 (13), 171 (19), 147 (100); C16H20O (228.3):
calcd C 84.16, H 8.83; found: C 84.05, H 8.83.
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Facile Preparation of PtII-Nucleobase Monoadducts with trans Geometry:
Structural Characterization and Kinetics for Clÿ Hydrolysis Reactions of
trans-[PtCl(NH3)2(L-N7)]n� (L� 9-Methyladenine or 9-Methylhypoxanthine)


Jorma Arpalahti,*[a] Elina Niskanen,[b] and Reijo Sillanpää[a]


Abstract: The employment of trans-
[PtCl(OH)(NH3)2] ´ H2O as the platinum
source offers a convenient and efficient
way to prepare 1:1 adducts with the
model nucleobases 9-methyladenine
(9-MeAde) and 9-methylhypoxanthine
(9-MeHypH). The resulting complexes,
trans-[PtCl(NH3)2(9-MeAde-N7)]ClO4


and trans-[PtCl(NH3)2(9-MeHyp-N7)] ´
2 H2O, were structurally characterized
by X-ray crystallography. The crystal
packing of both complexes is stabilized
by a hydrogen-bonding network involv-
ing primarily NH3 ligands and perchlor-
ate oxygens in trans-[PtCl(NH3)2-


(9-MeAde-N7)]ClO4, and NH3 ligands
and the C(6)O group of the nucleobase
in trans-[PtCl(NH3)2(9-MeHyp-N7)] ´
2 H2O. Three hydrogen bonds to the
oxo group in the latter compound sug-
gest that the negative charge caused by
N1H deprotonation of the nucleobase is
partly located on the oxygen atom; this
is supported by the slightly larger down-
field shift of C(6) over C(2) in the 13C
spectrum. However, the anticipated


lengthening of the C(6)ÿO(6) bond
upon N1H deprotonation was not veri-
fied by X-ray results. Kinetics for the Clÿ


hydrolysis in basic aqueous solution
were followed by 195Pt NMR and HPLC
analysis, which showed the formation of
only one product in both cases with a
195Pt chemical shift typical for a PtN3O
coordination sphere. The comparable
kinetic data found by these two methods
reveal that the water molecule acts as
the nucleophile in the hydrolysis reac-
tions and that it displaces the Clÿ ligand
more readily in the 9-methyladenine
complex.


Keywords: hydrolyses ´ metal ion
complexes ´ nucleobases ´ platinum


Introduction


Coordination of PtII to nucleic acid constituents has been the
subject of numerous studies over the past two decades.[1]


Great attention has been paid to the binding properties of
PtII compounds with cis geometry in particular, because of the
biological activity of cis-[PtCl2(NH3)2] (cisplatin) and related
compounds.[1] By contrast, far less is known of the corre-
sponding trans derivatives.[2] However, detailed knowledge of
the binding behavior of trans-[PtCl2(NH3)2] and its structural
analogues is of importance in the understanding of the factors
affecting the biological activity of PtII species, together with
the recent findings on the activity of various mono-[1b, 3] and
bis(platinum(ii))[4] compounds with trans geometry against
cisplatin-resistant cell lines.


Kinetic factors in the complexation process seem to play an
important role with trans-[PtCl2(NH3)2],[2] because of the


rather high trans effect of the Clÿ ligand.[5] In particular, the
first hydrolysis step is highly reversible,[6] which may result in
severe problems in the preparation of 1:1 adducts with
nucleobases due to the insolubility of the dichloro species.
Therefore, it is not surprising that only a limited number of
nucleobase monoadducts with different trans-PtII compounds
have been characterized by X-ray crystallography.[2] In this
work we report a convenient and efficient procedure for
preparing 1:1 adducts with trans-PtII(NH3)2 and the model
nucleobases 9-methyladenine (9-MeAde) and 9-methylhyp-
oxanthine (9-MeHypH) by employing trans-[PtCl(OH)-
(NH3)2] ´ H2O as the platinum source. In acidic aqueous
solution this PtII species is converted to the reactive aqua
species, which readily enters into complex formation.[7] The
resulting compounds, trans-[PtCl(NH3)2(9-MeAde-N7)]ClO4


(1) and trans-[PtCl(NH3)2(9-MeHyp-N7)] ´ 2 H2O (2), were
structurally characterized by X-ray crystallography. In addi-
tion, kinetics for the Clÿ hydrolysis reactions of both
complexes were studied in basic aqueous solution at different
temperatures with 195Pt NMR and HPLC analysis.


Results and Discussion


Crystal structures : The molecular structures of the cation of 1
(Figure 1) and the neutral complex of 2 (Figure 2) confirm N7
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Figure 1. Molecular structure of trans-[PtCl(NH3)2(9-MeAde)]� . Selected
interatomic distances (�) and angles (8) with estimated deviations in
parentheses: PtÿN(11) 2.054(6), PtÿN(12) 2.027(7), PtÿN(7) 2.016(5),
PtÿCl(1) 2.288(2), N(11)ÿPtÿN(12) 178.5(3), N(7)ÿPtÿN(11) 93.1(2),
N(7)ÿPtÿN(12) 88.3(3), Cl(1)ÿPtÿN(7) 177.3(2), Cl(1)ÿPtÿN(11) 88.6(2),
Cl(1)ÿPtÿN(12) 90.1(2).


Figure 2. Molecular structure of trans-[PtCl(NH3)2(9-MeHyp)]. Selected
interatomic distances (�) and angles (8) with estimated deviations in
parentheses: PtÿN(11) 2.061(19), PtÿN(12) 2.038(19), PtÿN(7) 2.019(7),
PtÿCl 2.300(3), N(11)ÿPtÿN(12) 178.7(3), N(7)ÿPtÿN(11) 90.7(3),
N(7)ÿPtÿN(12) 90.7(3), N(7)ÿPtÿCl 176.72(18), N(11)ÿPtÿCl 88.9(3),
N(12)ÿPtÿCl 89.8(2).


platination of both nucleobases. In both cases the PtÿN bond
lengths are normal, but the angles of the platinum coordina-
tion sphere slightly deviate from the ideal square-planar
geometry. Despite the charge differences on the two ligands,
the bond lengths and angles of the adenine and hypoxanthine


moieties are very similar. The packing of both complexes is
stabilized predominantly by hydrogen bonding. Stacking of
the nucleobases seems to be important only in 1, where the
adenine bases of the neighboring cells are weakly stacked in a
head-to-tail fashion with a distance of 3.54 � between the
centers of the 5- and 6-membered rings. In 1, both NH3 groups
form moderate or weak hydrogen bonds to the perchlorate
oxygens. The two shortest nonbonded contacts are 3.022(7) �
[N(12) ´´´ O(1a))] and 3.039(8) � [N(12) ´´´ O(2b))] [symmetry
operations a) ÿx� 2, ÿy� 1, ÿz� 1, b) x� 1, y, z]. Fur-
thermore, the exocyclic amino group of the adenine moiety
may also participate in hydrogen bonding. One NH2 proton
[denoted as H(6B)] forms a moderate hydrogen bond to the
N1 site of the neighboring cation with a distance of 3.061(8) �
[N(6) ´´´ N(1c))] (symmetry operation c) ÿx� 2, ÿy, ÿz� 2).
In addition, the other NH2 proton H(6A) found from the
electron density maps is directed towards Pt with a distance of
2.95(8) � (Figure 1), which may indicate weak hydrogen
bonding interaction NÿH ´´´ Pt. In the literature, distances
characteristic for this type of interaction lie within the range
of 2.2 ± 3.25 �.[8] For comparison, in the N7-bound adenosine
complex [Pt(dien)(Ado-N7)]2� the shortest possible separa-
tion for PtII and the C(6)NH2 hydrogen was estimated as
2.83 �.[9]


In the crystal lattice of 2, the neighboring nucleobase
moieties are oriented in a head-to-tail fashion but the distance
between the centers of the 5- and 6-membered rings is about
3.79 �. Thus, stacking of the hypoxanthine bases does not
seem to play an important role in stabilizing the crystal
packing of 2. To some extent this is unexpected since the
complex is neutral, which should favor stacking. This may be
attributed to deprotonation of the N1H site which leads to an
increase in the electron density in the heterocyclic ring and
probably causes repulsion between the base moieties. By
contrast, an extensive hydrogen-bonding network stabilizes
the lattice of 2 (Figure 3); the oxo group at C(6) is heavily


Figure 3. Stereoview showing the proposed hydrogen-bonding network in
2 (dashed lines) between the C(6)O and NH3 groups.


involved in hydrogen-bond formation with the ammine
groups both intra- and intermolecularly {2.85(2) � [N(12) ´´´
O(6)], 2.890(13) � [N(12) ´´ ´ O(6a))], 2.93(3) � [N(11) ´´´
O(6b))]}. The water molecules are hydrogen-bonded with a
distance of 2.887(13) � [O(2) ´´ ´ O(1)]. Other possible
hydrogen bonds with water molecules are: 2.876(12) �
[O(1) ´´ ´ N(3a))], 3.348(11) � [O(1) ´´ ´ Clc)] , 3.040(12) �


Abstract in Finnish: Helppo ja vaivaton tapa valmistaa tyyppiä
trans-[PtCl(NH3)2(L-N7)]n� (L� 9-metyyliadeniini tai 9-me-
tyylihypoksantiini) olevia komplekseja on käyttää lähtöainee-
na yhdistettä trans-[PtCl(OH)(NH3)2] ´ H2O. Happamissa olo-
suhteissa HOÿ ligandin protonoituessa muodostuva akvali-
gandi korvautuu nopeasti malliyhdisteinä käytetyillä
typpiemäksillä (nukleiinihappoemästen rakenneanalogeja).
Valmistettujen kompleksien, trans-[PtCl(NH3)2(9-MeAde-N7)]-
ClO4 (1) ja trans-[PtCl(NH3)2(9-MeHyp-N7)] ´ 2 H2O (2),
kiderakenne määritettiin röntgendiffraktometrisesti. Erityisen
huomionarvoista on yhdisteen 2 kidehilaa stabiloiva vetysi-
dossysteemi, jossa asemassa C(6) oleva happiatomi muodostaa
kolme vetysidosta NH3 ryhmiin. Kompleksien hydrolyysiä
tutkittiin emäksisissä olosuhteissa 195Pt NMR-spektroskopian
ja nestekromatografian avulla. Eri menetelmillä saadut yhtä-
pitävät tulokset osoittavat, että nukleofiilinä toimiva vesimole-
kyyli korvaa Clÿ ligandin yhdisteessä 1 helpommin kuin
yhdisteessä 2.
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[N(12) ´´´ O(1d))] [symmetry operations a) x, ÿy� 1�2, z� 1�2,
b) x, ÿy� 1�2, zÿ 1�2, c) xÿ 1, ÿy� 1�2, z� 1�2, d) x� 1, y, z].
Interestingly, the existence of three rather strong hydrogen
bonds to the oxo group suggests that the negative charge due
to N1H deprotonation is partly located on the O(6) atom.
Consequently, increasing the electron density at O(6) should
reduce the double-bond character of the C(6)ÿO(6) bond.
However, the distance of 1.252(10) � between these atoms in
2 is within 3s of that found in the dicationic inosine complex
[Pt(dien)(Ino-N7)]2�, namely 1.21(2) �.[10] A similar situation
has been reported earlier for the mixed ligand complexes of
cis-[Pt(NH3)2(CG)]2� and cis-[Pt(NH3)2(GÿH)C]� (C� 1-
methylcytosine, G� 9-ethylguanine).[11] Although Raman
spectroscopy results implied a reduction in the C(6)ÿO(6)
bond order upon G-N(1)H deprotonation, this was not
definitively verified by X-ray results.[11]


NMR studies : The 13C and 195Pt NMR chemical shifts of 1, 2,
and their hydrolysis products are listed in Table 1. In all cases,
single 195Pt resonances and sharp signals in the 13C spectra
suggest that the dynamics of each compound in solution (i.e.,
rotation about the PtÿN7 bond) are fast on the NMR
timescale, typical with this particular type of complex.[12]


The 195Pt chemical shifts of the starting materials and reaction
products are consistent with PtN3Cl and PtN3O coordination
spheres, respectively.[13] The assignments of the 13C chemical
shifts given in Table 1 follow those reported for free
9-methyladenine and 9-(b-d-ribofuranosyl)hypoxanthine (in-
osine).[14] In 1, substitution of the Clÿ ligand with an HOÿ


group in the Pt coordination sphere at pH 11 causes no
significant changes in the 13C chemical shifts of the nucleo-
base. The largest effect is seen at C(5) and C(8) with a
downfield shift of 0.4 and 0.5 ppm, respectively. The situation
is markedly different for compound 2. The C(2) and C(6)
signals show large downfield shifts of 6.9 and 8.9 ppm,
respectively, while C(4) is shifted downfield only slightly by
0.6 ppm. By contrast, the C(5), C(8) and C(9) signals display
upfield shifts of 0.5, 1.8, and 0.8 ppm, respectively. In the pH
range 5 ± 11, 1 has no dissociable proton (a pKa> 13 has been
reported[15] for the exocyclic amino group in N7-platinated
9-MeAde). By contrast in 2, PtII binding to the N7 site of
9-MeHyp lowers the pKa of N1H (ca. 9.5) by approximately
1.5 log units.[16] Thus, the changes in 13C chemical shifts
following the hydrolysis reaction of 2 [PtN3Cl (pH 5) !
PtN3O (pH 11)] must be attributed to the deprotonation of


the hypoxanthine N1H site. In fact, a similar 13C chemical shift
pattern has been reported in various 6-oxopurine derivatives
upon N1H deprotonation.[17] In general, a NH proton loss in
N-heterocyclic compounds induces a downfield shift of the
neighboring C atoms, while those more remote are only
marginally shifted or display an upfield shift.[18] In the case of
6-oxopurines, further electron removal from the 6-membered
ring may be due to the electron-withdrawing effect of the oxo
group, in line with the extended hydrogen-bond network
involving this group as described above.


Kinetics of Clÿ hydrolysis : In acidic aqueous solution Clÿ


hydrolysis of the compounds of the type [PtCl(NH3)2(L)]n�


(L� nucleobase) is strongly reversible; this results in a
mixture of aqua and chloro species,[6, 19] which complicates
the kinetic measurements. This can be avoided by studying
hydrolysis under basic conditions, since deprotonation of the
aqua ligand yields a hydroxo group which, relative to the aqua
ligand, can be considered inert to substitution reactions.[7, 20, 21]


Thus, the hydrolysis reactions of 1 and 2 under basic
conditions may be described by Equation (1). Note that at
pH 10 ± 12, the former exists as a monocation while the latter
is a neutral species.


[PtCl(NH3)2(L-N7)]n� kh


� H2O; ÿH�
! [Pt(OH)(NH3)2(L-N7)]n��Clÿ (1)


In both cases, the 195Pt NMR spectra and HPLC traces of
the reaction mixtures revealed the formation of only a single
Pt-nucleobase adduct during hydrolysis (Figures 4 and 5).
Observed rate constants obtained by Equation (2) from the
disappearance of the starting material and from the formation
of the product were compatible in all cases (Table 2). The
similarity of the values found for kh by 195Pt NMR and by


HPLC analysis supports the validity of the data and exem-
plifies the usefulness of 195Pt NMR for kinetic studies. In this
particular case, the 195Pt NMR method offered a more
pronounced way to follow the substitution reaction because
of the rather poor resolution between the starting material
and the reaction product in the HPLC analysis (cf. Figures 4
and 5).


Table 1. 13C and 195Pt NMR chemical shifts of 1, 2, and their hydrolysis
products.[a]


Compound dPt
[b] dC


[c]


C(2) C(4) C(5) C(6) C(8) C(9)


1[d] ÿ 2330 153.5 148.5 115.7 154.0 144.7 30.8
1[e] ÿ 2040 153.3 148.5 116.1 154.1 145.2 30.7
2[d] ÿ 2280 147.3 148.3 121.1 156.3 144.5 31.1
2[e] ÿ 1990 154.2 148.9 120.6 165.2 142.7 30.3


[a] Spectra recorded in water. [b] Chemical shift from external Na2[PtCl6].
[c] Chemical shift from TMS. [d] At pH 5. [e] After complete hydrolysis at
pH> 10.


Table 2. Observed rate constants for the hydrolysis of 1 and 2 in basic
aqueous solution (pH� 10).[a]


Compound T [K] kh [10ÿ5 sÿ1]
[b] [c]


1 303.2 6.50� 0.05 6.54� 0.04
8.2� 0.4[d] 8.7� 0.2[d]


313.2 18.2� 0.02 17.9� 0.02
323.2 52.1� 0.4 53� 1


2 303.2 1.80� 0.03 1.83� 0.06
1.91� 0.04[d] 1.80� 0.06[d]


313.2 6.03� 0.09 5.76� 0.09
323.2 17.7� 0.1 18.4� 0.1


17.8� 0.2[e] 18.4� 0.4[e]


16� 1[f]


[a] I� 0.1m (NaClO4); data obtained by HPLC unless otherwise indicated.
[b] From the disappearance of the starting material. [c] From the forma-
tion of the product. [d] Data obtained by 195Pt NMR, T� 303 � 1 K, at
ambient ionic strength. [e] At pH 12.1. [f] Initial rate constant at pH 3.06,
the concentration of 2 was 1.0� 10ÿ5m.
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Figure 4. Time-dependent 195Pt NMR spectra of the hydrolysis of trans-
[PtCl(NH3)2(9-MeAde)]� in basic aqueous solution (pH> 10). The times
denoted indicate the midpoints of acquisitions (in 103 s).


Figure 5. HPLC traces of the hydrolysis of 2 (5� 10ÿ5 m) in basic aqueous
solution (pH 10, T� 323.2 K) with aqueous NaClO4 (0.05m, pH 3) as an
eluent with a flow rate of 0.7 mL minÿ1. Notation: S, starting material; P,
product; St, internal standard (1-methyluracil, 2� 10ÿ5 m).


Mechanistically, both Clÿ hydrolysis reactions seem to obey
an associative mechanism, as indicated by the activation
parameters DH=� 83� 2 kJ molÿ1 and DS=�ÿ52�
5 J Kÿ1 molÿ1 for 1, and DH=� 91� 1 kJ molÿ1 and DS=�
ÿ37� 4 J Kÿ1 molÿ1 for 2. Almost identical values found for
the hydrolysis reactions of 2 at pH 10 and 12 (Table 2) imply
that it is the water molecule rather than the HOÿ ion which is
the nucleophile in these reactions. Quite interestingly, the Clÿ


hydrolysis rate for 1 is about three times faster than for 2, in
spite of the more basic nature of the hypoxanthine N7 site.[22]


It is worth noting that the initial rate constant for the
hydrolysis of 2 at pH 3.0 is comparable to the hydrolysis rate
constant at higher pH (Table 2). In addition, the value of
(1.04� 0.03)� 10ÿ4 sÿ1 calculated for the hydrolysis rate con-
stant of 2 at 318.2 K with the Arrhenius equation[23] is close to
that reported earlier for the corresponding monocationic
inosine complex trans-[PtCl(NH3)2(InoH-N7)]� , namely
(9.4� 0.7)� 10ÿ5 sÿ1 at 318.2 K.[6] Thus, deprotonation of the
N1H in the 6-oxopurine moiety does not significantly affect
the Clÿ hydrolysis rate in trans-PtII complexes, although
increased electron density of the heteroaromatic ring due to
the proton loss [cf. the upfield shift of C(8)] might have been
anticipated to strengthen the trans effect of the N7 site and


result in faster Clÿ hydrolysis. This suggests that the ability of
the nucleophile (i.e., the water molecule) to attack PtII plays
an important role. Thus, the retarded rate for the Clÿ


hydrolysis of 2 may be a result of the charge differences of
the complexes and/or the accumulation of negative charge on
the oxygen atom at C(6) close to PtII (vide supra) making 2 a
less attractive target for the incoming water molecule.


Conclusion


The employment of trans-[PtCl(OH)(NH3)2] ´ H2O as the
platinum source offers a convenient and efficient way to
prepare N7 bound 1:1 complexes with the model nucleobases
9-methyladenine and 9-methylhypoxanthine. The X-ray crys-
tal structures of the resulting complexes confirm N7 platina-
tion in both cases. The crystal packing of both complexes is
stabilized by a hydrogen-bonding network involving primarily
NH3 ligands and perchlorate oxygens in trans-[PtCl(NH3)2(9-
MeAde-N7)]ClO4, and NH3 ligands and the C(6)O group of
the nucleobase in trans-[PtCl(NH3)2(9-MeHyp-N7)] ´ 2 H2O.
Three hydrogen bonds to the oxo group in the latter
compound suggest that the negative charge as a result of
N1H deprotonation of the nucleobase is partly located on the
oxygen atom, which is supported by the larger downfield shift
of C(6) over C(2) in the 13C spectrum of this species.
Unfortunately, lengthening of the C(6)ÿO(6) bond upon
N1H deprotonation was not verified by X-ray results. Kinetics
for the Clÿ hydrolysis in basic aqueous solution were followed
by 195Pt NMR and HPLC analysis, which showed the
formation of only one product in both cases with a 195Pt
chemical shift typical for a PtN3O coordination sphere. The
comparable kinetic data found by these two methods reveal
that the water molecule acts as the nucleophile in the
hydrolysis reactions and that it displaces the Clÿ ligand more
readily in the 9-methyladenine complex.


Experimental Section


Materials : 9-Methylhypoxanthine (9-MeHypH) from Chemogen was used
as received. The compounds 9-methyladenine[24] (9-MeAde) and trans-
[PtCl(OH)(NH3)2] ´ H2O[25] were prepared by literature methods. For the
preparation of trans-[PtCl(NH3)2(9-MeAde-N7)]ClO4 (1), trans-
[PtCl(OH)(NH3)2] ´ H2O (72.5 mg, 0.24 mmol) was dissolved in water
(1.0 mL) and added to a solution of 9-methyladenine (38 mg, 0.26 mmol)
in HClO4 (1 mL, 1m) (PtII coordination to the N1 site of 9-MeAde is
prevented in strongly acidic solution[9]). After stirring for 5 min at ambient
temperature and for 1 min at 60 8C the mixture was cooled on ice to yield a
white prepitate. Presumably 1 precipitates under these conditions as a
hydroperchlorate, but it may also contain water of crystallization. The
precipitate was filtered, washed first with ice-cold water (2 mL) and then
with acetone, and finally air-dried. Yield: 110 mg (�75%, as hydro-
perchlorate). The dried precipitate (approx. 20 mg) was dissolved in NaOH
(2 mL, 0.0125m) by gentle warming to give a clear solution (pH� 4).
Compound 1 crystallized from the solution as thin colorless plates after
storage in a refrigerator. The remainder of the solid substance was
dissolved in sufficient amount of NaOH (1m) solution to give a neutral
solution. After precipitation on ice, 1 was filtered, washed with cold water,
and acetone, and finally air-dried.


trans-[PtCl(NH3)2(9-MeHypH-N7)]ClO4 (2 a) was obtained in a similar
manner by a 1:1 reaction between trans-[PtCl(OH)(NH3)2] ´ H2O
(0.32 mmol) and 9-methylhypoxanthine (48 mg, 0.32 mmol) with 1.5 equiv-
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alent of HClO4 (0.5m), which gave 117 mg (72 %) of 2 a as very thin,
colorless needles. The crude product (approx. 20 mg) dissolved in water
(1 mL) followed by the addition of 1.5 equivalent NaOH (1m) afforded
colorless plates of trans-[PtCl(NH3)2(9-MeHyp-N7)] ´ 2H2O (2) after
storage in a refrigerator and which easily lost water of crystallization. A
selected piece of crystal was sealed in a capillary to avoid decomposition of
2 during X-ray measurement.


Kinetic measurements by HPLC : The hydrolysis of 1 and 2 in basic
aqueous solution (pH 9.5 ± 12) at different temperatures was studied with
HPLC as an analytical tool. Kinetic runs were started by adding the desired
amount of the complex to a prethermostatted reaction mixture, the ionic
strength of which was adjusted to 0.1m with NaClO4. Samples withdrawn
from the reaction mixture at suitable time intervals were diluted with ice-
cold HClO4 (0.01m, 1:1), and immediately analyzed by HPLC with an RP-
18 column (Merck LiChrospher 100 endcapped, 5 mm) and aqueous
NaClO4 (0.05m, pH 3) as an eluent. Peak areas at 260 nm were used as
the measure of the concentration by employing 1-methyluracil as an
internal standard.
First-order rate constants kh for the disappearance of the starting material
were obtained with Equation (2), where [MCl]0 denotes the initial
concentration of the chlorocomplex and [MCl]t is the concentration at
time t.


ln[MCl]t�ÿkht� [MCl]0 (2)


Substitution of the terms [MCl]t and [MCl]0 in Equation (2) with
([MOH]1ÿ [MOH]t) and [MOH]1 , respectively, enabled calculation of
the rate constants from the formation of the aqua species (the term
[MOH]1 denotes the final concentration of the aqua species). All reactions
were followed for at least two half-lives; this provided strictly linear plots of
ln[L]t {or ln([MOH]1ÿ [MOH]t)} vs. t in each case.


NMR studies : The 195Pt NMR spectra were recorded on a Bruker DPX 400
instrument equipped with a variable temperature unit at 85.6 MHz (T�
303 K), with external Na2[PtCl6] as the chemical shift reference (d� 0). The
samples were prepared by dissolving 20 mg of 1 or 2a in distilled water
(2.5 mL) to obtain the reference spectrum and by adding 1.2 or 3.0 equiv of
NaOH, respectively, for hydrolysis. For each spectrum of 1 and 2, 4000 and
8000 scans, respectively, were collected giving accumulation times of
36 min and 72 min. Exponential line broadening (50 Hz) was applied prior
to FT followed by automatic baseline correction which was applied prior to
manual integration. In 195Pt NMR kinetic studies integrated peak areas
were used to measure the concentration, and the midpoints of the
measuring time interval for each spectrum were taken as the measurement
time.[26] The rate constants were obtained using Equation (2). The 13C{1H}
spectra of both complexes were recorded before and after hydrolysis at
100.6 MHz (T� 303 K) with external acetone as the chemical shift
reference (d(13C)� 30.7 from TMS at d� 0).


X-ray diffraction studies : All X-ray data were collected on a Rigaku
AFC5S diffractometer at ambient temperature with MoKa radiation (l�
0.71069 �). Unit cell parameters were obtained from a least-squares fit of
25 reflections (25.78< 2q< 29.588 (1) and 37.95< 2q< 45.358 (2). Intensity
data were collected by the w/2q scan technique to a maximum 2q value of
508. The intensities of three standard reflections were measured every 150
data points, and a linear correlation was applied to account for the intensity
decay (2). The intensities of the reflections were corrected for Lorenz,
polarization and absorption (empirical) effects.[27] The structures were
solved by standard Patterson and difference Fourier methods and refined
by full-matrix least-squares calculations employing SHELXL-97.[28] In both
1 and 2, all atoms except hydrogen were refined with anisotropic
temperature factors. In 1, the NH3 and CH3 hydrogens are at the calculated
positions, while the NH2 and the ring hydrogens were found from the
electron-density maps and were refined with fixed displacement factors. In
2, only the water hydrogens were found from the electron-density maps and
were refined; others are at the calculated positions. The final cycle of
refinement for the structure 1 gave R1� 0.0265 and wR2� 0.0545 for the
observed data [I> 2s(I)] and 194 parameters and R1� 0.0369 and wR2�
0.0570 for all data. For 2 refinement converged at R1� 0.0298 and wR2�
0.0544 for the observed data and 166 parameters and R1� 0.0694 and
wR2� 0.0619 for all data. Crystallographic data and experimental details
are given in Table 3; selected bond lengths and angles are given in Figures 1


and 2. Data reduction and subsequent calculations were performed with
teXsan for Windows.[29] Figures were drawn with ortep-3 for Windows.[30]


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-111918,
CCDC-111919. Copies of the data can be obtained free of charge on
application to CCDC, 12Union Road Cambridge, CB2 1EZ, UK (Fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Self-Assembly of a Conjugated Polymer: From Molecular Rods to a
Nanoribbon Architecture with Molecular Dimensions


Paolo Samorí,[a] Viola Francke,[b] Klaus Müllen,*[b] and Jürgen P. Rabe*[a]


Abstract: The growth from solution of
novel end-functionalised poly(para-phe-
nyleneethynylene)s (PPEs) on flat solid
crystalline substrates was investigated.
The macromolecular structure of PPE at
the interface between the basal plane of
graphite and an organic solution was
visualised with molecular resolution by
scanning tunnelling microscopy. It re-
vealed a two-dimensional nematic-like
molecular order of the polydisperse
polymer, while a corresponding shorter
and monodisperse oligomer exhibited
an epitaxial 2 D crystal structure. In


contrast, on the insulating substrate
mica, PPE can self-assemble into micro-
meter-long nanoribbons. Their cross-
section was determined quantitatively
by scanning force microscopy in tapping
mode; this revealed a typical thickness
of two molecular layers and a width
distribution that is well described by the


distribution of molecular weights, ac-
cording to the Schulz ± Zimm distribu-
tion. This indicates that the polymers are
fully extended in the ribbons and ori-
ented with the conjugated backbone
parallel to the substrate and perpendic-
ular to the long axis of the ribbons.
Unlike previous studies carried out
interfacing single molecules to metallic
probes, we propose here functionalised
ribbons as polymolecular architectures,
which could be used to interconnect gold
nanoelectrodes in a molecular-scale
electronic device.


Keywords: molecular devices ´ phe-
nyleneethynylenes ´ scanning force
microscopy ´ scanning tunneling mi-
croscopy ´ self-assembly


Introduction


The self-assembly of p-conjugated macromolecules on insu-
lating solid substrates offers a strategy for the construction of
well-defined and stable nanometer-sized structures with
chemical functionalities and physical properties that are of
potential use as active components in electronic devices.[1±2]


The properties of such molecular devices depend on the
structure of the molecular assembly at solid surfaces.[3±6]


Intramolecular, intermolecular and interfacial forces are
therefore used to obtain highly ordered 1 D and 2 D poly-
molecular architectures. Poly(para-phenyleneethynylene)s
(PPEs)[7] are of particular interest because of their rigid-rod
structure,[8, 9] their strongly anisotropic electronic properties,
their electroluminescence in the blue-green region[10] and
their high and stable photoluminescence quantum yield,[11]


which makes it possible to use them for the development of a
liquid crystal-based photoluminescent display.[12] The molec-


ular conductivity can be measured directly with scanning
tunneling microscopy (STM) by probing the resistance within
the self-assembled organic monolayers,[6, 13, 14] by the use of a
gold nanocluster as an intermediate contact,[15] by bridging
nanoelectrodes with Langmuir ± Blodgett layers[16] or through
chemisorption of thiol end-functionalised single molecules
that can act as molecular-scale alligator clips.[17]


In this paper we report on the first study of molecularly
resolved images of a synthetic polydisperse polymer at the
solid ± liquid interface and on the growth of this macro-
molecule into molecularly defined ribbons on mica. Scanning
tunneling microscopy (STM) and scanning force microscopy
(SFM) in tapping mode have been used to elucidate the
structures. The molecular arrangement of a para-phenyl-
eneethynylene trimer (PE3) on graphite was also investigated
as a model system for comparison.


Results and Discussion


An almost saturated solution of PPE self-assembles at the
interface with a highly oriented pyrolytic graphite (HOPG)
substrate[27, 28] in a nematic-like molecularly ordered mono-
layer (Figure 1). The STM image was recorded at constant
height and exhibits a 2 D molecular pattern of a PPE with an
average contour length of 7.9 nm, as obtained from 1H NMR
end-group analysis. Both the conjugated skeletons and the
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Figure 1. STM current image of 6 in phenyloctane at the interface between
the basal plane of graphite and the organic solution (Ut� 1.2 V, average
It� 1.0 nA). The molecular backbones exhibit a nematic orientation along
preferred directions, as evidenced by the hexagonal pattern in the 2D-
Fourier transform. The distance between the backbones, averaged over
several images, amounts to DL� (1.62� 0.10) nm.


hexyl side groups lie flat on the (001) plane of the HOPG. The
conjugated backbones appear brighter than the aliphatic
chains because of a stronger current. This is caused by a
relatively small energy difference between the electronic
states of the substrate and the adsorbate, while the lower
current through the aliphatic part of the molecules is caused


by a larger energy difference.[29] The 2 D molecular arrange-
ment is composed of domains with specific molecular
orientations. The conjugated skeletons are aligned along
preferred directions, according to the three-fold symmetry of
the HOPG lattice, as visualised by the hexagonal spots in the
2 D Fourier transform (Figure 1). The stiffness of the molec-
ular rods[7, 8] and a low polydispersity allows the molecules to
pack into this 2 D structure and, therefore, play a key role for
achieving this true molecular resolution imaging of the
synthetic macromolecule. A finite mobility of the nanorods
was also detected; this reveals that molecules at the domain
boundaries change their tilt angle with respect to the under-
lying substrate. This molecular dynamics occurs on the time-
scale of several minutes and can be attributed to a Ostwald
ripening process,[30] which is governed by a minimisation of
line energies. In addition, the high-resolution imaging made it
possible to visualise defects within the organic layer. More-
over, the spacing between neighbouring parallel backbones,
which can be attributed to the width of the molecules,
amounts to DL� (1.62� 0.10) nm. It is considerably smaller
than the 1.9 nm calculated for the case with the alkyl chains
extended.[20] This indicates that the side-chains are disordered
between adjacent parallel backbones, since an interdigitation
of the hexyl groups can be excluded because of steric
hindrance.


In comparison, the PE3 oligomer assembles at the solid ±
liquid interface in an epitaxial 2 D crystal structure (Figure 2).
In this case the distance between the backbones amounts to


Figure 2. STM current image of 9 in phenyloctane imaged at the solid ±
liquid interface on HOPG (Ut� 1.2 V, average It� 1.0 nA). 2-D crystal
structure with its unit cell, averaged over several images, amounts to a�
(1.78� 0.09) nm, b� (2.90� 0.18) nm, and a� (113� 5)8. The distance
between neighbouring backbones is, in this case, DL� (1.46� 0.11) nm.


DL� (1.46� 0.11) nm, which is in fairly good agreement with
the distance obtained for the polymer; this also confirms the
hypothesis that the hexyl side-chains are disordered between
neighbouring backbones. The difference in the 2 D structure
of a monodisperse oligomer and a polydisperse polymer,
which, on average, is almost three times as long as the trimer,
can be attributed to the distribution of molecular lengths; this
prevents the assembly of the macromolecules into perfect
crystals. Furthermore, the interdigitation of the end-groups, as
evident in the trimer (Figure 2), hinders the formation of the
columnar phase observed for mixtures of alkanes of different
lengths which had been self-assembled on HOPG.[31] The time


Abstract in Italian: Questo articolo descrive la crescita all�
interfaccia fra substrati cristallini e soluzioni di nuovi poli(pa-
ra-fenileneetinileni) (PPE) funzionalizzati sulle terminazioni
della catena principale. Con la Miscoscopia ad Effetto Tunnel
(STM) � stata raggiunta una risoluzione molecolare che ha
permesso di visualizzare l� organizzazione strutturale delle
macromolecole del PPE all� interfaccia tra il piano basale della
grafite e una loro soluzione organica. Questo polimero
polidisperso � stato così visto in una struttura bidimensionale
con un ordine di tipo nematico. Sulla stessa grafite un
corrispondente oligomero monodisperso e di lunghezza infe-
riore � stato invece rivelato assumere una struttura epitassiale,
bidimensionale e cristallina . Su un substrato non conduttore
come la mica il PPE puoÁ invece assemblarsi in nanonastri con
lunghezze nella scala dei micrometri. La loro sezione � stata
determinata quantitativamente mediante la Microscopia a
Scansione di Forza (SFM), nella versione Tapping Mode: il
loro spessore � quello di due strati molecolari e la distribuzione
delle loro larghezze � in buon accordo con la distribuzione dei
pesi molecolari prevista dalla distribuzione di Schulz ± Zimm.
Questo indica che all� interno del nanonastro i polimeri sono
completamente stirati e orientati con la catena coniugata
parallela al substrato e perpendicolare all� asse lungo del
nanonastro. Proponiamo questi nastri funzionalizzati come
architetture polimolecolari pronte ad interconnettere nanoelet-
trodi di oro in un dispositivo elettronico su scala molecolare, in
alternativa all� approccio seguito da studi compiuti in precen-
denza in cui singole molecole erano interfacciate a sonde
metalliche.
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required to achieve the molecular resolution imaging is much
longer for the polymer; this is probably caused by self-
segregation and consecutive adsorption phenomena that
occur at the molecular level, which enables the molecules
with different lengths to pack locally well on the substrate.


On the other hand, PPE solutions were also cast onto
freshly cleaved mica surfaces. After complete evaporation of
the solvent, the morphology of the dry samples was found to
depend on the molecular weight (Figure 3 and Table 1). For
polymers A ± D, with an average of 9, 11, 20 or 22 repeating
units and a concentration of the applied solution lower than
0.15 g Lÿ1, ribbons were observed (Figure 3a). Higher molec-
ular weights (samples E and F) led to a grainy morphology
(Figure 3c). Figures 3a and 3b show ribbon heights on mica of
h� (2.9� 0.7) nm, as determined from 422 ribbons on differ-
ent samples. From the comparison of this value with the
spacing between neighbouring backbones evaluated from
molecularly resolved STM images, we suggest that the ribbons
are typically two monolayers thick with their alkyl chains
oriented perpendicular to the substrate (Figure 4). There are
also some sections with single, triple and even higher multi-
layers. The widths of the ribbons are constant for some
straight ribbon sections; however, they are not constant for
the whole sample. The apparent widths (number counting)
determined from SFM images of samples A ± D are shown in
Figure 5. These widths need to be corrected for the broad-
ening effect, which is a consequence of the finite radius of the
tip.[22, 32] By using a model based on a spherical tip and a
rectangular cross-section of the ribbon, the broadening is
given by Equation (1).[33]


2D� 2
����������������������
h�2 R ÿ h�p


(1)


For the present ribbon height of h� (2.9� 0.7) nm and a
terminal radius of the commercial Si tips of R� (13� 7) nm,


Figure 4. Schematic representation of molecular ribbons adsorbed on the
mica surface. A) Ribbons are made of several rods packed parallel one to
each other. B) Each rod is typically made of two PPE molecules packed
with the hexyl lateral chains perpendicular to the basal plane of the
substrate.


2D� (16� 7) nm. The true ribbon width, with a 7 nm error bar,
is then obtained by subtracting 2 D from the apparent width.


The peaks of the width distributions shift to higher values
with increasing length of the
polymer (Figure 5). Since the
absolute value of the width is of
the order of the length of a
single molecule, it is concluded
that the extended molecules are
packed parallel to each other
with their long molecular axis
perpendicular to the long rib-
bon axis, as represented in Fig-
ure 4. The distribution of the
ribbon widths is attributed to
the distribution of molecular
weights, which implies that mol-


Figure 3. SFM tapping mode height images representing the evolution of the morphology of the PPE as a
function of the polymer length. Contour length of the molecule according to 1H NMR results: a) 7.9 nm,
b) 16.4 nm, c) 20.3 nm. Height range of images: a) 20 nm, b) 30 nm, c) 20 nm. Solvents: a mixture of THF and
phenyloctane was used for a), and pure THF was used for b) and c).


Table 1. PPE samples investigated.[a]


A B C D E F


no. of repeating units 9 11 20 22 28 42
type of PPE 6 6 2 6 6 6
contour length of molecule 7.9 nm 9.2 nm 13.5 nm 16.4 nm 20.3 nm 29.4 nm
Mw/Mn 1.92 3.68 3.82 2.65 2.59 8.23
morphology at low concentration ribbons ribbons ribbons ribbons grains grains


[a] Number of repeating units and contour lengths according to 1H NMR results; type of PPE according to Schemes 1 and 2; polydispersity (Mw/Mn) from
GPC measurements with PPP calibration.
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Figure 5. Histograms of the distribution of ribbon widths for PPE batches
A ± D with increasing length. Contour length of the molecule according to
1H NMR results (Table 1) and number of ribbons measured (given in
parentheses): A) 7.9 nm (846), B) 9.2 nm (160), C) 13.5 nm (264),
D) 16.4 nm (334). The Schulz ± Zimm distribution is plotted in terms of
number counting (solid lines) and weight function (dotted line). 2D�
(16� 7) nm is the effective broadening of the tip.[33] The experimental
GPC data (PS calibration) is given as dashed lines.


ecules with similar molecular weights phase-segregate into
ribbon sections with homogeneous widths. This segregation
phenomenon, which governs the formation of the ribbons,
requires a small degree of polymerisation (DP) (Figure 3) and
is likely to be favoured by a low macromolecular polydisper-
sity.


Attempts to directly determine the molecular structure by
electron diffraction were not successful, probably because of
the small amount of material in a given ribbon. However, in
continuous films of polydiacetylene[34, 35] and poly(para-phe-
nyleneethynylene) derivatives[36] similar molecular architec-
tures have been observed.


The polycondensation reaction used for the PPE synthesis
gives a molecular-weight distribution which is theoretically
described by the Schulz ± Zimm distribution.[37] This function
was computed for samples A ± D in terms of molecular
contour lengths by assuming the number-average DP accord-
ing to the number of repeating units estimated by 1H NMR
spectroscopy (Table 1). The mole-fraction distribution is
given by Equation (2), while the weight-fraction distribution


is given by Equation (3), where y� k/DP, k is the degree of
coupling (in this case k� 2), r is the number of monomers
(independent parameter) and G(k) is the gamma function.


F(r)� ykrkÿ1
eÿyr


G�k� (2)


W(r)� yk�1rk
eÿyr


G�k� 1� (3)


These distributions were plotted on the histograms of
Figure 5, after being shifted on the x axis by the tip-broad-
ening effect of 16 nm. This made it possible to relate the
estimated molecular lengths to the ribbon widths. It is worth
noting that there is a good agreement between the mole-
fraction distribution and the distribution of ribbon widths.


This match also demonstrates that SFM on these nano-
structures may provide a reasonable evaluation of the
molecular-weight distributions for a rigid-rod polymer. This
is of significance, since, as a result of the commonly observed
aggregation of polymer chains, it is difficult to determine the
correct molecular-weight distributions for rigid-rod polymers
with standard analytical techniques, such as gel permeation
chromatography (GPC). The dashed curves in Figure 5
represent the experimental data from GPC measurements
(PS calibrated) obtained for the respective polymer. A long
tailing of the molecular-weight distribution curve towards
high values is observed in the elugrams of the polymers; this
drastically increases the polydispersity but has only a minor
effect on Mn. A reasonable agreement between the theoretical
Schulz ± Zimm plot and the experimental GPC curve is
observed only for the shortest PPE (Figure 5a). In fact, as
the chain length increases the aggregation of the molecules
becomes more intense (Figure 5 b ± d). Moreover, the values
are affected by the adsorption of the stiff molecules to the
column. Additionally, the protected thiol end-groups enhance
this phenomenon in the present case.[18]


A comparison between the different methods used to
determine the molecular-weight distributions [1H NMR, GPC
(calibrated with PS and PPP)] has shown that Mn evaluated
with PPP-calibrated GPC are overestimated on average by
42 % with respect to the 1H NMR data. In the case of PS-
calibrated GPC, the overestimation is even greater. The
polydispersity (Mw/Mn) measured by GPC is 50 % larger for
PS calibration than that measured with PPP calibration, while
Mw is twice as large. This confirms that for the determination
of the DP and Mn of a stiff polymer 1H NMR analysis on the
end-groups is a suitable technique, while for the approxima-
tion of the Mw and polydispersity by GPC, calibration with a
rigid-rod polymeric standard like PPP should be used.


Conclusions


We have characterised the self-assembly of a conjugated
polymer, PPE, from the molecular scale to its polymolecular
architecture. At the interface between graphite and an
organic solution a nematic-like molecularly ordered mono-
layer is formed, whereby both the aliphatic side-chains and
the backbones lie flat on the substrate. On mica the
conjugated skeletons are also packed parallel to the basal
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plane, but the lateral chains are placed perpendicular to it
giving rise to self-assembled nanoribbons with a molecular
cross-section. SFM imaging of these nanostructures may be
used to evaluate the molecular-weight distribution for a rigid-
rod polymer. The molecules in the nanoribbons have an
average length that has been varied up to 16.4 nm, and they
have end-groups that can be deprotected to exhibit thiol
functions. Upon doping, such polymolecular units on an
insulating substrate may be used as molecular nanowires
interfaced with gold nanoelectrodes,[38] either parallel to the
conjugated chains or parallel to the long axis of the ribbon, in
a molecular-scale electronic device.


Experimental Section


Materials : Two different types of PPE, namely a-iodo-w-[(2,5-dihexyl-4-
ethynyl)phenyl]-poly[(2,5-dihexylphenylene-1,4)ethynylene)] (2) and a-
[[4-[(N,N'-dimethylcarbamoyl)thio]phenyl]ethynyl]-w-[4-[(N,N'-dimethyl-


carbamoyl)thio]phenyl]-poly[(2,5-di-
hexylphenylene-1,4)ethynylene)] (6),
were synthesised by efficient Pd-cata-
lysed coupling of the AB-monomer
4-ethynyl-2,5-dihexyliodobenzene
(1).[18] The procedure involves the
coupling of the AB-monomer under
[Pd(PPh3)4]/CuI catalysis according to
Hagihara�s method,[19] followed by the
addition of excess 4-[(N,N'-dimethyl-
carbamoyl)thio]iodobenzene (3) as
the end-capping reagent (Schemes 1
and 2). After the work-up procedure,
which is necessary in order to remove
the remaining end-capping reagent,
the iodine function of the resulting a-
iodo-w-[4-[N,N'-dimethylcarbamoyl)-
thio]phenyl]-poly[(2,5-dihexylphenyl-
ene-1,4)ethynylene] (4) was coupled


with 4-ethynyl-[(N,N'-dimethylcarbamoyl)thio]benzene (5) under the same
conditions as described above to yield 6. Furthermore a-Phenylethynyl-w-
phenyl-ter[(2,5-dihexylphenylene-1,4)ethynylene)] (9, PE3), was also syn-
thesised by efficient Pd-catalysed coupling of 1,4-diethynyl-2,5-dihexyl-
benzene (7) with 2,5-dihexyl-4-[(trimethysilyl)ethynyl]iodobenzene (8)
under Hagihara conditions (Scheme 3).


Molecular-weight distributions : The average degree of polymerisation, DP,
were determined by 1H NMR end-group analysis and gel permeation
chromatography (GPC). 1H NMR spectroscopy proved complete end-
functionalisation of the PPEs within the limits of experimental error. This
method can, therefore, be used to evaluate DP and consequently the
number-average molecular weight, Mn, by integrating the relative signals of
the end-groups and those of the main chain. The 1H NMR spectrum of 2
exhibits proton signals of the terminal repeating unit that bears the iodine
atom at d� 7.69 and 7.30. Polymer 6 exhibits a signal of the methyl groups in
the dimethylthiocarbamoyl function at d� 3.02 and the aromatic protons at
d� 7.48. The main chain signal of the aromatic protons for both 2 and 6
appears at d� 7.36. Nominal contour lengths of the molecules have been
calculated from the determined DPs by means of literature values for the
length of the repeat unit.[20]


GPC was used to determine the mass-average molecular weight (Mw), in
addition to Mn, DP and the polydispersity of the polymers 2 and 6.
However, this method is very sensitive to the calibration standards. Since
polystyrene (PS) exhibits a different structure and stiffness from PPE, we
also used as a rigid-rod macromolecule as the calibration standard, namely
a substituted poly(para-phenylene) (PPP) with a known molecular
weight.[21]


Scanning force microscopy: Muscovite mica slices were cut into discs with a
punch and die set in order to produce readily cleavable edges. Solutions


Scheme 1. Synthesis of PPE 2.


Scheme 3. Synthesis of the para-phenyleneethynylene trimer 9.


Scheme 2. Synthesis of PPE 6.
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with different concentrations (from 3.0 g Lÿ1 to 0.01 g Lÿ1 of PPE in pure
THF or a mixture of THF and 1-phenyloctane) and different molecular
weights were used. Molecular self-assembly was achieved by applying a
drop of solution onto a freshly cleaved mica surface and allowing the
solvent to evaporate. The size of the homogeneous ribbon sections depends
on details of the preparation, including the solvent; this will be discussed
elsewhere. The dry samples were investigated by SFM in the tapping
mode[22, 23] with the E-scanner[24] in a range of scan lengths from 10 mm to
0.3 mm, and commercial Si cantilevers (length 125 mm and width 30 mm)
with a spring constant between 17 and 64 N mÿ1 (Digital Instruments, Santa
Barbara, CA). For the calibration of the distance of the piezo controller,
images of mica and gold calibration gratings were routinely employed. The
ribbon widths were measured[25] from images with a resolution of 512� 512
pixels and scan lengths �3 mm, while their heights were determined by the
use of the facilities of the Nanoscope software. Several tens of images were
processed for each polymer length in order to minimise the influence of the
choice of sample area and to reduce the statistical error.


Scanning tunnelling microscopy : The STM investigation was performed
with a home-made[26] beetle-type low-current STM interfaced to Omicron
Electronics (Omicron Vakuumphysik GmbH, Germany). Crystalline
powder of PPE or PE3 was dissolved in 1-phenyloctane and a drop of
the almost saturated solution was applied to the freshly cleaved, highly
oriented pyrolytic graphite (HOPG) substrate.[27] This enabled us to
measure over a period of several hours with the tunnelling tip immersed in
the solution. Molecular resolution at the solid ± liquid interface was
achieved by means of high scan rates (�60 ± 100 Hzlineÿ1). By varying
the tunnelling parameters it was possible to visualise the HOPG lattice
underneath and therefore to calibrate the piezo in situ. The tunnelling tips
were electrochemically etched with KOH (2n)�NaCN (6n) from a
0.25 mm Pt/Ir (80:20) wire. Unit cells and backbone spacings were
averaged on several images after their correction for the piezo drift.
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Nitrido Dimers and Trimers of Tungsten Supported by tBuMe2SiO and
CF3Me2CO Ligands, Respectively. Factors Influencing the Reductive
Cleavage of Nitriles by Tungsten ± Tungsten Triple Bonds and An Analysis
of the Structure of the Cyclotrimer
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FreÂderic Lemoigno,[b] and Odile Eisenstein*[b]


Dedicated to Professor Roald Hoffmann on entering his seventh decade


Abstract: [W2(OR)6] compounds (R�
tBuMe2Si and CF3Me2C) are shown to
react reversibly with nitriles (MeCN and
ArCN) in [D8]toluene to give
[W2(OR)6L2] compounds (L� nitrile).
For MeCN the enthalpy of adduct for-
mation for [M2(OCCF3Me2)6] favors
tungsten over molybdenum : DH8�
22(1) kcal molÿ1 (M�Mo) vs. DH8�
ÿ26(1) kcal molÿ1 (M�W), while for
both metals the DS8 values were about
ÿ80 eu. From an 15N NMR line-shape
analysis the activation parameters for
adduct formation are calculated to be
DH=��24(2) kcal molÿ1 and DS=�
36(6) eu for M�W and DH=�
19(2) kcal molÿ1 and DS=�ÿ38(6) eu
for M�Mo. Adduct formation is less
favored for benzonitrile with DH8�
ÿ16(1) kcal molÿ1 for the formation of
[W2(OCMe2CF2)6(NCC6H5)2]. Howev-
er, the reductive cleavage of PhC�N is
favored kinetically over MeC�N and


only occurs for M�W. For reactions
between [W2(OCCF3Me2)6] and PhCN
(10, 20 and 30 equivalents of PhCN) the
rate is retarded with increasing nitrile
concentration. The activated species is
proposed to be a monoadduct
[W2(OR)6(m-NCPh)]. The products of
the cleavage are [NW(OR)3]n and
MeC�CMe or ArC�CAr for MeC�N
and PhC�N, respectively, as determined
by 13C and 15N labeling studies. For R�
tBuMe2Si a dimeric structure is obtained
with terminal nitride ligands and bridg-
ing OSitBuMe2 ligands. For R�
CCF3Me2, a cyclotrimer exists both in
solution and the solid state, with a planar
W3N3 ring with alternating short and


long WÿN distances. The structure of
the model compound [(HO)3WN]3 has
been investigated by DFT (B3LYP)
calculations. The short ± long alternating
WN bond lengths of the ring are well
reproduced and are attributed to the
preference for the OR groups to occupy
two equatorial and one axial site of the
trigonal bipyramid at each W center.
Models of transition states were studied
and support the absence of site exchange
at each tungsten; this would have led to
an interchange of the short and long
WÿN bonds. These findings are dis-
cussed in terms of the earlier predictions
of Hoffmann et al. and the experimental
findings of other workers for do metal
nitrides of formula [LnMN]x. The cell
parameters for [(CF3Me2CO)3WN]3 at
ÿ169 8C are: a� 22.481(5), b�
11.367(2), c� 22.573(2) �, b� 94.6(1)8
and space group P21/c.


Keywords: alkoxides ´ density func-
tional calculations ´ molecular
orbitals ´ nitrides ´ nitrile
cleavage ´ tungsten


Introduction


As in so many areas of organometallic and coordination
chemistry, it was Roald Hoffmann[1] who first applied the


broad stroke of his pen to describe the bonding modes in
transition metal nitrides complexes. In a paper entitled
ªTransition Metal Nitrides, Organic Polyenes and Phospha-
zenes. A Structural and Orbital Analogyº the authors stated,
ªPerhaps the most interesting conclusion we can draw for
transition metal nitrides is that there should be substantial
stability for a benzene analogue. Does this mean that the
benzene analogue will have all equal bond lengths, we are not
sure.º Hoffmann et al. drew the limiting structures shown in
A.[1]
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Shortly thereafter Roesky[2] and then Wolczanski[3] report-
ed the structure of the cyclotrimers [Cp*Ta(X)N]3, where X�
Cl and Me, which contained a planar M3N3 moiety with
statistically equivalent TaÿN bond lengths (1.84(2) to
1.90(2) �). Wolczanski et al.[3] carried out extended Hückel
calculations on an idealized [X2TaN]3 molecule with C3v


symmetry and established that the trimer had the familiar p-
type MO�s with a and e symmetry as in benzene.


In this paper we describe our continuing studies of substrate
uptake and activation at dimolybdenum and ditungsten
centers supported by alkoxide ligands,[4] which by cleavage
of the CÿN triple bond of organic nitriles have led to the
isolation of [(RO)3WN]n compounds. When R� tBuMe2Si,
the complex is a dimer, n� 2, with terminal nitrido ligands,
and when R�CF3Me2C the complex is a cyclotrimer, n� 3,
with alternating short and long WÿN bond lengths. A
preliminary account of this work has been published.[5]


Results and Discussion


Syntheses and reactivity studies : The reactivity of a metal ±
metal triple bond is greatly influenced by the metal, the MÿM
electronic configuration, and the set of attendant ligands. For
[M2(OtBu)6] compounds the importance of the metal, M�
Mo versus W, is seen in the fact that [Mo2(OtBu)6] fails to
react with MeC�N, whereas [W2(OtBu)6] shows an extremely
rapid reaction to give products of the reductive cleavage of
the CÿN triple bond [Eq. (1)].[7] Upon changing the ligands
from tBuO to CF3Me2CO Schrock and co-workers noted that
[W2(OCMe2CF3)6] reacts reversibly with acetonitrile to form a
bis-nitrile adduct [Eq. (2)].[8]


[W2(OtBu)6]�MeC�N 0 oC


hexane
! [(tBuO)3W�N]� [(tBuO)3W�CMe] (1)


[W2(OCMe2CF3)6]� 2MeC�N > [W2(OCMe2CF3)6(NCMe)2] (2)


We have confirmed this observation and, by use of 15N
NMR spectroscopy and the labeled acetonitrile MeC�15N, we
have measured the equilibrium constants at various temper-
atures in [D8]toluene. A similar equilibrium was established
for [Mo2(OCMe2CF3)6] and this has allowed us to com-
pare the thermodynamic parameters, which are DH8�
ÿ22(1) kcal molÿ1 for M�Mo and 26(1) kcal molÿ1 for
M�W. This is consistent with our earlier measurements of
the relative binding of Lewis bases to related [M2(OR)6]
compounds; this revealed that tungsten binds ligands more
strongly, but only by about 3 kcal molÿ1.[4] It is also consistent
with the generally held opinion and truism that metal ± ligand
bonds to third row transition metal elements are stronger than
related bonds involving second row elements because of the
greater radial extension of the 5d relative to the 4d atomic
orbitals. This same effect is seen in metal ± metal bond
strengths and the heats of sublimation of the elements, DHsubm


W>Mo.[9] The entropies of formation, DS8, of the bis-
acetonitrile adducts, [M2(OCMe2CF3)6(NCMe)2] were
ÿ84(4) eu (M�W) and ÿ78(4) eu (M�Mo). These values
are large as might be expected for a reaction wherein three
molecules are involved in adduct formation: A� 2 B!C.
They are statistically the same for M�Mo and W and the DS8


value is roughly twice that seen in the formation of mono
adducts of [M2(OR)6] compounds, such as in the reaction
between [Mo2(OCH2tBu)6] and both P(nBu)3 and NCNEt2.[4]


The equilibrium in Equation (2), which was followed as a
function of temperature by 15N NMR spectroscopy, also
allowed an estimation of the activation parameters from a
simulation of the line broadening of the bound and free
MeC15N signals. For M�W, we estimate DH=�
24(2) kcal molÿ1 and DS=�ÿ38(6) eu, and from studies of
the related reaction involving [Mo2(OCMe2CF3)6] and
MeC15N DH=� 19(2) kcal molÿ1 and DS=�ÿ38(6) eu for
M�Mo.


These data provide a consistent picture for the reaction
wherein the trends in the enthalpy of activation and entropy
of activation differ little for the two metals (molybdenum
appearing slightly more labile) and only half of the overall
entropy loss is seen in the DS= values.


Although the reversibility of the reaction in Equation (2)
reported by Schrock[8] was readily confirmed, we did observe
that at room temperature there was a slow further reaction to
give [(Me2CF3CO)3W�N]3. This occurred over a period of
two weeks in the presence of an approximate 10-fold excess of
MeCN at room temperature. The reaction was most clean
when MeC�CMe, which was also formed in this reaction, was
allowed to escape from the reaction mixture, because other-
wise MeC�CMe and [W2(OCMe2CF3)6] react.[8] No similar
cleavage of MeC�N was observed for [Mo2(OCMe2CF3)6]
over a period of months.


The reaction between benzonitrile and [W2(OCMe2CF3)6]
in [D8]toluene was also studied. This too showed an equili-
brium of the type shown in Equation (2) and, by use of
13C NMR spectroscopy and reactions employing Ph13C�N, we
determined DH8�ÿ16(1) kcal molÿ1 and DS8�ÿ38(4) eu.
The smaller enthalpy of formation of [W2(OC-
Me2CF3)6(NCPh)2], DH8�ÿ16(1) kcal molÿ1 relative to the
acetonitrile adduct, DH8�ÿ26(1) kcal molÿ1, is understand-
able in that MeCN is a better (stronger) Lewis base than
benzonitrile. However, the markedly lower value of DS8�
ÿ38(4) eu for PhCN relative to ÿ78(4) eu for MeCN is
harder to explain. It does mean, however, that while enthalpi-
cally the acetonitrile adduct is favored, and this is seen in the
position of equilibrium at room temperature, with increasing
temperature the ÿTDS8 term will increase significantly and
more rapidly for MeCN thus favoring dissociation at higher
temperatures.


Studies of the binding of Ph13CN were complicated by the
reaction shown in Equation (3), which proceeds at a signifi-
cant rate at 30 8C. The formation of Ph13C�13CPh is readily
followed by 13C NMR spectroscopy as is the loss of Ph13C�N.
It is a very clean reaction and almost certainly proceeds by the
two step reaction sequence shown in Equations (4a) and (4b).


[W2(OCMe2CF3)6]� 2Ph13C�N >
2[(Me2CF3CO)3W�N]�Ph13C�13CPh


(3)


[W2(OCMe2CF3)6]�PhC�N slow!
[(Me2CF3CO)3W�CPh]� [(Me2CF3CO)3W�N]


(4a)


[(Me2CF3CO)3W�CPh]�PhC�N fast!
[(Me2CF3CO)3W�N]�PhC�CPh


(4b)
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We have found no evidence for the intermediacy of
the benzylidyne complex [(Me2CF3CO)3W�13CPh] by
13C{1H}NMR spectroscopy; this implies that the reaction in
Equation (4b) is notably faster than that in Equation (4a).
Even in the presence of only one equivalent of Ph13C�N, we
observed formation of [(Me2CF3CO)3W�N] and Ph13C�13CPh
along with unreacted [W2(OCMe2CF3)6]. There is good
precedent for the metathesis reaction between a nitrile and
a terminal alkylidyne leading to M�N and C�C function-
alities.[10]


At this point it is worth mentioning the following observa-
tions. 1) PhCN and [Mo2(OCMe2CF3)6] enter into a reversible
equilibrium with the formation of [Mo2(OCMe2CF3)6-
(NCPh)2], but even after several weeks we found no evidence
for a further reaction analogous to that in Equation (3).
2) Under the conditions of 10 equivalents of nitrile to
1 equivalent of [W2(OCMe2CF3)6], we observed that there
was a significant difference in the rates of the reactions of p-
XC6H4CN compounds toward C�N bond cleavage, such that
the observed rates were in the order CF3>Cl>H>OMe. In
no instance was cleavage observed in reactions with
[Mo2(OCMe2CF3)6], though reversible adduct formation akin
to that in Equation (2) was seen.


The reaction between Ph13C�N and [W2(OCMe2CF3)6] was
studied as a function of temperature for reactions involving
10 equivalents of Ph13C�N to 1 equivalent of [W2(OC-
Me2CF3)6] and at 48.6 8C with varying initial concentrations
of [Ph13CN] to [W2(OCMe2CF3)6] ranging from 10:1 to 2:1.
Based on these studies we propose the reaction pathway
shown in Scheme 1.


The essential feature of Scheme 1 is that the reversible
equilibrium [Eq. (2)] proceeds in a stepwise manner involving


Scheme 1.


a monoadduct [W2(OCMe2CF3)6(NCR)] that exists in dy-
namic exchange with [W2(OCMe2CF3)6], free RCN, and
[W2(OCMe2CF3)6(NCR)2]. It is, however, from the mono-
adduct that the products of the reductive cleavage are formed
and it is possible to introduce yet another equilibrium step
[Eq. (5)] involving an h1-NCR complex and a m-NCR species.


[W2(OCMe2CF3)6(h1-NCR)] > [W2(OCMe2CF3)6(m-NCR)] (5)


The nature of the m-NCR complex is unknown and could
have the form of a parallel bridged species as seen in the
structure of [Mo2(OCH2tBu)6(m-NCNMe2)][11] or a perpen-
dicular bridge as seen by Eglin[12] and Cotton[13] in which a m-
NCMe ligand bridges a Mo2


4� or W2
4� center. We have tried to


find NMR evidence for a monoadduct [W2(OCMe2CF3)6-
(NCR)], where R�Me and Ph, by studies employing the 15N
or 13C labeled nitriles in which the concentration of nitrile to
W2 complex was less than 1:1, but only free nitrile, the W2


complex, and the bis-nitrile adduct were detected by NMR
spectroscopy. Never-the-less it is almost certain that the
products of the reductive cleavage of the nitrile are derived
from the monobridged adduct just as in the cleavage of
alkynes for which we have established, in certain cases, the
reversible equilibrium [Eq. (6)], involving the m-alkyne
adduct.[14]


[W2(OtBu)6(m-C2R2)] > 2[(tBuO)3W�CR] (6)


From the proposed reaction sequence presented in
Scheme 1 we can determine that kobs is the complex expres-
sion shown in Equation (7), where K1 and K2 refer to the
equilibrium constants for the formation of the mono-and bis-
nitrile adducts, respectively.


kobs�
k3


1 � 1=�K1�L� � K2�L��
(7)


The pseudo-first-order rate constants for the cleavage of
benzonitrile at 48.6 8C as a function of benzonitrile concen-
tration are given in Table 1. Here it is evident that the rate of


cleavage is suppressed by benzonitrile, but a simple inverse
relationship kobs� 1/[PhC�N] was not observed. In this
respect it is interesting to note the similarity and difference
between the present study and that of Wolczanski et al.[15] who
studied the cleavage of carbon monoxide at a (W�W)6� center
in the reaction shown in Equation (8). In Equation (8) the
reaction proceeds only at elevated temperatures and shows a
strict inverse dependence on the concentration of added CO
(silox�OSitBu3). Here the dicarbonyl adduct is strongly


Table 1. Pseudo-first-order rate constant for cleavage of benzonitrile by
[W2(OCMe2CF3)6].


Initial [Phÿ*CN]/[W2] ratio [Phÿ*CN] [m] kobs [�105 sÿ1]


10 0.1686 2.79
5 0.08430 7.24
3 0.05056 17.2
2 0.03372 32.6
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favored on enthalpic grounds. The K1 value is very large and,
thus, the term 1/(K1[L]) approaches zero, such that the term
K2[L] in the denominator is rate limiting.


[W2Cl2(silox)4(CO)2] ÿ! [W2(O)(m-C)Cl2(silox)4]�CO (8)


The influence of temperature on the rate of the reaction is
revealed by the data presented in Table 2. As one would
expect, the rate increases with temperature. The reaction was


monitored with 10 equivalents of PhCN and the initial rate of
reaction was estimated and taken as kobs. It is important to
recognize here that the formation of [(Me2CF3CO)3W�N]
and PhC�CPh consumes 2 equivalents of PhC�N per one
equivalent of [W2(OCMe2CF3)6], and, since the rate of the
reaction changes with concentration of [PhC�N] in a non-
linear manner, kobs is not constant over the course of the
reaction. A plot of ln(kobs/T) versus 1/T is shown in Figure 1.
The nonlinear plot shows that the rate data do not conform to


Figure 1. A plot of ln(kobs/T) vs. 1/T for the reaction given in Equation (4).


the Eyring Equation (as predicted for Transition State
Theory) and this is not surprising because we are not
measuring the rate of a fundamental reaction step.[16] Even
in the simplified reaction pathway shown in Scheme 1, k3 , K1,
and K2 are all temperature dependent.


The complexity of the system does not allow us to speculate
on the observed rate order of the cleavage of p-X-C6H4CN,
where X�CF3>Cl>H>OMe, beyond noting that elec-
tronic factors will influence k3, K1, and K2 . The total lack of
reactivity of [Mo2(OCMe2CF3)6] over extended periods of
time (weeks and months) is very striking, and we attribute this
principally to factors influencing k3. As we suggested in the


first paper in this series, the orbital energetics of the p and p*
orbitals of the substrate and M�M bond play an important
role in controlling DH= for reductive cleavage.[4]


The reaction between [W2(OSiMe2tBu)6] and PhCN was
also studied. This too showed an equilibrium akin to that in
Equation (2) and with time cleavage of the nitrile was
observed to give [(tBuMe2SiO)3W�N] and PhC�CPh. No
studies of the kinetics of this reaction were undertaken, but
the similarity between [W2(OSiMe2tBu)6] and [W2(OC-
Me2CF3)6] is noteworthy as in their reactions with CO.[17] In
both cases these reactions differ notably when compared with
[W2(OtBu)6].


Molecular structures and spectroscopic studies of (RO)3W�N,
where R� tBuMe2Si and CF3Me2C : The molecular structure
of [(tBuO)3WN] is known to be that of a linear polymer with
alternating long and short WÿN distances that are typical of
weak dative bonds and strong WÿN triple bonds,[19] while the
structure of [(Ar'O)3WN] was recently shown to be dimeric
with a planar central W2N2 moiety with alternating WÿN
distances.[20] Schematically these are shown in B and C below
(Ar'� 2,6-iPr2C6H3). It is therefore particularly interesting
that the two compounds reported here represent two new
structural types. For R� tBuMe2Si, a combination of cryo-
scopic and spectroscopic data reveal that the compound is
dimeric in solution with a structure of the type shown in D.


The cryoscopic molecular-weight determination in benzene
gave MW� 1052 g molÿ1 and in the 1H NMR there are two tBu
resonances in the integral ratio of 2:1 while the SiMe
resonances appear as three singlets of equal intensity. The
latter are consistent with the fact that at each W atom two of
the RO ligands do not lie on a molecular plane of symmetry
and so the tBuMe2Si methyl groups of these ligands are
diastereotopic. In the 15N NMR spectrum there is a single 15N
signal for the labeled compound [(tBuMe2SiO)3W15N]2


flanked by tungsten satellites, J183Wÿ15N� 103 Hz of integral
intensity 14 %, consistent with an 15N nucleus being bonded to
a single W atom (183W, I� 1/2, 14.3 % nat. abund.). Also in the
infrared spectrum (W�14N)� 1169 cmÿ1 and (W�15N)�
1138 cmÿ1, which support a terminal mode of bonding and
can be compared with (W�N)� 1014 cmÿ1 (14N) and 993 cmÿ1


(15N) for [(tBuO)3W�N!]1 . Similarly in the trimeric


Table 2. kobs for benzonitrile cleavage reactions.


T [8C] [Phÿ13C�N] kobs [sÿ1]


34.7 0.1718 5.20� 10ÿ6


39.7 0.1707 9.95� 10ÿ6


43.5 0.1697 1.53� 10ÿ5


48.6 0.1686 2.83� 10ÿ5


55.2 0.1675 3.70� 10ÿ5


60.1 0.1664 5.17� 10ÿ5


64.9 0.1653 6.29� 10ÿ5
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[Cp*Ta(Me)N]3 (TaÿN)� 960 cmÿ1(14N) and 930 cmÿ1(15N)
were reported.[3] [Unfortunately in the compound where R�
CF3Me2C described in this work the value of (W�N) could not
be assigned because of other resonances falling in this region.]


Although we do not have an X-ray structure of [(tBuMe2-


SiO)3WN]2, we finally should note that the proposed structure
D is related to that seen for [Mo(NO)(OiPr)3]2


[21] and the
ammonia adduct [Mo(OSiMe3)3(N)(NH3)]2, which has the
structure shown in E.[22] The solid-state molecular structure of


[(Me2CF3CO)3WN]3 is shown in Figure 2. Selected bond
distances and bond angles are given in Table 3. The coordi-
nation at each tungsten may be described in terms of a


Figure 2. An ORTEP drawing of the cyclotrimer [(Me2CF3CO)3WN]3


giving the atom number scheme.


distorted trigonal bipyramid, wherein two terminal RO
ligands and the short WÿN bond occupy equatorial sites and
one terminal RO ligand and a long WÿN bond are axial.


The solution NMR data (1H and 19F) support the existence
of the trimeric structure in solution. There are two sets of RO
ligands: three lie in the W3N3 mirror plane, while six do not
but are themselves related by the molecular mirror plane and
the C3 axis of symmetry. The latter have diastereotopic Me
groups. The 15N NMR spectra of the 15N labeled nitride
complex show a singlet flanked by two sets of satellites due to
coupling to 183W: J183Wÿ15N� 40 and 84 Hz. Both sets of
satellites have equal integral intensity �14 %. Even upon
heating to 100 8C in [D8]toluene the 15N spectrum remains
unchanged indicating that the trimer does not dissociate and
also that there is a significant barrier to the attainment of a
symmetrically bridged cyclotrimer. Full data are given in the
Experimental Section.


Theoretical calculations : Before examining the results of the
geometry optimizations, some structural aspects of the WÿN
trimer structure deserve some comments. Each tungsten atom
is five-coordinate in a local trigonal bipyramidal coordination
and is bound to three alkoxide units, one of which is in an axial
and two in equatorial positions. To complete the coordination
spheres, the two nitrogen atoms occupy equatorial and axial
sites. Formally, a double bond exists between the tungsten and
equatorial nitrogen atoms and a single bond between W and
the axial nitrogen. As expected for the trigonal bipyramidal
environment, bonds from the metal to the equatorial sites are
shorter than those to the axial sites.


Within the geometric constraints of the six-membered ring,
it would also have been possible to have both nitrogens placed
in equatorial positions, whereas the one equatorial nitrogen/
one axial nitrogen conformation is observed. We have
suggested[5] that whether or not both nitrogen atoms are in
equatorial positions or one in an equatorial and the other axial
orientation, an alternation of the WÿN bond lengths around
the ring is to be expected. The orbitals of the T-shaped ML3


fragment, even if symmetrically positioned with respect to the
plane bisecting the NÿMÿN angle (both N in equatorial site),
can induce a second-order Jahn ± Teller distortion of the p-
electron system that favors MÿN bond alternation. Alterna-
tively, a fac ML3 fragment bonds to equatorial and axial
nitrogen atoms making the two centers intrinsically different.
The preference for the fac ML3 arrangement is due to the
large trans influence of the OR groups, which prefer to avoid a
mer geometry where the two would be mutually trans to each
other. Note that such an argument is based on the local
requirements of the metal centers rather than the suggestion
by Hoffmann and co-workers[1] and Wolczanski et al.[3] that
the delocalization of electrons around the six-membered ring
appears to favor equal MÿN bond lengths in these types of
systems. DFT calculations show that [W3N3Cl9] is formed
from three weakly interacting WCl3N units and has a structure
similar to [W3N3(OR3)9] with unequal WÿN bonds.[23]


With these arguments in mind, it is easy to understand why
equivalent TaÿN bond distances are observed for the first two
metal-nitride trimers prepared. Each tantalum center is
located in a pseudotetrahedral environment, if the cyclo-


Table 3. Selected bond lengths [�] and angles [8] for
[N(W�OCMe2CF3)3]3.


W(1)ÿN(4) 1.732(15) W(2)ÿN(5) 1.682(19)
W(3)ÿN(6) 1.717(19) W(1)ÿN(6) 2.159(20)
W(3)ÿN(4) 2.125(15) W(3)ÿN(5) 2.159(18)
WÿOax 1.904 ± 1.913 WÿOeq 1.860 ± 1.909


N(4)ÿW(1)ÿN(6) 84.9(7) N(4)ÿW(2)ÿN(5) 84.9(7)
N(5)ÿW(3)ÿN(6) 87.6(7) W(1)ÿN(4)ÿW(2) 154.5(10)
W(2)ÿN(5)ÿW(3) 153.6(9) W(1)ÿN(6)ÿW(3) 150.7(9)
OaxÿWÿNax 168(3) av OaxÿWÿNeq 106(2) av
OaxÿWÿOeq 91(1) av OeqÿWÿOeq 142(6) av
OeqÿWÿNeq 108(3) av
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pentadienyl (Cp) rings are considered to occupy one coordi-
nation site about the metal. The plane going through the
center of Cp, which also contains Ta and X, bisects the
NÿTaÿN angle. The local coordination around Ta makes the
two TaÿN bonds potentially equivalent. The five-coordinate
environment around each metal center, as it occurs in the
tungsten-nitride trimer, is central to the nonequivalence of the
WÿN bonds and thus the only situation with alternating bond
lengths around the ring.


In support of this analysis, an extended Hückel calculation
of the WÿN trimer with all equal WÿN bond lengths and the
experimental position for the OR group (modeled by OH)
gives a larger WÿN Mulliken overlap population for the
equatorial nitrogen; this is an indication for a shorter bond
length.[5] This qualitative analysis needs to be complemented
by a more quantitative theoretical study. DFT(B3LYP)
calculations have been used with the purpose to attempt a
better understanding of the bond alternation in the WÿN ring,
the relation between the WÿN distances, and the site
occupancy of the alkoxy group as well as to propose some
interpretation of the slow exchange between WÿN short and
long bond lengths.


The structure of [(HO)3WN]3 was optimized with no
symmetry constraint (Figure 3). The three W and the three
N centers form a planar six-membered ring with alternating


Figure 3. Optimized DFT (B3LYP) structure for [(HO)3WN]3. Selected
bond lengths in � and angles in degrees.


short (1.801) and long (1.935 �) WÿN distances and C3


symmetry. The three OH groups complete the coordination
of the metal to form a local trigonal bipyramid. The axial OH
group (WÿO� 1.967 �) of the bipyramid is opposite to the
long WÿN bond (NÿWÿO� 172.8 �). The two other OH
groups with shorter WÿO distances (1.909 �) occupy the
equatorial site (OaxÿWÿOeq� 115.5 �). The NÿWÿN and
WÿNÿW angles are 86.4 and 153.68, respectively. Note,
changing the orientation of the equatorial OH groups (to
point toward N and not toward axial OH) gave qualitatively
similar results. These structural features are in good qualita-
tive agreement with the experimental data and highlight the
preference for the alternating short ± long distances and the
planar (WÿN)3 six-membered ring. They also show that the
three OH groups have a preference to occupy one axial and
two equatorial sites of the trigonal bipyramid and not two


axial and one equatorial. Hence, the OH groups prefer not to
lie in the same plane and could be defined, for convenience, as
being fac as opposed to mer (corresponding to two axial and
one equatorial site). This shows that the preference for fac
over mer, not imposed by the steric hindrance of the OR
groups, forces the nitrogen atoms to occupy two nonequiva-
lent sites, that is, equatorial and axial sites of the local trigonal
bipyramid. The alternation of short and long WÿN bonds
comes from a local property of each metal center and not as a
result of a collective effect in the six-membered ring. The
optimized structure of the monomer WN(OH)3 (WÿN�
1.670 �, WÿO 1.9121 �, OÿWÿN� 103.38) is very similar to
that calculated for WNCl3.[23] The bonding interaction in
the trinuclear system is calculated to be 25.6 kcal molÿ1


per monomer, which is also similar to that in W3N3Cl9


despite the fact that the WN bond is significantly more
stretched in the trimer for the alkoxy groups than for chloride
ligands.


A complete search for a transition state (TS) for exchanging
the equatorial and axial OH and thus simultaneously inter-
converting the short and long WÿN bonds is impractical
owing to the large size of the system. An estimate of the
mechanism to exchange short and long WÿN bonds was
carried out in the following way. Since the two nitrogen atoms
are part of a ring, the pseudorotation at W would preferably
occur through a turn-style mechanism and not a Berry
rotation. The three W(OR)3 moieties can rotate in the same
direction (clockwise for instance) or one in the opposite
direction of the two other groups. If the first case, the TS
would have a C3v symmetry and in the second case it would
have a Cs symmetry going through the unique metal that
rotates in a different manner from the two other. The
optimization of the two model TSs under these symmetry
constraints have been carried out. A search with a mer
arrangement of the OH groups proved to be unsuccessful,
since it falls back to the minimum structure.


The Cs structure (Figure 4) is 16 kcal molÿ1 above the
optimized minimum, while the C3v species (Figure 5) is even
higher (23 kcal molÿ1). These high energies, in species already
deprived from steric factors, rationalize the lack of fluxion-
ality in the real system.


Figure 4. Optimized geometry of a model of the Cs transition state for
interchanging short and long WÿN bonds.
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Figure 5. Optimized geometry of a model of the C3v transition state for
interchanging short and long WÿN bonds.


The Cs geometry allows two equivalent WÿN distances
(1.873 �) around one metal center only. The two other metal
centers have short and long WÿN distances. The coordination
sphere around the unique W atom with equal WÿN distances
is a square-based pyramid, while the trigonal bipyramidal
arrangement is found for the two other metals. The C3v


geometry has all equal WÿN distances (1.877 �). Each metal
center has a square-pyramidal geometry. The six-membered
ring remains essentially planar.


It should be pointed out that for the Cs or the C3v transition
states, there are no major changes in the geometry of the ring
in terms of angles at the N or at the W centers. The WÿN
distances are also not drastically different from the one found
in the minimum.


The analytical frequencies were calculated with Gaus-
sian 98 (see Computational Details). The Cs type transition
state has one very negative eigenvalue (ÿ222 cmÿ1) and
another smaller one (ÿ99 cmÿ1). Examination of the vibra-
tion associated with the more negative value shows a
significant participation of the antisymmetric WÿN stretch
frequency mixed with a displacement of the apical OH group
at the unique square-based pyramidal W center. The less
negative eigenvalue corresponds only to motion of the
OH groups. In the C3v type transition state, there are four
negative frequencies. The most negative one (ÿ285 cmÿ1)
involves the stretch of the WÿN bonds together with
the motion of the apical OH as in the Cs type TS. The three
other less negative frequencies (ÿ88, ÿ68, and ÿ66 cmÿ1)
involve mostly motion of the OH groups. Thus, the Cs type TS
seems to be a better model of the true TS than the C3v type TS.
This indicates that the equivalency of the WÿN bonds
should be obtained through a turnstile pseudorotation
mechanism in which each W center goes sequentially from a
trigonal bipyramidal coordination to a square pyramidal
coordination.


In conclusion, the preference for alternate short/long WÿN
distances is very pronounced and is probably associated with
the preference for a trigonal bypyramid coordination of the
metal center; this forces the two N centers to occupy two
nonequivalent sites (equatorial and axial) of the trigonal


bypyramid. While the transition state for N site exchange
could not be fully located, our models for the transition states
provide some insight into the process. The site-exchange
process probably involves the sequential pseudorotation at
one tungsten at a time to form a local square-based pyramid.
In contrast to what is known in pentacoordination, the energy
associated with this site-exchange process is unusually high
and does not seem to be lowered by any collective process
associated with the ring.


Conclusion


The present work provides two new structural types for do


metal nitrides of empirical formula (RO)3WN: a dimer with
terminal nitrides and bridging RO ligands when R� tBuMe2Si
and a cyclotrimer when R�Me2CF3C. The latter has a planar
W3N3 ring with alternating short and long distances. These
structures are evidently present in the solid state and solution
and contrast with the previous linear polymeric nitride chain
for R� tBu and the nitride-bridged dimer for Ar'� 2,5-iPr2-
C6H3. The rationale for the nondelocalized cyclotrimer arises
from the attendant (RO)3M fragment in contrast to the
Cp(X)M fragment found for the tantalum complexes by
Roesky[2] and Wolczanski.[3]


At this point it is worth considering the cleavage of
dinitrogen in the hypothetical reaction shown in Equation (9)
as compared with that observed for benzonitrile in Equa-
tion (10). If we consider Equation (10) in terms of only the
bonds formed and broken, we can write the expression given
in Equation (11).


[W2(OSiMe2tBu)6]�N�N ÿ! [{(tBuMe2SiO)3W�N}2] (9)


[W2(OSiMe2tBu)6]� 2 PhC�N ÿ! [{(tBuMe2SiO)3W�N}2]�PhC�CPh (10)


DH8 [Eq. (10)]�ÿ2[DH8(W�N)]ÿDH8(C�C)
�DH8(W�W)� 2[DH8(C�N)]


(11)


Taking average values for DH8 for CÿC and CÿN triple
bonds[24] as ÿ194 kcal molÿ1 and ÿ213 kcal molÿ1, respective-
ly, and assuming that the reaction is thermoneutral, that is,
DH8 [Eq (10)]� 0 (although we know it is thermodynamically
favored and thus DH [Eq (10)] is negative) we can write:
ÿ2[DH8(W�N)]�DH8(W�W)�ÿ232 kcal molÿ1. Thus,
knowing DH8(N�N)� 226 kcal molÿ1,[25] we can estimate that
the reductive cleavage of dinitrogen as expressed by Equa-
tion (9) is thermodynamically favorable by more than
6 kcal molÿ1. Certainly we can conclude that reductive cleav-
age does not occur because of kinetic rather than thermody-
namic factors. It is also interesting to note that if we take the
value of DH8(W�W) to be 80 kcal molÿ1, as is indicated by
calculations,[26] then DH8(W�N) is 156 kcal molÿ1. If the value
of DH8(W�W) has as an upper limit value of 100 kcal molÿ1,
then DH8(W�N) would still be greater than 136 kcal molÿ1,
which is in good agreement with expectations based on an
analogy with DH8(W�O) bond strengths for do tungsten
complexes.[27] These suggestions concerning the thermody-
namic favorability of Equation (9) are consistent with the







Nitrido Dimers and Trimers 2318 ± 2326


Chem. Eur. J. 1999, 5, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2325 $ 17.50+.50/0 2325


recent findings by Cummins et al.[28] who have showed that
various X3Mo complexes will cleave N�N and that this
reaction may be coupled with [(tBuO)3Mo�N] and [Mo2(O-
tBu)6].


In conclusion, we believe that this work brings us further in
our understanding of the cleavage of CÿX multiple bonds in
their reactions with MÿM triple bonds, but clearly there are a
number of matters that still warrant further attention, and
future studies are planned to elucidate further upon electronic
factors associated with the reductive cleavage reaction.


Experimental Section


All operations were carried out under a dry and oxygen free atmosphere of
N2, with the use of dry and oxygen free solvents with standard Schlenk,
vacuum-line, and dry-box handling procedures. The compounds
[M2(OR)6], where M�Mo and W, were prepared from [M2(NMe2)6] by
alcoholysis (R� tBuMe2Si and CF3Me2C).[29] The nitriles (from Aldrich)
were distilled and subjected to three freeze ± thaw degas cycles and stored
over 4 � molecular sieves prior to use. The NMR spectra were recorded on
a Bruker AM 500 spectrometer in [D8]toluene as solvent. 15N chemical
shifts are in ppm relative to the external reference of neat MeC�15N set at d


135.3. 13C and 1H chemical shifts are referenced to the 13C and protio
impurity signals in [D8]toluene. 19F NMR signals are referenced to external
CF3COOH. The dynamic behavior of the equilibrium between [M2(OR)6]
complexes with MeC�15N was studied by 15N NMR spectroscopy with the
line-shape analysis program DNMR5.[30] The nitrile cleavage reaction
involving Ph13C�N was monitored by 13C{1H} NMR spectroscopy. The T1


relaxation times for benzonitrile (14.5 s) and diphenylacetylene (11.4 s) 13C
signals were measured at 48.6 8C. The Ernst equation, Equation (12)
[where t1�T1 relaxation time, pw 90� 908 pulse width, at� acquisition
time, and d1�delay time between pulses], was used to determine the
optimal pulse widths for the delay time used in NMR experiments.[31]


pw� cosÿ1 (expÿ(at�d1)t1)(pw 90/360) (12)


Thermodynamic and kinetic measurements were performed with temper-
atures calibrated with a sample of neat methanol and van Greet�s
equation.[31a] The volumes of the samples, which were prepared at
ÿ23 8C, were adjusted to the temperature at which the NMR experiments
were performed. This was accomplished by use of the cubical expansion of
toluene and benzene.[32]


Preparation of isotopically labeled nitriles : The appropriate 13C or 15N
labeled nitrile was synthesized by a slightly modified version of a literature
procedure.[33] KCN (1.03 g, 15.1 mmol) and [Pd(PPh3)4] (150 mg,
0.13 mmol) were added to a 30 mL Schlenk flask. Dimethoxyethane
(DME; 5 mL) was added by cannula. In a separate 30 mL Schlenk flask PhI
(2.45 g, 12.1 mmol) was dissolved in DME (5 mL). The PhI solution was
combined with the KCN/DME solution. The flask was equipped with a
reflux condenser, and the mixture was heated to boiling for 24 h. The
solution was filtered to remove solids followed by fractional distillation to
purify and collect the PhC�N (b.p. 188 8C, 760 Torr).


Preparation of samples for the determination of kinetics : The samples were
prepared in a He filled glove box. For the runs where the temperature was
varied, [W2(OCMe2CF3)6] (10.0 mg, 8.85� 10ÿ3 mmol) was added to an
NMR tube equipped with a J. YoungR adapter. The 13C labeled benzonitrile
(500 mL of a stock solution) was added through a gas-tight syringe. The
stock solution was prepared by adding Ph13C�N (462.5 mg, 4.42�
10ÿ3 mmol) to a 25 mL volumetric solution flask followed by addition of
[D6]benzene to the mark on the volumetric flask. The stock solution was
transferred to a flask equipped with a KontesR valve and stored over 4 �
sieves. For the reactions at 48.6 8C where the concentration of benzonitrile
was varied, the appropriate volume of stock solution was delivered through
a gas-tight syringe (150 mL for three equivalent experiments) to bring the
total volume in the NMR tube to 500 mL. To prepare the sample with two
equivalents of benzonitrile, the same general method was followed with


100 mL of stock solution added to an NMR tube charged with the
ditungsten complex, followed by the addition of 400 mL of [D6]benzene. In
all reactions the rate of formation of Ph13C�13CPh, d13C� 90.2, was
followed.


Preparation of [(CF3Me2CO)3WN]3 : Benzonitrile (150 mL, 1.5 mmol) was
added to a solution of [W2(OCMe2CF3)6] (170 mg, 0.15 mmol) in dry,
degassed benzene (10 mL) at 25 8C. The solution was stirred for 24 h at
25 8C, and the solvent was then removed under vacuum. Recrystallization
from hexanes gave X-ray quality pale orange crystals in 68 % yield upon
cooling to ÿ20 8C. 1H NMR at 24 8C: d� 1.52 (6H), 1.54 (6 H), 1.60 (6 H);
15N NMR: d� 216.6, 1J183Wÿ15N� 84 Hz (14 %), 40 Hz (14 %); 19F NMR d�
ÿ84.2 (6F), ÿ83.6 (12 F).


Preparation of [(tBuMe2SiO)3WN]2 : Benzonitrile (150 mL, 1.5 mmol) was
added to a solution of [W2(OSiMe2tBu)6] (173 mg, 0.15 mmol) in benzene
(10 mL) at 25 8C. The solution was stirred for 24 h at 25 8C and the solvent
was reduced to 2 mL under a dynamic vacuum. Dry, degassed MeCN
(10 mL) was added, and the solution was filtered. The solids were washed
with acetonitrile (2 mL), dried, and collected to yield the title compound as
a tan powder (78 % yield). 1H NMR, 24 8C: d� 0.25 (12 H), 0.31 (12 H), 0.32
(12 H), 1.09 (18 H), 1.12 (36 H); 15N NMR: d� 6.5, J183Wÿ15N� 103 Hz (14 %);
IR (nujol) nÄ � 1169 (W�14N), 1138 cmÿ1 (W�15N); for [(tBuO)3W�N!]1
nÄ � 1014 (W�14N), 993 cmÿ1 (W�15N).


[M2(OR)6(N)(CR'')2]: Selected NMR data in CD2Cl2: [W2(OC-
Me2CF3)6(15NCMe)2] 15N NMR: d� 170.0; [Mo2(OCMe2CF3)6(15NCMe)2]
15N NMR (ÿ40 8C): d� 100.1; [W2(OCMe2CF3)6(N13CPh)2] (ÿ30 8C)
13C�N: d� 136.4; 1H NMR for CMe2CF3: d� 2.18, 1.14, 1.02 (singlets of
equal intensity).


Crystal and molecular structure of [(Me2CF3CO)3WN]2 : A listing of
programs and operating procedures has been previously given.[34] A
summary of crystal data is given in Table 4. Further details of the crystal


structure investigation can be obtained from the Fachinformationszentrum
Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany) (fax:
(�49) 7247-808-666; e-mail : crysdata@fiz.karlsruhe.de) on quoting the
depository number CDS-58362. Full details are available through the
reciprocal database at http://www.iumsc.indiana.edu/. Request report no.
94018.


Computational details : Preliminary calculations proved that RHF level was
not sufficient. Poor results were also obtained with calculations including
68 electrons in the effective core potential of W. Thus all calculations were
carried out with the Gaussian 94 package of programs[35] at the B3LYP
computational level.[36] Effective core potentials were used for replacing
the 60 innermost electrons of W.[37] The basis set was of valence double-z
quality with polarization functions on N and O.[38] All geometries presented
were characterized as zero-gradient stationary points through the analytical
computation of gradients. Owing to the large size of the systems, symmetry
restrictions were introduced where mentioned. During the revision stage
process Gaussian 98 was made available.[39] This program was used to
calculate the analytical frequencies of the Cs and C3v types transition states.


Table 4. Summary of crystal data for [WN(OCMe2CF3)3]3.


MW 1744.4
space group P21/c
T [8C] ÿ 170
a [�] 22.481(5)
b [�] 11.367(2)
c [�] 22.573(4)
b [8] 94.60(1)
V [�] 5749.7
Z 4
1calcd [gcmÿ3] 2.015
l [�] 0.71069
linear absorption coefficient 62
R(F)[a] 0.0503
Rw(F)[b] 0.0513


[a] R(F)�S jFo j ÿ jFc j / jFo j . [b] Rw(F)� {w(jFo j ÿ jFc j )2/w jFo j 2}1/2, where
w�1/[s2 jFo j ].
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Characterization of a de novo Designed Heme Protein by EPR and
ENDOR Spectroscopy


M. Fahnenschmidt,[a] H. K. Rau,[b] R. Bittl,[a] W. Haehnel,[b] and W. Lubitz*[a]


Abstract: The binding situation of
heme incorporated into a de novo syn-
thesized protein is investigated with
EPR and ENDOR spectroscopy. The
protein was modeled on the cyto-
chrome b subunit of the cytochrome bc1


complex and contains two bis-histidine
heme binding sites. The EPR spectra
show Fe3� low-spin signals with g tensor
principal values of 2.97, 2.27, and 1.51
and a contribution of a highly aniso-
tropic low-spin (HALS) species with a
gmax signal at g� 3.5. The regular Fe3�


low-spin EPR spectra were simulated
based on a g strain linewidth-broadening
mechanism. The resulting g tensor prin-
cipal values were used for a ligand-field
analysis. The ligand-field parameters are
typical for bis-histidine ligated hemes
with approximately parallel histidine
planes. The HALS species is character-


istic of bis-histidine ligation with tilted
or twisted imidazole planes. The occur-
rence of both types of heme in the de
novo synthesized protein is discussed.
The EPR data are supplemented by
pulsed ENDOR studies of this pro-
tein and are compared with those of
metmyoglobin ± imidazole and bis-imi-
dazole ferric heme model systems.
ENDOR resonances of nitrogen and
protons of histidine were identified and
used as structural probes for the axial
ligation of the hemes.


Keywords: ENDOR spectroscopy ´
EPR spectroscopy ´ helical struc-
tures ´ heme proteins


Introduction


De novo design of proteins is a new field that has provided
several strategies to approach synthetic proteins with a variety
of functions including catalysis and electron transfer. Various
de novo synthesized metalloproteins have been obtained with
cofactors like heme,[1±5] other metalloporphyrins,[6] iron ± sul-
fur clusters,[7, 8] and mononuclear metal sites.[9±11] Synthetic
proteins with heme as the prosthetic group are of particular
interest as a result of the wide range of biological functions
achieved by natural heme proteins, including oxygen trans-
port and storage (hemoglobin, myoglobin), electron transfer
(cytochromes), and catalysis (catalases, peroxidases).[12] The
versatility in function of the heme group arises in particular
from the diversity of axial ligation and other interactions with
the surrounding protein. Here, we focus on properties of
cytochrome b which constitutes the heart of the cyto-
chrome bc1 and the cytochrome b6f complexes in mitochon-
dria and chloroplasts, respectively.


Choma et al.[1] were the first to synthesize a four-helix-
bundle with a single heme. Robertson et al.[2] constructed
multi-heme proteins. These systems have been termed
maquettes. The maquettes are formed from an amphiphilic
helix; this is dimerized by a disulfide bridge between
N-terminal cysteines and assembled into a bundle of four
helices with parallel orientation.[2] This design concept has
recently been extended by synthesis of peptides forming a
helix ± loop ± helix structure to allow alternative four-helix-
bundle topologies.[13] The assembly of the amphiphilic helices
is driven to a great extent by the formation of a hydrophobic
core of the bundle. However, the association of single helices
or helix ± turn ± helix peptides includes several possibilities of
the interfacial packing[14] which are difficult to predict. The
modular design strategy of a template-assembled synthetic
protein (TASP) introduced by Mutter et al.[15] solves this
protein-folding problem. It provides flexibility in protein
design with respect to position and orientation of the helices
by their coupling to a cyclic decapeptide template. The
modular synthesis of a TASP has been combined with the
incorporation of redox-active cofactors to build a four-helix-
bundle protein accomodating two bis-histidine ligated heme
groups.[16, 17] By following the structure of cytochrome b[18, 19]


we have attached to the template two parallel heme binding
helices with two alternating antiparallel helices, which shield
the two hydrophobic heme binding sites from the hydrophilic
exterior. This synthetic heme protein assembled from purified
polypeptide building blocks is termed MOP for modular
protein.
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In this contribution we determine the properties of the
heme groups in the synthetic protein, investigate the type of
the axial ligands, their distance from the metal center, and the
orientation relative to each other. This detailed analysis is
performed by EPR and ENDOR spectroscopy with the
oxidized heme as a paramagnetic probe.


The Fe3� central ion of the heme can adopt two spin
states:[20] a high-spin state (S� 5�2) with an axial g tensor (gk � 2
and g?� 6) and a low-spin state (S� 1�2) with a rhombic g
tensor. The principal g values for the S� 1�2 state depend
critically on the type and arrangement of the axial ligands of
the heme. The detection of the spin state in the EPR spectrum
and the evaluation of the g tensor values in terms of a ligand-
field analysis[21] is the basis for investigating the coordination
sphere of the heme group in the protein.


EPR spectroscopy has been used[1, 2, 5, 22] to characterize the
heme incorporation in maquettes. Here we extend this
approach and additionally use ENDOR spectroscopy to study
the heme and its binding site in the de novo synthesized
protein. ENDOR reveals the hyperfine interactions of pro-
tons and 14N nuclei in the environment of the Fe3� of the heme
group.[23] The ENDOR measurements on the de novo
synthesized protein will be compared with those of the
natural heme protein derivative, metmyoglobin with an
additional imidazole ligand (MbIm), and the model complex
bis-imidazole ferric heme (PPIX(Fe)Im2).


Results and Discussion


Design concept : The design of both four-helix-bundle pro-
teins, maquette[2] and MOP,[16] is based on the stabilization of


the molecule by the assembly of the amphiphilic helices,
which form a hydrophobic interior, and by the ligation of each
heme group with two histidines. The helices are additionally
stabilized by salt bridges. This is achieved by glutamate and
lysine being held apart by four residues. The concept of
assembly and topology of the maquette and the MOP is,
however, significantly different. The dimerization of the
single helices through the N-terminal cysteines after oxidation
by air and the self-assembly of these dimers to the maquette
are accomplished within a short time. In contrast, the syn-
thesis of the MOP includes many additional steps of
purification, chemical modification, and selective ligation to
the template. Figure 1 shows a schematic drawing of the MOP.


Figure 1. Schematic representation of the modular protein (MOP). The
design concept is based on the modular strategy of a template-assembled
synthetic protein.[17] The fixation of helices (shown as columns) on a
template allows control of antiparallel orientation and the desired
arrangement of helices. The MOP shown here contains two different
helices (H1 and H2) and two heme binding sites. The two hemes are
indicated by squares (for details see text).


It includes essential features of the heme-binding core formed
by the four transmembrane helices A, B, C, and D of the
cytochrome b subunit in the cytochrome bc1 complex.[19, 24]


The residues in the center of the four transmembrane helices
and in particular those presumably in contact with the heme
groups were conserved in the design. The other residues
oriented towards the exterior of the bundle were changed to
hydrophilic and helix-stabilizing residues.[16, 17] The amino acid
sequences of the helical peptides H1 and H2 with a
bromoacetyl group at the N-terminus (H1) and at the e-
amino group of the C-terminal lysine (H2) are:


Br-H1: BrAcÿGGELRELHEKLAKQFEQLVKLHEERAKKLÿNH2


Br-H2: AcÿLEELWKKGEELAKKLQEALEKGKKLAK(AcBr)ÿNH2


The template cyclo(CACPGCACPG) and the complete MOP
with the helices H1 and H2 bound by thioether linkages to the
cysteine residues of the cyclic decapeptide template are
depicted in Figure 1.


Helix H1 contains two histidines separated by 13 residues as
found in the heme-binding helices B and D of the natural
protein. Furthermore, a phenylalanine is introduced in the
center of helix H1 as found in helix B of cytochrome b. The


Abstract in German: Die Bindungssituation des in ein de novo
synthetisiertes Protein eingebauten Häms wird mit EPR- und
ENDOR-Spektroskopie untersucht. Das de novo synthetisierte
Protein wurde auf der Basis der Cytochrom b-Untereinheit des
bc1 Komplexes modelliert und enthält zwei Bis(histidin)-
Bindungstaschen. Die EPR Spektren des Proteins zeigen
Low-spin-Signale des Fe3� mit g-Tensorhauptwerten von 2.97,
2.27 und 1.51 und eine stark anisotrope Low-spin-Spezies
(HALS) mit einem Signal bei gmax� 3.5. Die normalen Low-
spin-EPR-Spektren wurden mit einem g-strain-Mechanismus
zur Linienverbreiterung simuliert. Die hieraus resultierenden
g-Tensorhauptwerte bilden die Grundlage für eine Liganden-
feldanalyse. Die erhaltenen Ligandenfeldparameter sind ty-
pisch für durch zwei Histidine gebundenes Hämin mit
annähernd parallelen Histidinebenen. Die HALS-Spezies ist
dagegen charakteristisch für eine Bindung mit verdrehten oder
verkippten Histidinebenen. Das Auftreten beider Spezies im de
novo synthetisierten Protein wird diskutiert. Die EPR-Daten
werden durch Puls-ENDOR-Studien an diesem Protein er-
gänzt, welche mit denen von Modellsystemen, Metmyoglobin ±
Imidazol und Hämin ± Bis(imidazol), verglichen werden. EN-
DOR-Resonanzen von Stickstoff und Protonen des Histidins
wurden identifiziert und als strukturelle Sonden für die axiale
Bindung der Hämine eingesetzt.
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termini of the helices have been blocked either by acetyl or
amide to reduce the helix dipole for additional stabilization.
The arginines spaced by three residues from the heme-ligating
histidines should compensate for the negative charges of the
propionate groups of the heme. Helix H2 is bound to the
template in antiparallel orientation to helix H1. Helix H2 was
modeled after the natural helices A and C, and contains two
conserved glycines which are positioned at the same height as
the two histidines in H1 and a conserved tryptophan. The
linkage of the helices to the template and the branched
structure of the MOP favors the formation of the helix bundle
by a small change in entropy between the unfolded and folded
state compared with the assembly of independent substruc-
tures.[25]


The design of the MOP[17] is essentially different from that
of the maquette.[2] The latter is a homotetramer of a single
helix with four hemes and has four charged N- and C-termini,
while the MOP is synthesized from two different helices with
blocked termini in parallel orientation and binds two hemes.
An advantage of the modular synthesis of the MOP is the
possibility of controlling the orientation and position of the
helices bound to the template. However, the fixation on the
peptide template may restrict the freedom in the geometric
arrangement of the helices. As recently shown,[26] this problem
may be avoided by suitable linkers.


EPR spectroscopy : The EPR spectra of MOP and MbIm are
shown in Figure 2. The signals at g values of 3.0, 2.3, and 1.5
are characteristic for low-spin Fe3�. The spectrum of the MOP


Figure 2. X-band EPR spectra of MOP (A) and MbIm (B). The
simulations of the Fe3� low-spin spectra are shown as dotted lines. The
extracted g values are collected in Table 1. Experimental conditions: T�
20 K, 9.44 GHz microwave frequency, 5 mW microwave power, 100 kHz
modulation frequency, 1 mT modulation amplitude, 15 min total recording
time for each spectrum. The simulation is based on a special case in the g
strain theory of Hagen et al. ,[36] where the g tensor principal values are
treated as statistical variables. The linewidth is determined by the standard
deviations s1, s2, s3 of the g tensor values. For the MOP we obtained s1�
0.07, s2� 0.03, s3� 0.08, and correlation coefficients r12�ÿ0.95, r23�
ÿ0.95, and r13� 0.95. For MbIm s1� 0.05, s2� 0.02, s3� 0.04, and r12�
ÿ0.95, r23�ÿ0.95, r13� 0.95. For the respective g values see Table 1.


shows an additional shoulder at g� 3.5. The signal at g� 6 is
diagnostic for the g? component of high-spin Fe3�,[20] the
respective gk � 2 signal is superimposed on other signals at g�
2. The very small signal at g� 4.3, assigned to rhombic Fe3�,[27]


and the signal at g� 2 can be attributed to a small amount of
paramagnetic impurities in the buffer.


The EPR spectrum of the MOP in Figure 2A indicates
predominance of low-spin and only a little high-spin heme.
The detection of the low-spin state provides clear evidence for
a specific heme incorporation through strong axial coordina-
tion by two histidine ligands. The high-spin state occurs when
only weak axial ligands are provided as in samples of free
heme in aqueous solution,[28] or when only one histidine
ligand is bound to heme as in aqueous metmyoglobin.[29]


If a second imidazole ligand is added to metmyoglobin,
imidazole is bound to the distal site of the heme as a
sixth ligand[30] and a conversion to the low-spin state
occurs,[31] as can be seen in the EPR spectrum of MbIm in
Figure 2B. For a quantitative comparison of the spin states
in the EPR spectrum of the MOP it should be noted
that the signal of high-spin (S� 5�2) heme at g?� 6 tends
to dominate the EPR spectrum as a result of the large
transition moment even when the concentration of high-spin
Fe3� is considerably lower than that of low-spin Fe3� (S�
1�2).[32] An estimation based on the simulation of the spectra
yields a ratio of about 1:100 for the ratio of the high- to low-
spin heme form in the MOP, without accounting for the
shoulder at g� 3.5. Thus, the amount of high-spin heme is
almost negligible.


In the following we will inspect the low-spin Fe3� EPR
spectra of the MOP with MbIm as reference to extract further
details of the heme binding situation. The linewidths of the
MOP and MbIm are in the order of several 100 MHz, thereby
ruling out relaxation, protein dynamics, or unresolved hyper-
fine splittings as origin of the line broadening. It has been
shown[33, 34] that the dominant line-broadening mechanism in
EPR spectra of low-spin heme proteins is g strain. This is
caused by structural microheterogeneities in the environment
of the paramagnetic center.[35] We simulated the spectra of the
Fe3� low-spin species in Figure 2 based on the g strain line-
broadening model of Hagen et al.[36] The parameters for the
simulations shown in Figure 2 are given in the figure caption.
The linewidth of the low-spin EPR spectrum of the MOP is
larger than that of the MbIm. This increased linewidth is
interpreted as a larger g strain; this indicates a higher degree
of microheterogeneity in the MOP. The principal g tensor
values obtained from the simulation are given in Table 1. In a
maquette with four hemes a similar EPR spectrum of a low-
spin Fe3� species was found[22] with g tensor values g1� 2.89,
g2� 2.24, and g3� 1.54.[2]


In natural heme proteins with bis-histidine binding pockets
g tensor values comparable to those found in the de novo
synthesized heme proteins were observed. For example,
cytochrome b5 shows g tensor values of 3.03, 2.24, and
1.46.[37] In this protein the histidine planes are oriented
parallel to each other.[38] A correlation between the orienta-
tion of the histidine ligand planes and the g tensor values was
established on the basis of ligand-field theory.[39] The meas-
ured g tensor values collected in Table 1 suggest that the
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histidine planes in our de novo synthesized protein are also
oriented parallel to each other.


In the following we will perform a ligand-field analysis of
the g tensor values summarized in Table 1 to obtain more
detailed information on the electronic structure and the
coordination geometry in our de novo synthesized protein.
For low-spin Fe3� complexes this analysis yields the relative
energies of the three lowest occupied d orbitals depicted in
Figure 3.[21] The difference between the ligand-field strengths


Figure 3. Left: Splitting of the three lowest occupied d orbitals in low-spin
Fe3� complexes: dxy is separated from dxz and dyz by the tetragonal splitting
parameter D, and dxz and dyz are separated by the rhombic splitting
parameter V. Right: Schematic picture showing the orientation of the
partially filled dyz orbital of the iron, the porphyrin plane and the 2
imidazole ligands for a centrosymmetric bis-imidazole ferric porphyrin
system. In this idealized complex gz is perpendicular to the porphyrin plane,
gy and gx lie in the porphyrin plane. Both imidazole planes eclipse the FeÿN
bonds of the porphyrin in the gx direction.


of the axial ligands and the porphyrin ligand causes the dxy


orbital, lying in the porphyrin plane, to be separated from the
orbitals dxz and dyz by the tetragonal splitting D. The dxz and
the dyz orbital are also energetically different (rhombic
splitting V). Taylor�s method of ligand-field analysis[21] yields
a simple relation between the g tensor values and the ligand-
field parameters V and D in units of the spin ± orbit coupling
constant l ; see Equations (1) and (2).


V


l
� gx


gz � gy


� gy


gz ÿ gx


(1)


D


l
� gx


gz � gy


� gz


gy ÿ gx


ÿ 1


2


V


l
(2)


We assigned the g tensor values g1, g2, and g3 obtained from
the simulations of the EPR spectra in Figure 2 to gz , gy, and gx ,
respectively. This assignment is based on single-crystal EPR
measurements of other low-spin heme proteins[31, 40] and
model compounds.[41] These measurements showed unambig-
uously that the principal axis for the largest g value assigned to
gz is approximately parallel to the heme normal. However,
discrepancies exist for low-spin metmyoglobin derivatives in
the reported directions for gx (assigned to the smallest g value)
and gy.[42, 43] In the following discussion we adapted a
schematic representation (see Figure 3) of a centrosymmetric
bis-imidazole ferric porphyrin system with the orientation of
the g tensor axis from Soltis and Strouse[41] and Quinn et al.[44]


The results of the ligand-field analysis are summarized in
Table 1. We determined the tetragonality D/l, the rhombicity
V/D, and the relative rhombic splitting V/l for MOP and
MbIm. The values obtained for the MOP and MbIm are very
similar. The tetragonality D/l is a measure of the axial ligand
donor strength. The rhombicity V/D describes the geometric
distortion of the complex. According to the work of Peisach
et al.[28] the values D/l and V/D determined for MOP and
MbIm are typical for bis-histidine ligated hemes. The rhombic
splitting V gives further indication on the relative orientation
of the histidine planes. The rhombic splitting V is mainly
caused by a p ligand-to-metal bonding interaction of an axial
ligand orbital with the iron dyz orbital, which raises the energy
of dyz. The interaction is schematically depicted in Figure 3
(right). Alternatively, p metal-to-ligand back-bonding could
lower the energy of the dxz orbital. This second possibility is
favored in the work of Scholes et al.,[45] but would require an
exchange of the directions of the gx and gy axes in Figure 3.
Regardless of which interaction dominates, the rhombic
splitting V is very sensitive to changes in the geometrical
arrangement of the axial ligands. For a parallel orientation of
the histidine planes the rhombic splitting V should reach a
maximum value of 2l.[39] The large value of V/l obtained for
the MOP and MbIm shows an almost perfect parallel
orientation of the histidine planes in these compounds. When
the two histidine planes approach a perpendicular orientation,
the net effect of the different interactions of the p system of
the axial histidines with the dxz and dyz orbitals cancels[46] and
V becomes smaller.


For small V, ligand-field analysis yields gz values as high as
3.8.[39, 47] Ferric protohemin model complexes with sterically
hindered imidazole derivatives actually yield EPR spectra
with pronounced signals at gmax considerably larger than g�
3.0 and a broad tail, which extends below g� 1.0.[32, 39, 48] These
compounds are often termed HALS (highly anisotropic low-
spin) systems.[48, 49] We suggest that the shoulder in the EPR
spectrum of the MOP at g� 3.5 (Figure 3) is a result of a
contribution of a HALS species with twisted or tilted histidine
planes. The shoulder at g� 3.5 is thus assigned to the gmax


signal of the HALS species. EPR spectra of HALS systems
typically extend over a large field range, and the other g tensor
components are difficult to detect. In the EPR spectrum of the
MOP they are probably obscured by the signals from the
regular Fe3� low-spin species. We presume that the relative
amount of the HALS system compared with the other Fe3�


low-spin species is rather large, since the EPR intensity of the


Table 1. EPR data for the MOP and MbIm.


MOP MbIm


g1
[a] 2.97 (�0.01) 2.96 (�0.01)


g2 2.27 (�0.01) 2.26 (�0.01)
g3 1.51 (�0.02) 1.51 (�0.02)
V/l[b] 1.84 (�0.03) 1.85 (�0.03)
D/l 3.30 (�0.13) 3.32 (�0.13)
V/D 0.56 (�0.02) 0.56 (�0.02)


[a] The error in the g tensor values was calculated based on an accuracy of
1 mT for the magnetic field (5 mT for g3) and 10 MHz for the microwave
frequency. The g tensor values obtained from the frozen powder spectrum
of MbIm are somewhat different from those found in single crystals of
MbIm for which gz� 2.91, gy� 2.26, and gx� 1.53 were measured.[31]


[b] The ligand-field parameters of MbIm and MOP were obtained from
a ligand-field analysis of the g tensor principal values.[21] The rhombic
splitting V and the tetragonal splitting D were determined in units of the
spin-orbit coupling constant l.
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HALS is spread out over a wide field range. Mössbauer
studies of a MOP sample with 57Fe enriched hemes lead to the
conclusion that the HALS system with twisted or tilted
histidine planes might contribute to about 50 % of the
sample.[50] In the EPR spectrum of a maquette containing
four heme groups[22] a shoulder at g� 3.5 is also visible. It
should be noted that the EPR spectra of the natural heme
protein (cytochrome b) also show signals typical for HALS
systems from the two b-type heme groups. The gmax value is
3.78 for the low-potential and 3.45 for the high-potential
heme.[47, 51] In the structure of cytochrome b in the cyto-
chrome bc1 complex[52] the heme-ligating histidines appear to
be oriented perpendicular to each other at the low-potential
heme and rather tilted at the high-potential heme.


For our MOP two different midpoint potentials have been
determined by redox titrations (ÿ106 and ÿ170 mV).[17] This
was recently supported by electrochemical measurements of
the MOP coupled to a gold surface.[53] The higher redox
potential was found for the heme group next to the
template.[53] It is tempting to speculate that in the MOP the
two different redox potentials and EPR spectroscopic proper-
ties might be correlated. However, on the basis of our present
EPR data it is impossible to assign the two different species
(HALS and regular low-spin Fe3�) specifically to the two
heme binding pockets of the MOP.


ENDOR spectroscopy : To obtain more detailed information
on the binding situation of the hemes in the MOP we have
applied ENDOR spectroscopy (for reviews see e.g. Hoffman
et al.[54] and Hüttermann[55]). In ENDOR spectra of proteins
with histidine ligated heme resonances of 14N and 1H nuclei
can be observed,[45] which appear in different spectral ranges
because of the large difference in the magnetic moments. 14N
and 1H nuclei are both part of the heme cofactor and the axial
histidine ligands. Here our main interest is the identification
of the ENDOR resonances of the axial histidine ligands to
characterize the heme incorporation in the de novo synthe-
sized protein.


Scholes et al.[45] have shown that the 14N ENDOR reso-
nances of the ligated imidazoles are superimposed on those of
the heme moiety. These authors were able to identify by 15N
labeling only one peak from the imidazole ligand in 14N cw-
ENDOR of MbIm. We also observed this imidazole 14N peak
in our ENDOR spectra of MbIm and MOP (data not shown),
thus corroborating the binding of the heme by histidine in the
MOP. No further information on the axial coordination of the
heme was obtained as a result of problems of spectral
resolution in the 14N ENDOR range. In the following we will
therefore focus on 1H ENDOR, in particular on the reso-
nances of the ring protons of the axial histidine ligands.


To assign the 1H ENDOR resonances in the MOP we
compare the pulsed ENDOR spectra obtained with those of
heme model complexes. For this purpose we chose bis-
imidazole ferric heme (PPIX(Fe)Im2) and MbIm. Further-
more, the pulsed ENDOR spectra in this work will be related
to cw-ENDOR spectra of bis-imidazole ferric tetraphenyl-
porphyrin (TPP(Fe)Im2),[45] for which a detailed analysis is
available.


The ENDOR spectra of the model complex PPIX(Fe)Im2


recorded at gy� 2.3 prepared with protonated and deuterated
imidazole are shown in Figure 4A and 4B, respectively. The
1H ENDOR resonances with splittings larger than 2 MHz,
labeled a/a', b/b', and c/c' in the spectrum with protonated
imidazole (Figure 4A), are absent in the spectrum with
deuterated imidazole (Figure 4B). Thus, these resonances
can safely be assigned to the imidazole protons. The hyperfine
(hf) splittings are 2.6 MHz (a/a'), 3.2 MHz (b/b'), and 5.2 MHz
(c/c').[56]


Figure 4. Pulsed ENDOR spectra of PPIX(Fe)Im2 with protonated (A)
and deuterated (B) imidazole, MbIm (C), and MOP (D). The shaded areas
in the spectra indicate the lines assigned to the imidazole protons H2 and
H5. The number of scans for the ENDOR spectra are 25 (A), 40 (B), 800
(C), and 400 (D). The spectra of PPIX(Fe)Im2 were obtained at g� 2.27,
close to the gy field position. The Larmor frequency of the protons is nH�
12.98 MHz. The spectra of MbIm (C) and MOP (D) were obtained at g�
2.28, close to the gy field position; nH� 12.94 MHz. Within experimental
error the peaks (a/a', b/b', c/c') are symmetrically displaced around nH. The
obtained hf splittings are a/a': 2.6 MHz (PPIX(Fe)Im2), 2.5 MHz (MbIm),
2.4 MHz (MOP), b/b': 3.2 MHz (PPIX(Fe)Im2), 3.2 MHz (MbIm), 3.2 MHz
(MOP), c/c': 5.2 MHz (PPIX(Fe)Im2), 5.0 MHz (MbIm), 5.3 MHz (MOP).
Experimental errors are �0.1 MHz (C) and �0.2 MHz (A, B, D). The low
signal-to-noise ratio in spectrum (D) is caused by the significantly smaller
concentration of the MOP sample.


X-ray structures of heme model complexes[58, 59] show that
the heme meso protons are localized at a distance of 4.5 �, the
imidazole protons H3 and H4 at 5.2 �, and the imidazole
protons H2 and H5 at 3.2 � from the Fe3� (see Figure 5).[60]


The largest dipolar interaction is expected for the latter two
protons. Therefore, the lines a/a', b/b', and c/c' can be assigned
to H2 and H5. The small hf splittings (<2 MHz) are assigned
to the heme moiety and to H3 and H4 of the imidazole[45] and
will not be further discussed here. Scholes et al.[45] were able to
assign the 1H ENDOR resonances to specific protons on the
imidazole ligands by using selectively deuterated imidazole
with TPP(Fe)Im2. We have recorded pulsed ENDOR spectra
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Figure 5. Schematic picture of imidazole (R�H4) or histidine (R�
CH2ÿpeptide) coordinated to heme.


of PPIX(Fe)Im2 at the same field position (g� 2.48) as in
ref. [45] and obtained virtually identical hf splittings. Based on
this comparison we assign the 1H ENDOR resonances a/a'
and c/c' to the imidazole proton H5 and the ENDOR
resonances b/b' to H2. A second line pair for H2 is missing
in the ENDOR spectra.


In Figure 4C the 1H ENDOR spectrum of MbIm recorded
at gy� 2.3 is shown. In this spectrum, the ENDOR intensities
are nonsymmetric with respect to the proton Larmor fre-
quency, and a smaller linewidth and a better resolution than
for PPIX(Fe)Im2 are obtained. The pronounced lines belong-
ing to hf splittings larger than 2 MHz labeled a/a', b/b', and c/c'
are typical for the protons H2 and H5 of axial imidazole
ligands as discussed above. The hf splittings are 2.5 MHz (a/
a'), 3.2 MHz (b,b'), and 5.0 MHz (c/c'). For MbIm prepared
with deuterated imidazole the intensity of the ENDOR peaks
labeled a/a', b/b' and c/c' decreases whereas the peak positions
remain unchanged (data not shown). The remaining lines a/a',
b/b', c/c' must belong to the proximal histidine of myoglobin.
This shows that this histidine and the added imidazole ligand
have the same hyperfine couplings within experimental error
and thus a very similar coordination geometry.


In Figure 4D the ENDOR spectrum of the MOP recorded
at gy� 2.3 is shown. This spectrum is almost identical to that of
MbIm in Figure 4C. However, in the EPR spectrum of the
MOP a considerable contribution of a HALS species was
detected in contrast to MbIm. Obviously, no ENDOR
response is obtained from the HALS species, probably as a
result of a different relaxation behavior of the HALS and
regular low-spin Fe3� species. In the spectral region with
splittings larger than 2 MHz two line pairs labeled a/a' and b/b'
were observed. Unfortunately, the low signal-to-noise ratio
did not allow a clear detection of the expected line pair c/c'.
The hf splittings are 2.4 MHz (a/a') and 3.2 MHz (b/b').
Within experimental error the hf splittings corresponding to
the imidazole protons H2 and H5 of PPIX(Fe)Im2, MbIm,
and MOP are identical. The identification of the ENDOR
resonances of these protons in the de novo synthesized
protein confirms the binding of the low-spin heme by axial
histidine residues. The detection of both protons, H2 (b/b')
and H5 (a/a'), further indicates that the heme is coordinated
by the N(e2) atom of the histidine ligand (the two nitrogen
atoms of the histidine side chain are labeled d1 and e2 with e2


coordinated to the heme iron[67]). If the ligation were through
the N(d1) atom of the histidine one would expect hf splittings
larger than 2 MHz from only one neighboring proton (H2)
(see Figure 5).


The protons H5 and H2 show different hf splittings (a/a' and
b/b', respectively) in all investigated systems. This could be a


result of a difference in the dipolar or the isotropic hyperfine
coupling. For a symmetric binding situation as depicted in
Figure 5 (r2� r5) the same dipolar interaction for protons H2
and H5 is expected. X-ray structures of model systems[39, 44, 58]


show almost identical distances between the iron and H2, and
the iron and H5. The clear difference in the respective
hyperfine splittings can, therefore, only be explained as a
difference in the isotropic hyperfine coupling. Indeed, NMR
measurements on low-spin heme proteins and model com-
pounds yielded considerable larger contact shifts for H2 than
for H5.[61±65] It can be assumed that for the systems studied in
this paper (PPIX(Fe)Im2, MbIm, MOP) with imidazole or
histidine ligation a similar situation is present.


In MbIm the histidine ligation is known to be symmetric;
distances from the iron to H2 and to H5 lie in the range of
3.2 ± 3.3 �. The spectrum of our MOP is very similar with
respect to line position, relative intensities, and linewidths to
that of MbIm. We therefore conclude that the two histidines
in the MOP are bound to the Fe3� in a very similar way with an
FeÿN(e2) distance of approximately 2.0 � as found for the
histidine in myoglobin.[30]


Conclusion


In this work we investigated a de novo synthesized protein
(MOP) by EPR and ENDOR techniques with the incorpo-
rated heme as paramagnetic probe. Comparison with a
natural heme protein derivative, metmyoglobin ± imidazole
(MbIm), showed that the EPR spectra of both proteins are
dominated by low-spin Fe3� signals. A ligand-field analysis of
the corresponding g tensor values demonstrated that this state
is caused by strong ligation of two histidine residues with
approximately parallel planes. A linewidth analysis indicated
a somewhat higher structural disorder in case of the MOP,
which may be caused by the fixation of the helical peptide
chains on a template. ENDOR spectroscopy on MOP and
MbIm was used to identify protons and the coordinating
nitrogen from the axially bound histidine and imidazole
ligands. Comparison with earlier model studies[45] clearly
showed that the coordination geometry is very similar in both
systems. The distance between the Fe3� and N(e2)(Im) is
approximately 2.0 � and the ligands are symmetrically bound.
In the EPR spectra of the MOP a significant amount of an
additional species (HALS) was detected. Independent Möss-
bauer experiments[50] showed that this species is present to
about 50 %. The HALS species is characteristic for axial
ligation of the heme with tilted and/or twisted histidine planes.
It has been postulated[39] that such a ligand environment
influences the redox potential of the heme and thereby the
functional properties of the protein. Different redox poten-
tials for the two hemes in our MOP have been observed.[17, 53]


This might suggest that the MOP contains two hemes with
different histidine coordination geometries. The EPR/EN-
DOR work presented here paved the way for studies of other
de novo synthesized heme proteins with less (one) or more
(four) hemes, different amino acid compositions, different
templates or helix linkages, and also with other cofactors. A
correlation of the structural details obtained by EPR and
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ENDOR spectroscopy with functional properties (e.g. redox
potentials) is in progress. These studies should lead to an
improved understanding and a better design of the de novo
synthesized systems, such as those for electron transfer
processes.


Experimental Section


Sample preparation : The synthesis of the MOP has been described.[16, 17]


The incorporation of the two heme groups was basically performed as
described by Choma et al.[1] except that a twofold excess of heme over the
heme-binding sites was added in DMSO at once to give a maximum final
concentration of 0.1 mm in 50mm Tris/HCl (pH 8.0). The solution was
stirred at room temperature for 30 min, then the unbound heme was
removed by passing 1.5 mL aliquots through a Pharmacia HiTrap desalting
column equilibrated with 50 mm potassium phosphate buffer (pH 7.0). The
eluents containing the heme peptide were collected, desalted by a passage
through a Pharmacia PD10 column and lyophilized. The lyophilized MOP
sample was dissolved in 25 mm potassium phosphate buffer (pH 7.0) to
reach a concentration of 730 mm (1460 mm heme). The stoichiometry of
heme groups per protein molecule was determined as described in ref. [17].
The metmyoglobin ± imidazole sample was obtained by adding a 250-fold
excess of imidazole to a 4 mm solution of metmyoglobin. The solvent was a
2:3 mixture of glycerol and 100 mm sodium phosphate buffer (pH 7.5).
ENDOR samples containing bis-imidazole ferric heme with unlabeled and
deuterated [D4]imidazole were prepared by dissolving 16 mg (24.5 mmol)
heme and 29 mg (426 mmol) imidazole or 28 mg (388 mmol) [D4]imidazole,
respectively, in 500 mL CHCl3. The concentration of the bis-imidazole ferric
heme complex was 49mm with an eightfold excess of imidazole.


EPR and ENDOR measurements : X-band cw EPR spectra were recorded
on a Bruker ESP 300 E spectrometer with a Bruker TE102 cavity equipped
with a Oxford Instruments E9 helium cryostat. A temperature of about
20 K yielding optimal signal intensities was used for all EPR spectra. The
microwave frequency 9.44 GHz was measured with a Hewlett Packard
5352B microwave frequency counter. The magnetic field was determined
by means of a Bruker ER 035 gaussmeter. EPR spectra of a DPPH
standard sample (g� 2.0037(2)[65]) showed that the magnetic field values
are accurate within 0.1 mT at the corresponding field position of 336.6 mT.


X-band pulsed ENDOR measurements were performed on a Bruker 380E
spectrometer equipped with a ESP360D-P pulsed ENDOR accessory and a
Oxford Instruments CF 935 helium cryostat. The temperature for all pulsed
ENDOR measurements was 5 K. The radio frequency was amplified by an
ENI A500 power amplifier. ENDOR spectra were recorded by means of a
Davies pulsed ENDOR sequence.[66] The microwave p pulses were 112 ns
and the microwave p/2 pulse was 56 ns long. The radiofrequency p pulse
was 8 ms long and started 1 ms after the first microwave p pulse. The second
microwave p pulse followed 3 ms after the end of the radiofrequency pulse.
The time t between the pulses of the detection Hahn-echo sequence was
256 ns.
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Synthesis and Vesicle Formation from Dimeric Pseudoglyceryl Lipids with
(CH2)m Spacers: Pronounced m-Value Dependence of Thermal Properties,
Vesicle Fusion, and Cholesterol Complexation


Santanu Bhattacharya* and Soma De[a]


Abstract: Eight new dimeric lipids, in
which the two Me2N� ion headgroups
are separated by a variable number of
polymethylene units [ÿ(CH2)mÿ], have
been synthesized. The electron micro-
graph (TEM) and dynamic light scatter-
ing (DLS) of their aqueous dispersions
confirmed the formation of vesicular-
type aggregates. The vesicle sizes and
morphologies were found to depend
strongly on the m value, the method,
and thermal history of the vesicle prep-
aration. Information on the thermotrop-
ic properties of the resulting vesicles was
obtained from microcalorimetry and
temperature-dependent fluorescence
anisotropy measurements. Interestingly,
the Tm values for these vesicles revealed


a nonlinear dependence on spacer chain
length (m value). These vesicles were
able to entrap riboflavin. The rates of
permeation of the OHÿ ion under an
imposed transmembrane pH gradient
were also found to depend significantly
on the m value. X-Ray diffraction of the
cast films of the lipid dispersions eluci-
dated the nature and the thickness of
these membrane organizations, and it
was revealed that these lipids organize
in three different ways depending on the
m value. The EPR spin-probe method


with the doxylstearic acids 5NS, 12NS,
and 16NS, spin-labeled at various posi-
tions of stearic acid, was used to estab-
lish the chain-flexibility gradient and
homogeneity of these bilayer assem-
blies. The apparent fusogenic propensi-
ties of these bipolar tetraether lipids
were investigated in the presence of
Na2SO4 with fluorescence-resonance en-
ergy-transfer fusion assay. Small unila-
mellar vesicles formed from 1 and three
representative biscationic lipids were
also studied with fluorescence anisotro-
py and 1H NMR spectroscopic techni-
ques in the absence and the presence of
varying amounts of cholesterol.


Keywords: cholesterol interactions
´ lipids ´ membranes ´ thermotropic
properties


Introduction


While the properties of vesicular membranes derived from a
large number of monomeric natural lipids,[1] such as phospha-
tidylcholines as well as their synthetic analogues,[2] have been
examined in detail, there is very little in the literature that
attempts to examine the vesicles prepared from multimeric
lipids.[3] This is despite the fact that several multimeric lipid
systems occur naturally and are believed to possess important
biological functions. Thus cardiolipins (glycerol-bridged di-
meric phosphatidic acid), which constitute a class of complex
phospholipids that occur mainly in the heart and skeletal
muscles, show high metabolic activity.[4] In addition, associa-
tion of acidic phospholipids in cell membranes with Ca2�


triggers fusion, as Ca2� binding induces formation of dimeric
or higher-order lipid complexes.[5] Similarly, glycolipid A,
composed of two phosphate headgroups and seven hydro-
phobic chains, serves as an immunomodulator in the selective
recognition of toxins, bacteria, or viruses at the cell surfaces.[6]


Cytomimetic approaches in the design of dimeric and
oligomeric amphiphiles[7] that form micelles with unusual
morphologies[8] have opened up new vistas in aggregate
chemistry. Indeed impressive property modifications are
observed from these types of amphiphiles and therefore they
are currently receiving a lot of attention.[9] A detailed study of
the influence of dimerization on vesicle systems of well-
defined synthetic lipids seems to be the most direct approach
to understanding the role of these complex amphiphilic
molecules in living cells.


We have been interested in the development of new
amphiphiles and lipids and in the properties manifested upon
their self-organization.[10] Now we turn our attention to
synthetic gemini pseudoglyceryl lipids 2. The presence of an
intervening ÿ(CH2)mÿ spacer at the headgroup was found to
strongly influence the properties of these lipids at the
membrane level. Thus at low and high m values (m� 3, 4,
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or 20 ± 22), the vesicles are nearly impermeable and show high
thermal gel ± liquid crystalline transition temperatures. The
vesicles formed from lipids with m values 5 ± 12 show little
difference in their melting temperatures, although the trans-
membrane permeation rates increase with the rise in m value.
X-Ray diffraction studies on the cast film of these membranes
confirm distinct differences in their organization and packing
arrangements as a function of m value. The evidence of
interdigitation of lipids with high m values is shown unam-
biguously from EPR measurements. The intervesicular fusion
of membranes derived from dimeric lipids also shows
discernible m-value dependence. It is also shown that
inclusion of even 30 mol % of cholesterol in dimeric lipid
membranes does not lead to the abolition of the order ± dis-
order transitions of these membranes.


Results and Discussion


Synthesis : For the synthesis of this new series of biscationic
gemini lipids, we considered the pseudoglyceryl backbone as a
suitable structural anchor for such lipid construction. This
type of building block is ubiquitously present in naturally
occurring phospholipids. The structural features of the
monomeric analogue of these lipids are similar to that of
dioleyloxy-propyl-trimethylammonium chloride (DOTMA)
and related derivatives, which are widely used for gene-
transfer applications.[11] Long hydrocarbon chains (nC16H33)
were connected to the glycerol backbone by an ether-type
linkage to ensure hydrolytic stabilities of the resulting lipids in
both acidic and alkaline conditions even at extreme pH.
Dimeric lipids were constructed by covalent insertion of a
polymethylene chain through two Me2N� headgroups within a
gemini unit, where each unit is composed of 1,2-dihexadecyl-
oxy-propane-3-dimethylammonium ions.[12] In this situation,
the distance between the two polarÿNMe2


� groups should be
governed by the spacer chain length (m value) and its
conformation. We also synthesized the corresponding lipid
monomer, 1,2-dihexadecyloxypropane-3-trimethylammoni-
um bromide, (1) and decided to consider it as the reference


monomeric lipid (m� 0) for the
comparison of the vesicular
properties of the dimeric lipids.
Interestingly, the herein descri-
bed dimeric lipids, especially
with longer spacer chains
(m� 20 ± 22), are also related
to the bolaamphiphilic lipids,
where the headgroups are
linked through the termini of a
hydrophobic chain.[13]


We have synthesized alto-
gether eight new dimeric lipids
2 a ± 2 h according to the plan
shown in Scheme 1. First the
ÿCH2OH group of the primary
building block, 1,2-isopropyli-
dene glycerol (3), was protected
in the form of a benzyl ether 4.


Scheme 1. Conditions: a) C6H5CH2Cl, KOH, C6H6, reflux, 87%; b) i) aq.
HCl/MeOH, RT 84%; ii) nC16H33Br, KOH, C6H6, reflux, 58%; c) Pd-C/H2,
93%; d) CBr4, PPh3, CH2Cl2, 90%; e) Me2NH/EtOH, heat, pressure tube,
95%; f) Br(CH2)mBr, reflux, 60 ± 75% (exact yields depend on m);
g) Me3N/EtOH, heat, pressure tube, 90%.


The isopropylidene group from 4 was then removed by
treatment with HCl in aqueous MeOH, and the diol obtained
upon preparative chromatography over silica gel was dialkyl-
ated with 2.2 equivalents of nC16H33Br to give 5 (58 % yield).
Upon hydrogenolysis of 5, compound 6 was formed in �93 %
yield. In the subsequent step, 6 was converted to the
corresponding bromide 7 in a �90 % yield by reaction with
PPh3/CBr4 in dry CH2Cl2. Compound 7 was quaternized in the
presence of Me3N in EtOH to give 1 in �80 % yield. The
bisquaternary lipids 2 a ± 2 h were obtained from the corre-
sponding dimethylamino derivative, 8 upon refluxing with
individual alkanediyl-a,w-dibromides in 60 ± 75 % yields. All
the compounds gave expected analytical and spectroscopic
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data consistent with their molecular structures, see the
Experimental section.


Vesicle formation and characterization : We first examined the
vesicle-forming abilities of the above lipids in water. Re-
versed-phase evaporation (REV) and sonication methods
have been used to obtain large and small vesicles, respectively.
All the dimeric lipid vesicles prepared by either protocol
remained stable for several days, except the one with m� 3.
The size and nature of the vesicle were found to depend
strongly on the lipid concentration, thermal history, and the
method of vesicle preparation. Thus while vortexing afforded
mainly open lamellae and sonication gave small, spherical,
closed microstructures, REV gave predominantly multilamel-
lar, spherical vesicles (MLVs). Because of larger sizes, we
decided to closely examine the transmission electron micro-
scopy (TEM) of the MLVs prepared from these lipids
generated by REV.


TEM examination of the individual, air-dried, opalescent
aqueous suspensions of 2 a ± 2 h layered on carbon/formvar-
coated copper grids revealed the existence of closed, multi-
lamellar aggregates in all the cases. The average diameters of
2 a, 2 d, 2 e, and 2 h were 290� 20 �, 740� 25 �, 880� 50 �,
and 1500� 25 �, respectively. Closer scrutiny of the micro-
graphs also revealed that lamellar widths of each lipid
aggregate were in reasonable accord with the results extrapo-
lated from the XRD measurements (see below).


Dynamic light scattering (DLS): Lipid dispersions of 1, 2 a ±
2 h obtained by bath sonication of the hydrated lipid film
followed by three freeze ± thaw cycles afforded vesicles with
virtually unimodal distribution of particle diameters as
revealed by DLS (Table 1). Examination of DLS data shows
that vesicles from dimeric lipids were invariably larger than


their monomeric counterpart (m� 0). However, the variation
of the hydrodynamic diameter as a function of m value was
found to be quite complex. Hence, the vesicular size was
found to be the largest for lipid 2 with m� 3, then decreased
with an increase in m value up to m� 12, and again increased
with m> 12. These sizes were also found to be in agreement
with the TEM data on sonicated vesicles.


Dye entrapment : In order to examine the entrapment
abilities, vesicles from 2 a ± 2 g (1 mg mLÿ1) were generated
by dispersal in a bath sonicator over a period of �30 min at
�70 8C in water (pH 5.8) containing riboflavin (2� 10ÿ5m).
Gel-filtration chromatography with a sephadex G-50 column
was performed to separate riboflavin-entrapped vesicles from
the free, unbound riboflavin. As previously observed[14] some
riboflavin molecules adhered to the aggregate interfaces,
while a few got entrapped inside the vesicles. Importantly,
however, in all the cases, riboflavin-associated vesicles could
be separated from the free riboflavin dye. Relevant data on
the percentage entrapment of riboflavin for various lipids are
given in Table 1.


Transmembrane permeation : Riboflavin is fluorescent in its
neutral form and upon deprotonation (pKa �10.2) it loses its
fluorescence. The emission due to the membrane-associated
total riboflavin was measured at 514 nm upon excitation at
374 nm at 25 8C. At this temperature all the vesicular
aggregates remained in their rigid gel-like states (see below).
As the pH of the vesicular solution was raised from 5.8 to 10.2,
the fluorescence intensity (514 nm) decreased initially instan-
taneously to about 63� 3 % for 2 a, 83� 4 % for 2 b and 2 c,
and 72� 4 % for 2 d ± 2 g of the original value (recorded prior
to pH adjustment). We attribute this instantaneous loss in the
fluorescence intensity to the deprotonation of the riboflavin
molecules that were bound at the exovesicular surfaces.
However, the residual fluorescence intensity disappeared as a
function of time for the vesicular solutions of 2 b ± 2 f, but
remained virtually unchanged for 2 a and 2 g. Since the
residual losses in the fluorescence intensities followed mono-
phasic time dependence for 2 b ± 2 f, numerical fitting of the
kinetic data could be achieved by means of the monoexpo-
nential relation. The half-times of this process (t1/2) for all of
these vesicles and the related data are given in Table 1.


Using the respective bilayer thicknesses as obtained from
XRD studies (see below) and assuming the time-dependent
loss of riboflavin fluorescence as a rate-limiting permeation of
exovesicular OHÿ into the vesicle�s interior aqueous compart-
ment, we can calculate the permeation constant (P in cm sÿ1)
of OHÿ towards vesicles at pH 10.2. The differences in OHÿ


permeability provide useful information about the vesicular
packing. The rate of permeation or permeability constant of
the individual vesicular system clearly appears to depend
significantly on the length of the spacer chain (m value)
connecting the two NMe2


� groups. Thus changing the m value
from 4 to 16 leads to >31-fold increase in the transmembrane
permeation rates. When corrected for bilayer thicknesses the
corresponding ratio remains at >24. With the increase in
spacer chain length (m� 3), the rate of OHÿ permeation
increases, presumably because of the increased spacer chain


Table 1. Riboflavin entrapment and apparent OHÿ permeation rates
across different bilayer membranes at 25 8C.[a]


Lipid conc. Hydrodynamic % t1/2 103 kperm 108 P[d,e]


[mm] diameter [nm][b] entrapment [c] [min] [sÿ1] [cmsÿ1]


2a 0.73 93 2.16 [f] ± ±
2b 0.72 52 2.13 21.9 0.5 0.72
2c 0.71 29 4.13 10.2 1.1 0.47
2d 0.71 29 1.87 4.9 2.4 0.99
2e 0.67 30 1.61 1.9 6.2 4.56
2f 0.63 37 2.02 0.7 15.6 17.1
2g 0.62 50 2.18 [g] ± ±


[a] The time-dependent decay of fluorescence intensity at �514 nm was
monitored as a function of time. In each case, the extent of decay was
followed beyond 90 %. The decay followed an apparent monoexponential
path. The rate constant values represent averages of three independent
experiments, and the reproducibility was �3% for individual samples.
[b] As obtained from DLS. [c] The entrapment of riboflavin given in
percentages has been corrected for an apparent absorption of marker
molecules in each case. [d] P is the permeation constant of OHÿ toward
vesicles at pH 10.2. [e] Diameters of the vesicles and bilayer thicknesses
were obtained from DLS measurements and XRD studies, respectively.
Time-dependent loss of fluorescence intensity may be interpreted as a
permeation-limited deprotonation of riboflavin entrapped in the internal
aqueous compartment by OHÿ. [f] No significant time-dependent changes
in fluorescence was seen at 25 8C. However, upon heating the vesicle
beyond Tm resulted in the release of the doped dye. [g] The decay is
instantaneous.
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looping and consequent loss of tightness in the molecular
packing.


Interestingly, with vesicular 2 a and 2 g the initial fluores-
cence intensity underwent a rapid decay upon pH adjustment
(5.8!10.2). However, subsequent time-dependent losses of
fluorescence were not recorded with vesicular 2 a and 2 g at
25 8C as was observed with the vesicles of 2 b ± 2 f. We believe
that the observed resistance to transmembrane permeation
with the vesicular 2 a may originate from the tight nature of
the lipid packing in these bilayers at 25 8C (gel state). Indeed
when the riboflavin-loaded vesicles of 2 a were heated above
their Tm, time-dependent monophasic fluorescence decay
could be clearly seen. Interestingly, the corresponding plot of
the fluorescence emission (after pH adjustment) against T
broke at a temperature that was comparable with the
corresponding Tm value for the vesicular systems of 2 a. In
the case of the corresponding gel-filtered vesicles of 2 g,
however, thawing beyond Tm did not show any evidence of
riboflavin release. It appears that the decay of the emission
intensity from 2 g is so fast at 25 8C that it merges with the
initial instantaneous decrease in fluorescence. This in turn
indicates that the lipid packing in vesicular 2 g is quite loose
making it very leaky under the experimental conditions
described.


Thermotropic phase-transition behavior : A well-defined,
sharp, single, main phase transition (gel!liquid crystalline)
peak (Tm) was observed from practically all the dispersions
during the heating runs in DSC. In addition to a peak due to
the main transition for 2 a, two minor peaks at �66 and 71 8C
were also observed. Suspensions of each of 1, 2 a, 2 b, and 2 c
also showed one clearly detectable peak due to pre-transition,
which appeared at approximately 10 8C, prior to the main
transition. All lipid suspensions showed virtually reversible
transition behavior during heating as well as cooling runs. At
different scanning rates, identical values of enthalpy, Tm, and
the height of the transition profile were obtained.


Thermotropic properties of vesicular 1 and 2 a ± 2 h at much
lower concentrations (1.0 ± 2.5 mm) were also examined by
microcalorimetry. Vesicular specimens of the lipids with m�
0, 3, 4, and 5 reproduced the main Tm values observed at
115 mm, and also showed the presence of distinct pre-
transition peaks, a phenomenon often observed with the
melting of natural phospholipids. Additional minor peaks at
66.1 and 71.6 8C for 2 a and 58.0 8C for 2 g were also observed.
HPLC analyses of the DSC samples of either 2 a or 2 g
confirmed that additional peaks were not due to the presence
of any impurities or caused by lipid decomposition.


Since DSC and microcalorimetry results at high and low
lipid concentrations, respectively, were essentially the same,
we have confined our discussions to microcalorimetry only.
The solid-to-fluid melting transition temperatures (Tm) of
various members of 2 depend strongly on the m value of the
spacer chain [ÿ(CH2)mÿ]. Relative to 1 (m� 0), there is a
substantial increase in the Tm values of the membranes
derived from dimeric 2 a. In addition, unlike the membranes
that are assembled from 1, which show a sharp endothermic
main transition at�45 8C, those made from 2 a exhibit a more
complex melting pattern. Upon dispersion in water, the


hydrocarbon chains in 1 tend to avoid water exposure and
thus self-aggregate. Although its chains pack closer, the
cationic Me3N� headgroups tend to stay away from each other
within the vesicles to avoid unfavorable electrostatic repul-
sion. Thus in the bilayers, an equilibrium distance between the
Me3N� groups in 1 is maintained as a result of compromise
between the two opposing tendencies. However, in dimeric
lipid 2 with m� 4, the distance between the Me2N� groups
within a gemini unit is shorter than the equilibrium separation
between the monomeric Me3N� groups in vesicular 1. This is
true even when the spacer chain in 2 a or 2 b adopts a fully
extended s-trans conformation. An obvious consequence of
this is the more efficient packing within vesicular 2 a or 2 b
compared with 1. As the headgroup separation in 2 ap-
proaches the equilibrium distance with the increase in m
value, the packing organization in the dimeric lipids start to
simulate that found in 1. The observed variations in the
vesicular properties as a function of their spacer chain lengths
with the herein described dimeric lipids are analogous to
those of the micelle-forming gemini amphiphiles described by
Zana.[15] Hence, the solid-to-fluid transition temperatures of
2 c ± 2 e (m� 5, 6, 12) are quite similar to that of vesicular 1.
On the other hand, the melting transition profiles of the
dimeric lipids, m� 16, appeared to be considerably broader
(hence less cooperative) than their counterparts with m� 12,
whose melting transitions were quite sharp. The increased
propensity of the spacer chain looping in m� 6 ± 16 might
impair the interlipid packing in these vesicles and lead to
lower melting temperatures than that of 2 a or 2 b. The melting
profiles for lipids with m� 20 ± 22 were, however, broader
although their Tm values were quite high. This suggests that
the membrane organizations and packing motifs of gemini-
lipid units with high m value (�16) are quite different from
that of the lipids with low and intermediate m values. The Tm


values and cooperativity units (CU) are compared as a
function of m value in Figure 1.


In general, the DH and DS values for the main transition of
lipids with varying m values are linearly correlated with Tm


values except for 2 a (m� 3). The presence of multiple
transitions makes the situation complex for 2 a. However,
when the enthalpic contributions of other transitions are
added to that of the main transition, one finds reasonable
correspondence for the total DHcalcd value with the entire
melting transition of 2 a. It should be noted that dimers 2 a ±
2 h are mixtures of two diastereoisomers. Therefore the
complex melting behavior manifested with 2 a may originate
from the formation of small phase-separated domains of the
different diastereomeric components. It is possible that such
phase segregation may be significant only when the spacer
chain length is small (m� 3), and with higher m values the
corresponding lipid diastereomers could somehow accommo-
date each other and mix well giving rise to a single Tm value.


Fluorescence anisotropy measurements : All the lipid disper-
sions showed reasonably cooperative main phase transitions
(Tm) in the plots of r versus T (Figure 2). The breaks related to
the Tm from these plots were generally similar to the Tm values
obtained from microcalorimetry, except for the lipids with
m� 20 and 22, which showed broader and apparently lower
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Tm values (�62 and �58 8C, respectively) in this experiment.
The observed broadness in the r versus T transition profiles
are consistent with lower CU values seen in calorimetric
studies. The apparent orders of the lipid hydrocarbon chains
at both above and below Tm were also found to be influenced
by their m values. Figure 2 (inset) shows the variations of r
values above and below Tm with m value. Thus with the


Figure 2. Fluorescence anisotropy (r) versus T [8C] plots for vesicular 1
(*), 2a (*), 2 c (&), 2 f (&), 2g (~), and 2h (~) samples. The inset shows the
variations of r values with m value at above (&) and below (*) Tm.


increase in m value (�16), the apparent order in the gel state
of these bilayers was found to be considerably less than their
low m value counterparts. At the same time the lipids with
m� 3, 4, and 20 ± 22 became less fluid above Tm relative to
their intermediate m value counterparts. This could be a


consequence of perturbation
within the Me2N� headgroups
and/or direct interaction of the
spacer chain with the nonpolar
hydrocarbon chain segments.
Taken together these results
point towards the differences
in organizational features of the
membranes with lipids of m
>16 to their low m value coun-
terparts.


X-Ray diffraction (XRD): In
order to gain information on
the lamellar thicknesses of
these aggregates, self-support-
ing cast films of aqueous dis-
persions (10 mgmLÿ1) of 1 and
2 a ± 2 h were examined by
X-ray diffraction. A series of
higher order reflections for all
the lipid dispersions were ob-
served in the diffraction pat-


terns. Table 2 summarizes the long spacings obtained from the
cast films of each of these lipids, and these results clearly
suggest the formation of different kinds of aggregates from
lipids of various m values.


The diffraction patterns of 1 and 2 a ± 2 d showed membrane
thicknesses (d) of 49.6, 48.1, 49.8, 49.1, and 49.3 �, respec-
tively, on the basis of the higher order reflections (n� 3, 4, 5,
6). Assuming the long hydrocarbon chains in these lipids to be
primarily in an s-trans conformation, the widths of these
bilayers were estimated to be�49� 1 � from the CPK model
of the two molecules oriented parallel to the bilayer normal
(see below). This suggests the formation of a untilted bilayer
arrangement (Figure 3a) with lipid 1 and the gemini lipids of
m values 3, 4, 5, and 6. These cast films, however, did not show
any evidence of polymorphism as other types of reflections
were not observed. Cast films of dispersions of 2 e (m� 12)


Figure 1. Dependence of thermotropic phase-transition temperature (Tm) and cooperativity unit (CU) of
different amphiphiles 1, 2a ± 2 h on m values.


Table 2. Unit layer thicknesses obtained from XRD studies of self-
supporting cast films of 1, 2 a ± 2h and their proposed packing.


Lipid Unit bilayer thickness [�] Proposed packing[c]


m value observed[a] calculated[b]


0 49.58 49 C16 bilayer
3 48.07 49 C16 bilayer
4 49.81 49 C16 bilayer
5 49.12 49 C16 bilayer
6 49.35 49 C16 bilayer


12 31.95 49, 16.8,[d] 31[e] Tilted interdigitated bilayer
16 29.59 9, 21.9,[d] 31[e] Tilted interdigitated bilayer
20 29.80 49, 27[d] Monolayer ± bilayer
22 30.30 49, 29[d] Monolayer ± bilayer


[a] As obtained from reflection XRD of cast films. [b] Lengths of two
molecular layers of lipids as obtained from energy-minimized CPK models
(INSIGHT). [c] See Figure 6. [d] Length of unit monolayer ± bilayer
arrangment of lipids as obtained from energy-minimized CPK models.
[e] Length of unit tilted, interdigitated bilayer arrangment of lipids as
obtained from energy-minimized CPK models.
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Figure 3. Schematic representation of possible bilayer forming motifs with
gemini lipids as a function of m value.


and 2 f (m� 16) were found to consist of considerably thinner
intercalated layers with thicknesses of 32 and 29.6 �, respec-
tively. Such widths of unit layers cannot be explained by tilting
alone (Figure 3c). Probably these lipid molecules interdigitate
at the midplane of the bilayers
in addition to tilting with re-
spect to the bilayer normal
(Figure 3d). Since the spacer
chain is quite long for these
lipids, looping is increasingly
favored. So, the propensities of
these additional modes of lipid
packing increase, this also helps
to fill the voids that might
otherwise be created inside the
lipid assemblies. An alternative
mode shown in Figure 3e is not
feasible, as in this situation the
hydrocarbon chains have to
protrude into the polar head-
group regions.


Cast films of dispersions of
2 g and 2 h exhibited one series
of higher order reflections cor-
responding to layer thicknesses
of 29.8 and 30.3 �, respectively.
These values compare favor-
ably with the stacked lamellae
thickness of �28 � found for
another model archaebacterial
membrane lipid developed by
Thompson et al.[13e] To explain
their reflection XRD data, we
suggest a kind of monolayer ±


bilayer hybrid organization as shown in Figure 3f. Since these
lipids exhibit high Tm values, the possibility of formation of
interdigitated, tilted, bilayers (Figure 3d) may be ruled out.


EPR spectra in the gel phase : The EPR technique has been
frequently used to understand the nature of phases, for
example, mixed or fully interdigitated, that occur in the gel
phase.[16] Here, we have investigated the hydrocarbon chain
packing in conjunction with the possible effects of spacer
chain looping using a series of fatty acid spin labels with the
nitroxide group located at specific positions along the chain in
the gel state. This study is based on the relative changes in
rotational motion and order parameters of the fatty acid spin
labels embedded in the vesicular dispersions.


The first harmonic absorption EPR spectra of different
fatty acid spin-label positional isomers incorporated in
vesicular dispersions are shown in Figure 4. At 25 8C, the
spectra for 1, 2 a, and 2 e display a lesser degree of
immobilization on proceeding towards the terminal methyl
end of the chain from the polar headgroup region as they
exhibit extensive motional narrowing of the hyperfine aniso-


Figure 4. EPR spectra of 5-, 12-, and 16-doxylstearic acids at 25 8C incorporated in solid gel phases of membranes
of a) 1, b) 2a, c) 2 e, and d) 2 g.
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tropy on the conventional EPR time scale. However, there is a
substantial difference in the chain mobility as a function of
lipid m value. For lipids with m� 0 (1) and 3 (2 a), the
immobilization of the hydrophobic tail appears to increase
from position-5 to position-12, thereafter it decreases again at
position-16. This is obvious when one compares both the
splittings and the widths of the outer hyperfine lines (Tk)
of the spectra (Figures 4 and 5, Table 3). The Tk value


Figure 5. Outer hyperfine splitting Tk (G) as a function of the label
position, in the fatty acid spin labels in dispersions of 1 (*), 2a (&), 2e (~),
and 2 g (!).


(�30 G) obtained for these bilayers is in good agreement
with that of 1,2-dipalmmitoyl-sn-glycero-3-phosphocholine
(DPPC; �30.8 G) in HEPES buffer (pH 7.4) as sensed by
5-NS, incorporated in the vesicular DPPC.[16b] It is to be noted
that for 2 e (m� 12), there is little difference in spectral
anisotropy with the label at the 12-position compared with
that at the terminal methyl end.


In contrast, the maximum hyperfine splittings, Tk, of the
spectrum of a fatty acid, spin-labeled near the chain terminal,
16-NS for 2 g (m� 20) are significantly larger compared with
those for 1, 2 a, and 2 e. Strikingly, this value remains almost
unchanged when one compares this with that of a segment


labeled much closer to the polar headgroup region (5-NS).
This is because the terminal methyls of the fatty acid chains of
lipids in 2 g are located near the bilayer-aqueous interface,
presumably owing to the formation of a interdigitated
monolayer ± bilayer kind of lipid organization. This type of
behavior is reported in the literature[17] for the interdigitated
lipid phases in phosphatidylcholine (PC) and phosphatidyl-
glycerol (PG) induced by glycerol and polymyxin, respective-
ly. Hence these results can be attributed to the formation of
fully interdigitated lipid bilayers by 2 g compared with the
noninterdigitated gel-phase lipid bilayers by 1, 2 a, and 2 e.
These results and conclusions are in accord with the results
obtained from the other studies.


Fusion assay : Since the primary function of membranes is to
maintain the integrity of cells within their environment and to
maintain the organization of subcellular compartments inside
the cell membrane, events like fusion have to be adequately
regulated in space and time. Information about the tendencies
of 1 and 2 a ± 2 h to fuse under given conditions is useful, since
the molecular packing in the membranes is delicately bal-
anced depending on the m value of the lipid dimers. We also
wanted to know whether a temporal separation of the
membrane leaflets of the interacting vesicles would be
allowed with these dimeric lipids. This is important, since
the formation of a hemifusion intermediate requires a
temporal separation. These considerations prompted us to
explore the relative fusion efficiencies of individual vesicular
systems, especially those composed of membrane-spanning
lipids. Here we present the relative fusogenic properties of
vesicular 1, 2 b, 2 d, 2 e, and 2 g induced by the inorganic anion
SO4


2ÿ.
In this study we employed the fluorescence resonance


energy transfer (FRET) assay[18] that relies upon the overlap
between the emission and excitation spectrum of two,
nonexchangeable, fluorophoric phospholipid analogues, N-
NBD-PE (donor) and N-Rh-PE (acceptor). Since the effi-
ciency of FRET between the two given fluorophores is
dependent upon their spatial separation, this technique
provides the details of how lipid mixing occurs during
membrane fusion. The fluorophores have been incorporated
into dimeric lipid membranes at concentrations that do not


Table 3. ESR spectral parameters of fatty acid spin labels in 1, and 2 a ± 2h
at 25 8C.[a]


Fatty acid spin label Tk [G] t0� 10ÿ9 [s] S


1 5-NS 29.98 21.17 0.454
12-NS 36.92 ± ±
16-NS 17.16 3.53 0.297


2a 5-NS 29.07 10.4 0.524
12-NS 36.05 ± ±
16-NS 18.94 5.4 0.363


2e 5-NS 28.98 10.07 0.463
12-NS 17.51 10.27 0.335
16-NS 17.51 1.78 0.326


2g 5-NS 44.31 8.44 0.556
16-NS 42.82 2.23 1.0


[a] See Experimental Section for the details.
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perturb the parent membrane structure. In this situation the
efficiency of energy transfer should be proportionally related
to their surface density. Upon fusion of fluorescently labeled
vesicles with nonlabeled vesicles (probe dilution method),[19]


bilayer mixing reduces the surface density of the fluorophores
and results in a decrease of FRET efficiency; this can be
followed continuously either as an increase in donor NBD
fluorescence or a decrease in the fluorescence of the acceptor
rhodamine.[20]


When cationic vesicles containing both N-NBD-PE
(0.6 mol %) and N-Rh-PE (0.6 mol %) were incubated with
an equal amount of nonlabeled vesicles, no change in the
rhodamine fluorescence could be detected. This indicates that
the probes did not spontaneously transfer by means of a
mechanism with the involvement of diffusion of monomers
through the aqueous phase between labeled and nonlabeled
membranes. In the presence of Na2SO4 (10 mm), however, a
slow decrease in the rhodamine fluorescence was observed
(Figure 6) in all the cases, except that with 2 g. This suggests


Figure 6. Decay of rhodamine fluorescence with time: a) 1, b) 2b, c) 2d,
d) 2 e and e) 2g.


that Na2SO4 probably induces fusion and intermixing of
membrane lipids among the liposomes of 1, 2 b, 2 d, and 2 e.
Importantly, however, the rate of this fluorescence decay is
different for membranes with different m values. For compar-
ison, the percentage change in fluorescence (% DF/DFmin) for
each lipid vesicle was plotted against time (Figure 7). While
the percentage change in fluorescence for 1 was 60.7 % after
30 min, for 2 b it was only 5.6 % after the same period. This is
probably because of the rigidness of the bilayer packing in the
case of 2 b (m� 4) compared with that of monomeric 1 (m�
0). However, the percentage change in fluorescence intensity
was enhanced with the increase in spacer chain length up to a
certain m value (17.0 % for 2 d and 56.7 % for 2 e after 30 min
of the injection of salt solution to the vesicular dispersions).
This could indicate possible fusion of these membranes
through a process that involves transient separation of two
bilayer leaflets and the formation of a hemifusion intermedi-
ate structure.


In contrast, the vesicles of 2 g showed no decrease in the
rhodamine-fluorescence intensity with time. Instead it showed
a marginal increase in the fluorescence intensity. It is not
apparent why this happens. One possibility is that this may be


Figure 7. Percentage change in fluorescence with time, 1 (*), 2b (&), 2d
(~), 2 e (!) and 2 g (^).


a result of the onset of aggregation between the vesicles of 2 g,
and this is generally not observed in the probe dilution
method.[19] Very little is known about the fusogenic properties
of bolaform lipids. It may be possible that larger energy
barriers and greater geometrical constraints are involved in
the fusion of membranes composed of this lipid (m� 20);
these resemble membranes formed from bolaamphiphiles.
Indeed a similar phenomenon is reported for the lipids
extracted from the thermophilic archaeon Sulfolobous sol-
fataricus irrespective of the fusogen employed,[20] while the
large unilamellar liposomes composed of bipolar tetraether
lipids extracted from the thermophilic archaeon Sulfolobous
acidocaldarius were found to undergo a nonleaky fusion
process in the presence of calcium phosphate, the rate being
dependent on the pH and the concentration of the salt.[21]


Interaction of dimeric lipids with cholesterol : Cholesterol is
an integral part of mammalian-cell membranes[22] and it is
known to noncovalently associate with different lipids within
the cell.[23] Such interactions lead to an increase in the
orientational order of lipid hydrophobic chains in mem-
branes.[24] This in turn abolishes the solid!fluid transition
temperature of the resulting bilayers.[25] Does cholesterol
interact with dimeric lipids in the same way as it does with
monomeric lipids? Are such interactions dependent on the m
value of the lipid dimers? To examine the effects of
cholesterol inclusion in dimeric lipid membranes, we have
employed two widely used methods, that is, fluorescence
anisotropy and 1H NMR spectroscopy.


We measured the fluorescence anisotropy (r) of 1,6-
diphenyl-1,3,5-hexatriene (DPH) solubilized in different ve-
sicular assemblies in the presence or absence of cholesterol.
For this study we selected four representative lipids 1 (m� 0),
2 a (m� 3), 2 e ( m� 12), and 2 g (m� 20), which were shown
to form three different types of membrane organizations.
Figure 8 (a ± d) shows that the effect of cholesterol incorpo-
ration on the thermal behavior of a given lipid depends on the







Lipids 2335 ± 2347


Chem. Eur. J. 1999, 5, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2343 $ 17.50+.50/0 2343


Figure 8. Fluorescence anisotropy (r) versus temperature plots for lipid
vesicles: a) 1, b) 2a, c) 2 e and d) 2g with 0 mol % (*), 10 mol % (&),
20 mol % (~) and 30 mol % (*) cholesterol.


lipid structure, in particular on the m value. With vesicular 1,
the breaks in the r versus T plot signifying the melting
transition became gradually blurred with the increase in
cholesterol percentage. This type of behavior is reminiscent of
that reported for cholesterol-phosphatidylcholine[26] and cho-
lesterol ± cationic-lipid[10f] mixtures. While the order in the gel
phase was little influenced by the inclusion of cholesterol in 1,
it was substantially enhanced in its fluid state. In contrast,
breaks related to solid!fluid melting were not abolished
even after inclusion of 30 mol % cholesterol in the case of the


dimeric lipids. Remarkably, with dimeric lipids upon choles-
terol incorporation, the orders in their fluid states were hardly
affected, while the resulting mixtures in their gel phases were
rendered disordered. We believe that the presence of a
(CH2)m-spacer chain in these lipids influences the location of
cholesterol in the resulting membranes, and it is the temper-
ature-induced conformational variation of the spacer chain
that predominantly regulates the solid!fluid transition even
when cholesterol is present.


To further ascertain the nature of the dimeric-lipid ± cho-
lesterol interactions in their fluid states, various cholesterol-
free and cholesterol-laced vesicular preparations were ana-
lyzed by 1H NMR spectroscopy above their Tms. Studies were
carried out at 60 8C for 1, 65 8C for 2 a, and 70 8C for 2 g.
Compound 2 e was not studied by this method, since the order
in its fluid state remained almost unaffected upon incorpo-
ration of cholesterol as observed from its r versus T plot.
Figure 9 shows the 1H NMR spectra of chain polymethylene
(CH2)n and terminal methyl groups (CH3) for different lipid
systems in the absence and presence of cholesterol. Addition
of cholesterol in increments (0 ± 30 mol %) led to progressive
broadening of the downfield (CH2)n proton signals in 1,
indicating that inclusion of cholesterol significantly restricted
the mobility of the (CH2)n units; however, it had much less
effect on the terminal CH3 groups. Similar results were also
reported for cholesterol doped phosphatidylcholine vesi-
cles.[23b, 26] Strikingly, the virtually opposite observation was
recorded with 2 a. Both the resonances due to (CH2)n and CH3


got sharpened with the increasing percentage of cholesterol.
Under comparable conditions 2 g, however, showed a com-
plex behavior. Addition of cholesterol (10 mol%) initially
broadened both the (CH2)n and terminal CH3 signals. With
20 mol % cholesterol, these signals became considerably
sharper. However, with 30 mol % of cholesterol these signals
appeared to broaden again.


The observed differences in the interactions of cholesterol
with different types of cationic lipids could be explained on


Figure 9. The 1H NMR spectra of chain polymethylene (CH2)n and terminal methyl (CH3) groups for different lipid systems in the absence and presence of
different mol % of cholesterol above Tm, a) 1 (at 60 8C), b) 2a (at 65 8C), and c) 2g (at 70 8C).
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the basis of variations in the molecular packing of these lipids
in the vesicular matrices. The interaction between 1 and
cholesterol should originate mainly from the hydrophobic
contacts, unlike lipids containing ester or amide groups in
which hydrogen bonding takes place between the lipid
monomer and 3b-OH of cholesterol in addition to the
hydrophobic interactions. Thus 1 should be able to accom-
modate cholesterol in the membrane depending on the
miscibility of the latter. Since it is believed that above the
Tm value of the lipid, the presence of cholesterol induces
additional phases;[27] membrane fluidity also changes accord-
ingly. Current findings indicate that, in general, the mem-
branes composed of dimeric lipids can withstand insertion of
more cholesterol compared with the monomeric counterparts.
This is a significant observation. Generally inclusion of
cholesterol stiffens the resulting membranes. It appears that
since the herein described lipid dimers have four hydrocarbon
chains, the cholesterol inclusion into such membranes does
not lead to a significant increase in the orientational order of
the resulting aggregates.


Conclusion


The series of experiments described above, reveal the effects
of lipid dimerization. The introduction of a polymethylene
spacer chain at the headgroup brings about a dramatic effect
on the aggregation behavior, membrane organization, and
lipid packing. Dimeric lipids with low m values (3, 4) and high
m values (20 ± 22) showed exceptional thermal, lipid-packing,
and cholesterol-association properties. Possibly because of an
increase in headgroup bulk and spacer chain looping with the
rise in m value up to m �16, the membranes from the
corresponding lipids show a poor hydrocarbon chain packing.
This is also manifested in the increase in permeability with the
rise in m value. This probably also enables these vesicles to
undergo facile fusion relative to their low (m� 3, 4) or high
(m� 20 ± 22) m value counterparts. The membranes derived
from the lipids with m values 20 ± 22 are thermally more
resistant to melting. One point that deserves special mention
is the evidence of strong interdigitation with high m values as
revealed by EPR studies. The membranes from the same set
of lipids have also been shown by X-ray diffraction studies to
adopt interdigitated monolayer ± bilayer hybrid structures.
This may be one way by which the bolaphilic lipids that occur
in thermophilic bacteria allow the resulting organisms to
thrive at elevated temperatures. Finally, a novel feature of
cholesterol interaction with dimeric lipids has been identified,
that is, even after its inclusion up to physiologically relevant
concentrations (30 mol %) present in mammalian-cell mem-
branes, the gel ± liquid crystalline melting transition is not
abolished. Since eukaryotic cells are rich in cholesterol, such
an observation may suggest that at the cellular level this may
be a plausible mechanism by which solid-to-fluid transitions
could still be maintained.


Clearly the covalent connection of two monomeric lipids by
a simple ÿ(CH2)mÿ chain brings about effects at the mem-
brane level that are much more pronounced than one would
expect from seemingly trivial structural modifications at the


lipid-molecular level. These findings emphasize the continu-
ing need for new designs of synthetic lipid structures to
expand our understanding of their behavior upon membrane
formation.


Experimental Section


Methods and materials : Descriptions of the general procedures and the
analytical instruments used for various spectroscopic characterizations
have been described previously.[10b] n-Hexadecyl bromide, 1,2-isopropyli-
dene glycerol, 1,3-dibromopropane, 1,4-dibromobutane, 1,5-dibromopen-
tane, 1,6-dibromohexane, 1,12-dibromododecane, carbon tetrabromide,
triphenylphosphine, 1,6-diphenyl-1,3,5-hexatriene (DPH), and riboflavin
were purchased from Aldrich. 1,16-Dibromohexadecane, 1,20-dibromoei-
cosane, and 1,22-dibromodocosane were synthesized from tetradecane-
1,14-dioic acid, eicosanedioic acid, and docosanedioic acid, respectively, by
the reduction of their respective ethyl esters with lithium aluminium
hydride in dry THF followed by bromination with HBr/H2SO4 at 80 8C for
24 h. They were separated by chromatography over a silica gel (60 ±
120 mesh) column with hexane as the eluent.


Synthesis : Synthesis of monomeric lipids and different precursors of the
dimeric lipids are synthesized as follows. First, 1,2-isopropylidene glycerol
(3) was protected with benzyl chloride in dry benzene under refluxing
conditions to obtain the corresponding benzyl ether 4, and the isopropyl-
idiene group was then removed with aqueous HCl/MeOH at room
temperature to obtain dl-a-O-benzylglycerol.[28]


dl-a,b-Di-O-hexadecyl-O-benzylglycerol (5): A mixture of dl-a-O-benzyl-
glycerol (5.0 g, 27.4 mmol), 1-bromohexadecane (18.5 g, 60.4 mmol), and
powdered potassium hydroxide (5.9 g, 104.2 mmol) in dry benzene (50 mL)
was stirred and refluxed for 24 h. The cooled mixture was diluted with
chloroform (50 mL) and washed with water, and the organic layer was
dried over anhydrous MgSO4. The solvent was removed under vacuo and
the crude product was purified by column chromatography over a silica gel
column with a mixture of hexane and ethyl acetate to afford a viscous oil
(10.0 g, 58 %). 1H NMR (CDCl3, 400 MHz) d� 0.90 (t, 6 H, CH3), 1.10 (br s,
52H, CH2), 1.50 ± 1.80 (m, 4 H, CH2), 3.40 ± 3.75 (m, 9H, OCH2, OCH), 4.55
(s, 2 H, CH2Ph), 7.31 (s, 5 H, aromatic Hs).


dl-a,b-Di-O-hexadecylglycerol (6): A solution of 5 (10 g, 15.8 mol) in
methanol (150 mL) was hydrogenated over 5 % Pd/C (0.2 g) for 24 h at
46 psi pressure during which almost all the starting materials were
converted to the alcohol. Methanol was removed from the reaction
mixture, and the solid mass obtained was heated with EtOAc. To remove
the catalyst, this solution was filtered and kept at room temperature for
crystallization. Upon repeated crystallizations, a flaky white solid was
obtained (8 g, 92 %), which was found to be pure by TLC (Rf� 0.3, CHCl3).
M.p. 47 8C (lit.[28] 48 ± 49 8C); 1H NMR (CDCl3, 400 MHz) d� 0.89 (t, 6H,
CH3), 1.15 ± 1.40 (br m, 52 H, CH2), 1.50 ± 1.80 (m, 4H, CH2), 3.40 ± 3.75 (m,
9H, OCH2, OCH).


dl-a,b-Di-O-hexadecylglycerol bromohydrin (7): A solution of Ph3P
(1.44 g, 4.32 mmol) in dry CH2Cl2 was added dropwise over a period of
30 min to a well-stirred solution of 6 (2.0 g, 3.62 mmol) and CBr4 (2.42 g,
7.3 mmol) in dry CH2Cl2 at 0 8C. The reaction mixture was stirred at room
temperature for another 8 h till TLC showed the disappearance of the
starting material. CH2Cl2 was removed under vacuum, and the residual
mass was repeatedly extracted with hexane. The combined extracts were
evaporated to dryness. It was purified by column chromatography over a
silica gel column with 100:1 hexane/EtOAc. The fraction which was
collected using 50:1 hexane/EtOAc gave a viscous liquid on removal of
organic solvent. It solidified on standing (1.97 g, 90%). TLC single spot
(Rf� 0.3, hexane); 1H NMR (CDCl3, 200 MHz) d� 0.89 (t, 6 H, CH3),
1.15 ± 1.40 (br m, 52H, CH2), 1.54 ± 1.80 (m, 4H, CH2), 3.33 ± 3.50 (m, 9H,
OCH2, OCH & CH2Br).


dl-[1,2-Di-O-hexadecyl-3-(dimethylamino)]propane (8): Compound 7(1 g,
1.65 mmol) was dissolved in a 40 % methanolic solution of Me2NH (20 mL,
102 mmol) in a screw-top pressure tube. The tube was sealed, and its
contents were heated with stirring at �90 8C for 36 h. The solvent was
removed to afford a crude residue, which was then treated with NaHCO3


(5%, 25� 2 mL) and the resulting product was extracted several times with
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CHCl3 (25� 4 mL). The organic layer was separated, washed with brine
(10 mL), and passed through anhydrous K2CO3. The solvent was removed
to give a waxy semi-solid (0.9 g, 95%) which was found to be pure by TLC
(Rf� 0.8, CHCl3/MeOH, 10:1). 1H NMR (CDCl3, 200 MHz) d� 0.89 (t,
6H, CH3), 1.15 ± 1.60 (br m, 52 H, CH2), 2.32 (s, 6 H, N(CH3)2), 2.42 ± 2.60
(m, 2 H, CH2N), 3.45 ± 3.75 (m, 7 H, OCH2, OCH).


dl-N-(1,2-Di-O-hexadecyl-3-propyl)-N,N,N-trimethylammonium bromide
(1): Compound 7 (0.3 g, 0.5 mmol) was dissolved in a 30 % ethanolic
solution of NMe3 (20 mL, 102 mmol)in a screw-top pressure tube. The tube
was sealed, and its contents were heated with stirring at �90 8C for 36 h.
The solvent was removed to afford a crude white mass, which was
recrystallized several times from acetone/EtOAc (20:1) (0.3 g, 90 %). It was
found to be pure by TLC (Rf� 0.5, CHCl3/MeOH, 10:1). M.p. 113 ± 114 8C
(lit.[29] 115 ± 116 8C); 1H NMR (CDCl3, 400 MHz) d� 0.89 (t, 6 H, CH3),
1.20 ± 1.40 (br m, 52H, CH2), 1.60 ± 1.80 (m, 4H, CH2), 3.40 ± 3.75 (s and m,
16H, �N(CH3)3, OCH2, OCH), 4.10 ± 4.20 (m, 2H, N�CH2); C38H80NO2Br
(662.97): calcd C 68.85, H 12.16, N 2.11; found C 68.63, H 11.97, N 1.87.
General procedure for the synthesis of bis(quaternary ammonium) lipids
(2a ± 2 h): A solution of dl-[1,2-O-hexadecyl-3-(dimethylamino)]propane 8
(1.0 mmol) and an appropriate a,w-dibromoalkane (0.35 mmol) in dry
EtOH was refluxed over a period of 48 ± 72 h. It was cooled and the solvent
was evaporated to give a crude solid. It was repeatedly washed with dry
acetone to remove any traces of unreacted starting materials and finally
subjected to repeated crystallizations from a mixture of acetone and
methanol (�9:1). This gave a white solid and the yields ranged from 60 ±
75%. The purities of these lipids could be ascertained from TLC, the Rf


ranged from �0.25 to �0.3 in 10:1 CHCl3/MeOH. All compounds 2 a ± 2h,
gave satisfactory 1H NMR and IR spectra, and C,H,N analysis. Pertinent
spectroscopic and analytical data are given below.


Propanediyl-a,w-bis[dl-N-(1,2-di-O-hexadecyl-3-propyl)-N,N-dimethyl-
ammonium bromide] (2a): M.p. 175 ± 178 8C; 1H NMR (CDCl3, 400 MHz)
d� 0.85 (t, 12 H, CH3), 1.25 ± 1.50 (br m, 104 H, CH2), 1.55 ± 1.80 (br m, 8H,
alkyl chain CH2), 2.80 ± 2.90 (br m, 2 H, N�CH2CH2CH2N�), 3.30 ± 4.20 (m,
34H, N�(CH3)2, OCH2, OCH, CH2N�CH2); C77H160N2O4Br2 (1337.94):
calcd C 69.12, H 12.05, N 2.09; found C 68.96, H 12.09, N 1.83.


Butanediyl-a,w-bis[dl-N-(1,2-di-O-hexadecyl-3-propyl)-N,N-dimethylam-
monium bromide] (2b): M.p. 175 ± 182 8C; 1H NMR (CDCl3, 400 MHz)
d� 0.85 (t, 12H, CH3), 1.25 ± 1.50 (br m, 104 H, CH2� 52), 1.55 ± 1.80 (m,
8H, alkyl chain CH2), 2.19 ± 2.30 (m, 4 H, spacer chain CH2), 3.20 (s, 12H,
N�(CH3)2), 3.30 ± 3.52 (m, 8 H, OCH2), 3.60 ± 4.20 (m, 14H, CH2N�CH2,
alkyl chain OCH2, OCH); C78H162N2O4Br2 (1351.97): calcd C 69.3, H 12.07,
N 2.05; found C 69.58, H 12.36, N 1.99.


Pentanediyl-a,w-bis[dl-N-(1,2-di-O-hexadecyl-3-propyl)-N,N-dimethyl-
ammonium bromide] (2c): M.p. 80 8C (soften), 88 8C (clear melt); 1H NMR
(CDCl3, 400 MHz) d� 0.85 (t, 12H, CH3), 1.25 ± 1.40 (br m, 106 H, CH2,
spacer chain N�CH2CH2CH2), 1.55 ± 1.80 (m, 8H, alkyl chain CH2), 2.15 ±
2.19 (m, 4H, spacer chain N�CH2CH2), 3.30 ± 3.50 (m, 20H, N�(CH3)2,
alkyl chain OCH2), 3.58 ± 3.62 (m, 4H, OCH2), 3.65 ± 3.67 (m, 2H, OCH),
3.70 ± 4.10 (m, 8 H, CH2N�CH2); C79H164N2O4Br2 (1366.0): calcd C 69.46, H
12.1, N 2.05; found C 69.68, H 12.17, N 1.85.


Hexanediyl-a,w-bis[dl-N-(1,2-di-O-hexadecyl-3-propyl)-N,N-dimethylam-
monium bromide] (2 d): M.p. 78 8C (soften), 84 8C (clear melt); 1H NMR
(CDCl3, 400 MHz) d� 0.85 (t, 12H, CH3), 1.25 ± 1.40 (br m, 108 H, CH2,
spacer chain CH2), 1.55 ± 1.70 (m, 8H, alkyl chain CH2), 2.10 ± 2.19 (br m,
4H, spacer chain N�CH2CH2), 3.30 ± 3.50 (m, 20H, N�(CH3)2, alkyl chain
OCH2), 3.55 ± 3.57 (br m, 6H, OCH2, OCH), 3.60 ± 4.05 (m, 8 H,
CH2N�CH2); C80H166N2O4Br2 (1380.02): calcd C 69.63, H 12.12, N 2.03;
found C 69.72, H 12.19, N 1.86.


Dodecanediyl-a,w-bis[dl-N-(1,2-di-O-hexadecyl-3-propyl)-N,N-dimethyl-
ammonium bromide] (2e): M.p. 80 8C (soften), 95 8C (clear melt); 1H NMR
(CDCl3, 400 MHz) d� 0.85 (t, 12H, CH3), 1.25 ± 1.50 (br m, 120 H, CH2,
spacer chain CH2), 1.55 ± 1.70 (m, 8 H, alkyl chain CH2), 1.78 ± 1.84 (m, 4H,
spacer chain N�CH2CH2), 3.30 ± 3.50 (m, 20 H, N�(CH3)2, alkyl chain
OCH2), 3.58 ± 3.59 (br m, 4H, OCH2), 3.60 ± 4.08 (m, 10 H, CH2


�NCH2,
OCH); C86H178N2O4Br2 (1464.18): calcd C 70.55, H 12.25, N 1.91; found C
70.53, H 12.48, N 1.75.


Hexadecanediyl-a,w-bis[dl-N-(1,2-di-O-hexadecyl-3-propyl)-N,N-di-
methylammonium bromide] (2 f): M.p. 65 ± 70 8C; 1H NMR (CDCl3,
400 MHz) d� 0.88 (t, 12H, CH3), 1.25 ± 1.50 (s and br m, 128 H, CH2,
spacer chain CH2), 1.50 ± 1.80 (m, 12H, alkyl chain CH2, spacer chain


N�CH2CH2), 3.38 ± 3.50 (m, 20 H, N�(CH3)2, alkyl chain OCH2), 3.58
(apparent d, 4 H, OCH2), 3.60 ± 4.30 (several m, 10H, CH2


�NCH2, OCH);
C90H186N2O4Br2 (1520.29): calcd C 71.10, H 12.33, N 1.84; found C 71.37, H
12.23, N 1.70.


Eicosanediyl-a,w-bis[dl-N-(1,2-di-O-hexadecyl-3-propyl)-N,N-dimethyl-
ammonium bromide] (2g): M.p. 55 ± 60 8C; 1H NMR (CDCl3, 400 MHz)
d� 0.88 (t, 12H, CH3), 1.25 ± 1.40 (s and br m, 136 H, CH2, spacer chain
CH2), 1.50 ± 1.80 (m, 12H, alkyl chain CH2, spacer chain N�CH2CH2),
3.36 ± 3.50 (m, 20H, N�(CH3)2, alkyl chain OCH2), 3.52 ± 3.61 (m, 4H,
OCH2), 3.62 ± 4.10 (several m, 10 H, CH2


�NCH2, OCH); C94H194N2O4Br2


(1576.4): calcd C 71.62, H 12.40, N 1.78; found C 71.76, H 12.42, N 1.52.


Docosanediyl-a,w-bis[dl-N-(1,2-di-O-hexadecyl-3-propyl)-N,N-dimethyl-
ammonium bromide] (2 h): M.p. 52 ± 55 8C; 1H NMR (CDCl3, 400 MHz)
d� 0.88 (t, 12H, CH3), 1.25 ± 1.40 (s and br m, 140 H, CH2, spacer chain
CH2), 1.50 ± 1.80 (m, 12H, alkyl chain CH2, spacer chain N�CH2CH2),
3.40 ± 3.44 (m, 20H, N�(CH3)2, alkyl chain OCH2), 3.57 ± 3.58 (m, 4H,
OCH2), 3.62 ± 4.10 (several m, 10 H, CH2


�NCH2, OCH); C96H198N2O4Br2


(1604.45): calcd C 71.87, H 12.44, N 1.75; found C 71.97, H 12.36, N 1.52.


Vesicle preparation
Method A : Dry films of a given lipid (2.5 mmol) film were obtained on the
walls of Wheaton vials upon removal of chloroform from the solutions of
the lipid in the same solvent. The requisite amount of water was added to
this, and the resulting mixture was first kept at 4 8C for approximately 12 h
and then vortexed to allow optimal hydration of the lipid film. It was
vortexed for a few minutes and thawed to 70 ± 75 8C for 10 min and then
frozen with liquid N2 for 15 min. These cycles were repeated three times to
ensure optimal hydration. However, films of 2 g and 2h did not form stable
suspensions even after 5 ± 7 freeze ± thaw cycles. For effective dispersal
these were sonicated with a bath sonicator (Sidilu Ultrasonic Bath) for
20 min at 80 8C and then subjected to freeze ± thaw cycles. All the lipid
suspensions including that of 2 g and 2h were found to be stable for several
days.


Method B : Solid lipid (2.5 mmol) was dissolved in CHCl3 (5 mL) and to this
an equal volume of pure water was added. The resulting two-phase mixture
was briefly dispersed in a bath-sonicator (35 kHz) for 15 min at ambient
temperature to produce an emulsion. From this, CHCl3 was slowly removed
under reduced pressure with a rotary evaporator. The resulting preparation
was then subjected to 5 ± 6 freeze ± thaw cycles followed by a brief
sonication for 5 min above 70 8C. This afforded stable translucent
suspensions. Vesicles prepared by this protocol remained practically stable
for several days as judged by the examination of the onset of turbidity of
these suspensions as a function of time.


Transmission electron microscopy (TEM): This experiment used vesi-
cles(2.5 mm) in water. Uranyl acetate (0.5 % w/v) was used as the staining
agent. Vesicles were prepared by the method B described above. One drop
of a given vesicular solution was placed on a 400 mesh carbon ± formvarTM-
coated copper grid. A JEOL-TEM 200 CX electron microscope was used as
described.[10k] The micrographs were recorded at magnifications of 70000
and 96 000.


Dye entrapment and permeability : The vesicles from each of the above
lipids (1 mg 1mLÿ1) were prepared by the method A in aqueous media
containing riboflavin (20 mm) at pH 5.8. At ambient temperature 3 mL of a
vesicle solution was loaded into a pre-equilibrated column (26 cm� 1 cm)
of sephadex G-50 M (Pharmacia). Upon elution with water (pH �5.8), gel-
filtered fractions containing dye-loaded vesicles were pooled. An aliquot of
a gel-filtered vesicle (1 mL) was placed into a cuvette and the pH was
adjusted from 5.8 to �10.2 by the addition of KOH solution(66 mL, 0.03m).
Immediately upon mixing, time-dependent changes in the fluorescence
emission at 514 nm (upon excitation at 374 nm) were measured at 25�
0.5 8C with a Hitachi Model F-4500 Spectrofluorimeter. The time-courses
followed an apparent monoexponential decay, from which the rate
constants were obtained by analyzing the data by means of a pseudo-
first-order equation.


Calorimetry : Thermograms were recorded at two different lipid concen-
trations with a Perkin ± Elmer DSC-4 instrument and an MC-2 ultra-
sensitive differential scanning calorimeter (Microcal) interfaced to a IBM
compatible computer. Lipid dispersions at �120 mmol concentration were
prepared by vortexing followed by freeze ± thaw treatments. These were
transferred into a steel pan (sample) which was sealed and kept at �90 8C
inside the calorimeter to ensure optimal hydration. DSC heating and
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cooling runs were recorded with the sample against a reference pan
containing an identical volume of pure water at a scanning rate of 5 K minÿ1


in the Perkin ± Elmer DSC-4 instrument. Samples (2.5 mm) for micro-
calorimetry made by the hydration of dry lipid film followed by sonication
were degassed under vacuum prior to loading into the sample cell. The scan
rate was 90 8Chÿ1. A baseline recorded with pure water in both the sample
and reference cells and normalized to mcaldegÿ1, was subtracted from each
heat capacity to eliminate any variations due to mismatch between the two
cells. Excess heat capacity data for the transitions were filtered digitally and
the normalized curves were established by connecting the baseline before
and after the transition and then performing a point-by-point subtraction
from this straight line. Transition enthalpies were calculated by numerical
integration of the resulting heat capacity values as a function of temper-
ature, [Eq. (1)]. Main transition entropies DS, in units of cal molÿ1 Kÿ1, were
estimated based on the assumption that at the Tm the two phases are at
equilibrium, in which case Equation (2) applies, where DHcal is expressed in
cal molÿ1 and Tm in Kelvin. The van�t Hoff enthalpy DHvH was obtained
from the Equation (3) in which DT1/2 is the width at the half-maximum
excess specific heat. These enthalpies were used to determine the
cooperative unit (CU) of the transition, that is, the number of monomers
undergoing the phase transition from the relationship expressed in
Equation (4).


DHcal�
�


CpdT (1)


DS�DHcal/Tm (2)


DHvH� 6.9Tm
2/DT1/2 (3)


CU�DHvH/DHcal (4)


Fluorescence anisotropy studies : Upon excitation of 1,6-diphenyl-1,3,5-
hexatriene (DPH) at 360 nm embedded in various vesicular solutions
(2.5 mm), the fluorescence anisotropies (r) were measured with a Hitachi
Model F4500 spectrofluorimeter. At each temperature, the emission
spectra (390 ± 480 nm) were recorded by adjusting the polarizers in four
different positions. The anisotropy (r) at different temperatures for each
vesicular solution was calculated by employing Perrin�s equation, [Eq. (5)],


r� (Ik ÿ I?G)/(Ik�2 I?G) (5)


in which Ik and I? are the observed intensities measured with polarizers
parallel and perpendicular to the vertically polarized exciting beam,
respectively. G is a factor used to correct for the inability of the instrument
to transmit differently polarized light equally. For each aggregate, r versus
T plots gave the information about the gel-to-liquid-crystalline phase
change as a function of temperature. The values reported herein for r are
the average values of three independent measurements. The systemic gel-
to-liquid-crystalline phase transition temperatures were calculated from
the midpoints of the breaks related to the temperature-dependent
anisotropy values.


Dynamic light scattering (DLS): Light scattering measurements were
measured at 25 8C on filtered vesicular solutions (Millex units, Pore size:
0.25 mm). Vesicles (1 mm) were prepared under identical conditions for all
the lipids [bath sonication (Julabo USR3) for 10 min, at 70 8C and at
35 KHz]. A submicron particle-size analyzer employed an incident Kr�


laser beam (647 nm) keeping the detector angle at 908. An interfaced
autocorrelator was used to generate the full autocorrelation of the
scattered intensity. The time-correlated function was analyzed by a method
of cumulants and the calculations imposed virtually unimodal distribution
of particle size populations.


X-Ray diffraction and molecular modeling studies : X-ray diffraction and
molecular modeling studies were carried out as described previously.[10a]


Electron paramagnetic resonance studies
Sample preparation: The spin probes, doxylstearic acids with the nitroxide
group, that is, 5-(4,4-dimethyl-3-oxazolidinyl)oxyoctadecanoic acid, 5NS;


12-(4,4-dimethyl-3-oxazolidinyl)oxyoctadecanoic acid, 12NS, and 16-(4,4-
dimethyl-3-oxazolidinyl)oxyoctadecanoic acid, 16NS were purchased from
Sigma. Lipid dispersions were prepared by mixing the lipids with 1 mol %
of the spin label probe in CH2Cl2 solution, evaporating off the solvent with
a stream of dry nitrogen and then placing them under vacuum overnight.
The dried lipids were then dispersed in water to a final concentration of
4 mg 0.4 mLÿ1 by hydrating for approximately 30 min followed by vortex
mixing for 10 min at a temperature above the gel-to-fluid phase transition.
The suspensions were transferred to 1 mm (i.d.), 100 mL glass capillaries,
sealed at one end. The other end was sealed with parafilm. The sealed
sample capillary tube was accommodated in a standard 4 mm quartz EPR
tube.
EPR measurements: EPR spectra were measured on a Varian E-series
spectrometer operating at a X-band frequency of 9.05 GHz. Conventional
absorption EPR spectra were recorded at a modulation frequency of
100 kHz and a modulation amplitude of 4 G peak-to-peak, at a microwave
power of 2 mW. The motional parameter, t0, can be derived from spectral
parameters as described,[30] and is given by Equation (6), in which K�
6.5� 10ÿ10 s and is fixed arbitrarily at its limiting value in the case of rapid
isotropic tumbling, W0 is the width of the center line, and h0 and hÿ1 are the
heights of the center and high-field first-derivative lines respectively.


t0�KW0[(h0/hÿ1)1/2ÿ 1] (6)


The order parameter S gives a measure of the amplitude of motion of the
long molecular axis about which the average orientation of the hydro-
carbon chains occur in the lipid bilayers. It is obtained from the anisotropic
outer and inner hyperfine splittings, Tk and T?, respectively, by using the
Equation (7), where Tzz and Txx are the principal 14N-hyperfine coupling
tensors for a rigid lattice obtained from the single crystal spectra: Tzz�
32.9 G, Txx� 5.9 G. The maximum value of S is 1.0 for perfect order, while
complete disorder results in a value of S� 0.


S� (TkÿT?)/(TzzÿTxx) (7)


Fusion assay
Liposome preparation : 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(7-nitro-1,3-benzoxadiazol-4-yl) (N-NBD-PE) and l-a-phosphatidyl-
ethanolamine-N-(lissamine rhodamine B sulfonyl) (Egg; N-Rh-PE) were
purchased from Avanti Polar Lipids. Lipid films were dried under high
vacuum and suspended at a concentration of 10 mg mLÿ1 in HEPES buffer
(10 mm, pH 6.0). Lipids were dispersed by sonication with a bath sonicator
for 5 min at �60 8C followed by one freeze ± thaw treatment.


Fusion measurements : Vesicle fusion was monitored by resonance energy
transfer (RET) fusion assay as described by Struck et al.[18] Vesicles were
formed both with and without 0.6 mol % each of N-NBD-PE and N-Rh-PE
and suspended at the concentration of 10 mg mLÿ1 in buffer. Labeled and
unlabeled vesicles were mixed at a 1:1 ratio and diluted to a final lipid
concentration of 50 mm in the above buffer. Fluorescence measurements
were performed at 28 8C with a Hitachi F-4500 spectrofluorimeter at an
excitation and emission wavelength of 475 and 580 nm, respectively. Fusion
was initiated by the addition of 10 mL Na2SO4 solution (final concentration
in the cuvette was 10mm). The extent of fusion was determined by
subjecting a one-to-one mixture of labeled and unlabeled vesicles to three
cycles of freeze ± thawing. This treatment has been shown[20] to be adequate
for obtaining complete lipid mixing. Fused vesicles were diluted to 50 mm,
and the fluorescence level of this suspension was set to 100 % (Fmin). The
time course for each lipid mixing was normalized by subtracting the initial
fluorescence (F0) and dividing by the fluorescence achieved by infinite
probe dilution (Fmin). The percentage change in fluorescence was calculated
as shown in Equation (8).


%DF/DFmin� 100(F0ÿF)/(F0ÿFmin (8)


1H NMR spectrsocopy
Vesicle preparation: CHCl3 solutions of biscationic lipids with or without
cholesterol were evaporated to dryness. The resulting lipid films were then
hydrated in D2O for �1 h at room temperature, vortexed thoroughly, and
subjected to several freeze ± thaw cycles (above the Tm value of the
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corresponding lipid) keeping the vial protected from extraneous moisture
during the preparation. The stable MLVs thus produced were rapidly
transferred into NMR tubes and immediately closed under dry N2.


Measurements: 1H NMR spectra for each of these suspensions were
recorded at 500 MHz on a Bruker DRX-500 Fourier transform Spectrom-
eter equipped with a silicon graphics work station. The chemical shift due
to the HDO peak was taken as the internal standard. The typical spectral
conditions were as follows: pulse width 6.0 ms (flip angle 908), sweep width
6009.62 Hz, data points 16 K, acquisition time 1.363 s, FID resolution of
0.3668 Hz/point, and the number of scans 270. 1H NMR experiments were
carried out with vesicular mixtures of 1, 2 a, and 2g containing 10, 20, and
30 mol % cholesterol. For comparison, 1H NMR spectra were also recorded
in the absence of cholesterol for each of the lipid vesicles. For each
experiment, the lipid concentration was maintained at a constant 10 mm.
NMR spectra were recorded above the Tm of the vesicular systems.
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Rational Design of Chiral Lithium Amides for Asymmetric Alkylation
ReactionsÐNMR Spectroscopic Studies of Mixed Lithium
Amide/Alkyllithium Complexes
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Abstract: Treatment of solutions of chi-
ral lithium amides, containing internally
coordinating groups, in diethyl ether
(DEE) with alkyllithiums results in the
formation of chiral lithium amide/alkyl-
lithium mixed dimers. We report the use
of eight different chiral lithium amides/
n-butyllithium mixed dimers in the
asymmetric alkylation of benzaldehyde
in DEE solution at ÿ116 8C. The addi-
tion product, (S)-1-phenyl-1-pentanol,
was formed with enantiomeric excesses
(ee�s) ranging from 0 to 82 %. In DEE/


dimethoxy methane solvent mixtures
the stereoselectivity was improved and
gave the product in 91 % ee. Compar-
ison of the ligand structures revealed
that only one chiral center was necessary
to obtain high enantioselectivity. Re-
placement of the internally coordinating


methoxy group with a pyrrolidine group
lowered the ee from 82 % to 24 %. Low-
temperature 6Li NMR studies of mix-
tures of these reagents in DEE revealed
large differences in the concentration of
the reactive mixed dimers formed. Full
complexation of nBuLi to the chiral
lithium amides is not necessary in order
to obtain high enantioselectivity, as the
result of an increased reactivity of the
complexed nBuLi.


Keywords: alkylations ´ asymmetric
synthesis ´ chiral lithium
amides ´ mixed complexes ´
NMR spectroscopy


Introduction


Alkyllithium reagents are extensively used in organic syn-
thesis and several different chemical transformations are
achieved by the use of these reagents.[1] Possibly the most
important is the formation of CÿC bonds, which can be
achieved either through lithiation ± substitution, direct alkyl-
ation by an alkyllithium compound, or by aldol reactions.[2]


However, only a few examples have been reported regarding
the use of alkyllithium reagents in stereoselective CÿC bond
formation. The asymmetric inducers often contain lithium
amide or lithium alkoxide functionalities and one or several
stereogenic centers. Unfortunately, many of these compounds
are of limited synthetic application, since their preparation
requires substantial synthetic effort.[3, 4] Furthermore, only a
few of these chiral ligands or auxiliaries gave products with
enantiomeric excesses exceeding 60 %.[5]


Because organolithium compounds are known to form
aggregates in solution, it is believed that chiral mixed
complexes are formed between nonchiral alkyllithiums and


chiral lithium amides (i.e. , chiral inducers). Thus, chiral
lithium amides induce asymmetry into the otherwise sym-
metric organolithium compounds. Provided that such chiral
complexes are formed and react with benzaldehyde, it is
possible to achieve asymmetric induction (Scheme 1).


O


H OH


H
 2 nBuLi


chiral amine


RR*NH RR*NLi/nBuLi
*


1-phenyl-1-pentanolmixed complex


Scheme 1. The use of chiral lithium amides for asymmetric alkylation.


Hogeveen and Eleveld reported the asymmetric addition of
n-butyllithium (nBuLi) to benzaldehyde in the presence of the
chiral lithium amide base Li-1 in 1984. In diethyl ether (DEE)
at ÿ116 8C, they isolated (S)-1-phenyl-1-pentanol in 74 % ee.
A 1:1 solvent mixture of diethyl ether and dimethoxy methane
(DMM) was reported to give an enantioselectivity of 90 % in
the same reaction. When THF or toluene was used as the
solvent instead of DEE, the optical yields dropped to 68 %
and 19 %, respectively. This result shows the strong solvent
dependence of these reactions. The optimum ratio of benzal-
dehyde, nBuLi and 1 was found to be 1:6.7:4.


Only a few investigations of chiral lithium amide/alkyllithi-
um mixed complexes have been reported.[6] In a previous study,
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we showed that nBuLi is present in the above reaction mixture
atÿ908C, both as homoaggregated tetramers and as the mixed
aggregate Li-1/nBuLi. Based on these results, we suggested
that the mixed complex Li-1/nBuLi is the reactive species
responsible for the reported asymmetric alkylation reaction.


Homotetramers of nBuLi readily react with benzaldehyde
to yield a racemic mixture of the addition product.[7] This is
also clearly reflected in the choice of optimum experimental
conditions, as the molar ratios of nBuLi and chiral lithium
amide are critical for high stereoselectivity in the reaction.
The large solvent dependence might be explained by the
solvent-dependent equilibrium between homoaggregated Li-
1, homoaggregated nBuLi, and Li-1/nBuLi.


We believe that in order to control the stereoselectivity, the
underlying mechanisms for the reactions and the induction of
asymmetry must be well understood. Knowledge about the
structure of the initial complexes and their dynamics in
solution are therefore crucial. We report here our systematic
search for new chiral inducers based upon NMR spectroscopy
and enantiomeric product distributions in the asymmetric
alkylation of benzaldehyde. The structure, dynamics, reac-
tivity, and selectivity of mixed dimers formed from the chiral
lithium amides, obtained from the amines 1 to 8, and
alkyllithium reagents were investigated.


Results and Discussion


The structure of lithium amide/alkyllithium complexes in
solution : The chiral lithium amide Li-1 has already been
extensively studied by NMR spectroscopy.[8] The addition of
one equivalent of nBu6Li to the amines 1, 2, 4, 5, 6, 7, and 8,
respectively, results in the formation of a single species
according to 1H and 13C NMR spectra at ÿ80 8C in DEE. The
dilithiated species Li-3 may be prepared from Li-1 and excess
nBu6Li, as previously described.[8] The 6Li NMR spectra of the
amides displays two signals in 1:1 ratio, one significantly
broader than the other; this indicates a lower coordination
number at this lithium.[9] Furthermore, the amides Li-2 to Li-8
are all structural analogues of Li-1 and exhibit similar 1H, 13C,
and 6Li NMR spectra. Therefore, it is likely that these chiral
lithium amides all form C2-symmetric dimers with unsym-
metrical internal coordination in DEE solution (structure c in
Figure 1). However, the 6Li NMR of Li-4 and Li-8 displays an


additional resonance, indicative of either a monomer or a
symmetrical internally coordinated dimer (structures a or b in
Figure 1). 15Nÿ6Li NMR coupling studies performed with
[15N,6Li]-labeled Li-4 in our laboratory have shown that Li-4,
and probably also Li-8, forms symmetrical internally coordi-
nated dimers (structure b in Figure 1) in DEE solution. Thus,
we conclude that monomers are not observed for any of these
chelating lithium amides in DEE solution.
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Figure 1. a) Monomer. b) Symmetrical internally coordinated dimer.
c) Unsymmetrical internally coordinated dimer.


The formation of new species upon the addition of nBuLi to
the respective lithium amides is apparent according to NMR.
In addition to the signals for the chiral lithium amide dimers,
the 6Li NMR spectra show new signals, one for tetrameric
nBuLi at d� 1.9 and another two (in a 1:1 ratio) that originate
from a mixed complex between a chiral lithium amide and
nBuLi. The 13C NMR spectra display two sets of resonances
for the chiral lithium amides and two sets of resonances for
nBuLi. This indicates the presence of tetrameric nBuLi,
lithium amide dimers, and a mixed complex between nBuLi
and the chiral lithium amide. The mixed complexes are all
dimers, since the 13C NMR spectrum displays quintets
1J(13C,6Li)� 8 Hz for the a carbons of the complexed nBuLi.


In the 6Li NMR spectrum of the homodimer Li-2 with an
additional 1.1 equivalents of nBuLi, the mixed dimer of Li-2/
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nBuLi is the predominant species; only traces of the
tetrameric nBuLi and homodimers of Li-2 are observed. This
indicates a larger preference for Li-2 to form mixed dimers
with nBuLi compared with Li-1. The lithium amide Li-6
showed intermediate behavior towards mixed complex for-
mation; the predominant species is the mixed dimer Li-6/
nBuLi, coexisting with small amounts of homodimers of Li-6
and homotetramers of nBuLi (Figure 2).


Figure 2. The 6Li NMR spectra (ÿ90 8C) of mixtures of nBuLi with (Li-
1)2, (Li-2)2, and (Li-6)2 showing the formation of mixed complexes.


The equilibrium constants between the lithium amide
homodimers, (nBuLi)4, and lithium amide/nBuLi mixed
dimers were estimated from 6Li NMR intensities and the
known concentrations of added nBuLi and chiral amine at
ÿ90 8C (Table 1).


The ability of the various chiral lithium amides to complex
nBuLi is evidently very different. A reason for this could be
differences in steric interactions within the lithium amide/
nBuLi complexes and the corresponding lithium amide
homodimers. Compound (Li-8)2 with intramolecular pyrro-
lidine coordination, showed only a weak tendency to coor-
dinate nBuLi.


Difference in complexation ability of lithium amides towards
different alkyllithium compounds : Is the size of the alkyl


group in the alkyllithium important for the formation of
mixed complexes with lithium amides? The tendency for Li-1
to form mixed complexes with alkyllithiums of differing
bulkiness was investigated. A series of NMR experiments was
performed starting with the alkyllithium reagent with the least
steric hindrance, MeLi, followed by the more congested
alkyllithium compounds nBuLi, sBuLi, and tBuLi. In DEE
solution at ÿ80 8C, homoaggregates of MeLi, nBuLi, and
sBuLi are predominantly tetrameric, whereas for tBuLi they
are predominantly dimeric. The equilibrium complexation
constants were determined from the relative 6Li NMR


intensities at ÿ80 8C (Table 2). From the equilibrium con-
stants in Table 2, it is clear that sBuLi is superior to the other
alkyllithium reagents in the formation of mixed dimers with
the chiral lithium amide Li-1.


The equilibrium constant between homo- and heterocom-
plexes is determined by the steric requirements of the
substituents on the a carbon. The introduction of branching
on the carbanion carbon, as found in sBuLi, adds substantial
steric requirements for the carbanion close to the lithium
atoms, which disfavors sBuLi homotetramers compared with
the Li-1/sBuLi mixed dimer. However, tBuLi is only sparingly
found in these mixed complexes. We suggest that this
unpredictable behavior is due to the fact that tBuLi is
homodimeric in DEE. This will result in an equilibrium
between homodimers and mixed dimers. This is in contrast to
the previously used alkyllithiums where there is an equili-
brium between homotetramers and mixed dimers. Thus, the
interactions are different and comparisons of the equilibrium
constants are, therefore, complex.


Diastereotopic a protons on nBuLi and diasteromeric sBuLi
complexes : The a protons of nBuLi in the mixed complexes
Li-2/nBuLi (Figure 3) and Li-6/nBuLi display different chem-
ical shifts. Such large differences in chemical shifts are not
observed with Li-1/nBuLi, although this complex also gives
high enantioselectivity in the alkylation of benzaldehyde. We
interpret this as a rigidification of the mixed complexes Li-2/
nBuLi and Li-6/nBuLi relative to Li-1/nBuLi, which reveals
the diastereotopicity of the two methylene a protons on
nBuLi due to nearby inherent chirality and/or slow rotation
about the CaÿCb bond in nBuLi.


The 13C NMR spectrum of the Li-1/sBuLi complex showed
the presence of two Li-1/sBuLi complexes in a 2:1 ratio at low
temperatures. This indicates a difference in the stability of the
two diastereomeric Li-1/sBuLi complexes, and corresponds to
a free energy difference of �1.7 kJ molÿ1 (Scheme 2 and
Figure 4).


Table 1. Equilibrium constants for formation of mixed nBuLi/lithium amide
dimers from tetrameric nBuLi and dimers of the various lithium amides.[a]


Equilibrium K [mol lÿ1]


(nBuLi)4� 2(Li-1)2�
K


4(Li-1)/nBuLi 4


(nBuLi)4� 2(Li-2)2�
K


4(Li-2)/nBuLi 10000


(nBuLi)4� 2(Li-6)2�
K


4(Li-6)/nBuLi 800


(nBuLi)4� 2(Li-8)2�
K


4(Li-8)/nBuLi 0.14


[a] Determined from the relative 6Li NMR intensities.


Table 2. The equilibrium constants between alkyllithium (RÿLi)x aggre-
gates, (Li-1)2 dimers, and mixed dimers R-Li/Li-1.[a]


Equilibrium K [mol lÿ1] dG [kJ molÿ1]


(MeLi)4� 2 (Li-1)2�
K


4(Li-1)/MeLi 0.001� 0.0009 11


(nBuLi)4� 2(Li-1)2�
K


4(Li-1)/nBuLi 1.22� 0.41 ÿ 0.32


(sBuLi)4� 2(Li-1)2�
K


4(Li-1)/sBuLi 150� 70 ÿ 8.0


(tBuLi)2� (Li-1)2�
K


2(Li-1)/tBuLi 0.4� 0.3[b] 1.5


[a] Determined from the relative 6Li NMR intensities. [b] This equilibrium
constant has no units.
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Figure 3. 1H, 13C, and 6Li NMR spectra of Li-2/nBuLi.
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Scheme 2. The two diastereomeric complexes of Li-1/sBuLi.


Figure 4. 13C NMR spectra of selected carbons from the two diastereo-
meric complexes, Li-1/sBuLi, showing the intensity ratio 2:1.


However, the activation energy for racemization, estimated
from the coalescence of the
NMR signals at ÿ35 8C, is
much larger (�50 kJ molÿ1).
We ascribe this behavior of the
complexed sBuLi to the inher-
ent chirality of the environment.


Solvent dependence upon complex formation : Addition of
THF to a DEE solution of the mixed complex Li-1/nBuLi
showed that the equilibrium between homo and hetero
complexes is solvent dependent (Scheme 3). The addition of
small amounts of THF to (Li-1)2 in DEE results in dramatic
changes in the 6Li NMR chemical shifts.[9] The 6Li NMR
spectra in Figure 5 shows the effect of THF addition to the
mixture of (Li-1)2, Li-1/nBuLi, and (nBuLi)4 in DEE. In
agreement with our previous observations, addition of 5% THF


Figure 5. The 6Li NMR spectra of Li-1/nBuLi in DEE with increasing
concentration of THF.


causes the DEE-solvated (Li-1)2 (d� 2.72 and 2.90) to
disappear, while the THF-solvated (Li-1)2 (d� 2.70 and
3.14) is formed together with the THF-solvated monomer
(d� 2.28). The signals for Li-1/nBuLi at d� 2.40 and 3.68
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Scheme 3. The solvent dependence of the equilibrium between homo- and heterocomplexes.
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were also affected by THF; the most downfield 6Li NMR
signal at d� 3.68 was observed to shift slightly further
downfield, possibly caused by the replacement of one DEE
molecule by one THF molecule in the solvated Li-1/nBuLi
mixed complex.


At THF concentrations above 8 %, the 6Li signals from the
THF-monosolvated Li-1/nBuLi shifted upfield towards that
of Li-1/nBuLi in pure THF (Figure 5). At 55 % THF in DEE,
no homodimers of (Li-1)2 were observed. The most downfield
6Li resonance from Li-1/nBuLi (originally at d� 3.68) was
observed at �0.5 ppm upfield (now at d� 3.14). These
changes in the chemical shifts are likely to be caused by an
increase in the coordination number for one of the lithium
atoms in Li-1/nBuLi. This signal also showed a large temper-
ature dependence in the 6Li NMR spectra. Upon lowering the
temperature from ÿ70 8C to ÿ110 8C, the 6Li NMR signal at
d� 3.14 shifted upfield to d� 2.42. The chemical shift for this
6Li NMR signal seems to merge with the 6Li NMR chemical
shift of the tetra-coordinated lithium in Li-1. The second 6Li
NMR signal at d� 2.40 from Li-1/nBuLi in DEE showed only
small THF concentration-dependent variations, which implies
a preserved coordination sphere around this lithium atom.
This indicates that the lithium is solvated by the oxygen in
the methoxy group and that this coordination also persists in
THF.


Addition of THF to a mixture of Li-8 and nBuLi in DEE
increases the fraction of mixed dimers, because of the increase
in the complexation constant in THF. The unsymmetrical
internally coordinated dimer (Li-8)2 (structure c in Figure 1)
decreased upon formation of the symmetrical internally
coordinated dimer (structure b in Figure 1). Mixed dimers
Li-8/nBuLi are strongly favored in solutions of DEE contain-
ing traces of THF, as compared with a pure solution of DEE.


Fast ligand exchange (DEE and THF) was observed for Li-
1/nBuLi at all accessible temperatures (down to ÿ110 8C).
Addition of TMEDA to a DEE solution of Li-1/nBuLi, (Li-
1)2, and (nBuLi)4 resulted in a large fraction of TMEDA-
solvated monomers of Li-1, namely, Li-1/TMEDA and
TMEDA-solvated nBuLi dimers (Figure 6).


No TMEDA-solvated Li-1/nBuLi mixed complexes were
obtained. Similar results were found upon the addition of
THF or TMEDA, respectively, to the other mixed-dimer
complexes in DEE. This shows that the coordination at the
most solvent-sensitive lithium cation in Li-1/nBuLi has a
lower energy barrier to coordination. Structurally, this implies
that the internal methoxy-oxygen coordination has to be very
strong, as it persists even in the presence of a strong polar
solvent, such as THF. Tentatively, this suggests that solvents,
as well as substrates, initially coordinate to the nonmethoxy-
coordinated lithium cation. A further consequence of the
strong internal methoxy coordination is that the substituents
at the methylene carbons between the amide nitrogen and the
methoxy group will be locked in a well-defined spatial
arrangement. Consequently, this will result in favorable and
unfavorable diastereomeric transition states upon substrate
complex formation.


The reported improved stereoselectivity obtained in the
asymmetric alkylation of benzaldehyde in a 1:1 solvent
mixture of DEE and DMM encouraged us to investigate the


Figure 6. The 6Li NMR spectra of Li-1/nBuLi in DEE with increasing
concentrations of TMEDA.


effect of DMM on the equilibrium between Li-1, nBuLi, and
Li-1/nBuLi. However, we did not observe any structural
changes in the 6Li NMR spectra for Li-1/nBuLi upon addition
of 50 % (v/v) DMM to the DEE solution.


However, the addition of DMM to a DEE solution of
nBuLi and Li-6 resulted in the disappearance of the signal
from the unsymmetrical internally coordinated dimer (Li-6)2


and a single 6Li NMR resonance was observed instead (either
from a symmetrical internally coordinated dimer or monomer
of Li-6). The signals from Li-6/nBuLi showed no indication of
specific solvation by DMM. This indicates that DMM only has
a marginal effect on the above equilibrium and structures.


Nucleophilic asymmetric addition of nBuLi to benzaldehyde :
Most of the asymmetric alkylation reactions were performed
in DEE solutions. This solvent does not give the highest
possible enantioselectivity in the asymmetric alkylation
reactions; however, it did enable us to use the information
obtained from the NMR studies of the reaction mixtures to
partially explain the selectivity in the reactions.


In order to test our method, we reproduced the experiment
of Hogeveen and Eleveld;[3a] however, we used GC on a chiral
stationary phase, instead of optical rotation, to accurately
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determine the products� ee. The chiral lithium amides (Li-1
to Li-8) were generated by the addition of nBuLi (1.45 equiv)
to the respective amine precursors (1.0 equiv). After 30 mi-
nutes, the mixtures were cooled down to ÿ116 8C and
benzaldehyde (0.25 equiv) was added. The reaction mixture
was quenched at ÿ116 8C with MeOH and analyzed by GC.
We obtained the product (S)-1-phenyl-1-pentanol in �82 %
ee (Table 3).


From the results in Table 3, some important structural
factors in the lithium amide, which controls the enantio-
selectivity of the alkylation reactions, can be identified. The
steric requirements of the R1 substituent are crucial for
the reaction, that is, the stereoselectivity is dependent on a
large bulky group at R1, a methyl group is too small (see the
entries with compounds Li-4, Li-5, and Li-7 in Table 3).
Sterically demanding R1-groups, such as those in Li-1, Li-2,
and Li-6, gave high enantioselectivities. Furthermore, com-
pound Li-6, in which one of the chiral centers of Li-1 has
been removed, did not result in a decrease in stereoselec-
tivity; instead, the product ee increased to 82 %. This
observation shows that the asymmetric induction is con-
trolled by the chiral center between the R2 and the chelating
group.


The enantioselectivity decreased and the configuration of
the 1-phenyl-1-pentanol was reversed when amides Li-4 and
Li-5 were used. Obviously, the pyrrolidine group forces the
benzaldehyde into a different geometry in the transition state.
Two factors are important, as seen for Li-8. The large iso-
propyl group in R1 would imply a good selectivity for the (S)-
alcohol; however, this effect is biased by the large pyrrolidine
group, which favors a transition state that results in the (R)-
alcohol. The effects controlling the enantioselectivities are,


evidently, not very large for the different conformations and a
net cancellation of the different effects occurs.


Hogeveen and Eleveld reported in their paper that a 1:1
solvent mixture of DMM/DEE in the alkylation reaction
results in a 90 % ee of the chiral (S)-alcohol. However, after
repeating this experiment several times we conclude that the
(S)-alcohol is formed at best in 72 % ee, indicating that DMM
has a limited effect, not only on the equilibrium and structure,
but also on the stereoselectivity in the addition reaction.
Hogeveen and Eleveld determined the ee from the optical
rotation, whereas we have determined the ee from GC.
Surprisingly, the addition of DMM to the reaction performed
with Li-6 as a chiral inducer resulted in a large increase in
stereoselectivity; (S)-1-phenyl-1-pentanol was formed in
91 % ee. The reason for this improved stereoselectivity was
not determined unambiguously; however, it is probably an
effect of increased solvation of the transition state with
DMM.


It should also be mentioned that the alkoxide product may
affect the nBuLi aggregation. A study by Alberts and
Wynberg has shown that mixed chiral alkoxide/EtLi com-
plexes are capable of stereoselective autoinduction.[10] How-
ever, since the bidentate chiral lithium amides in this study are
better complexation agents for nBuLi than monodentate
alkoxides, stereoselective autoinduction is likely to be of
minor importance.


Conclusions


Mixed 1:1 complexes between nBuLi and chiral lithium
amides are formed in solution, as shown by low-temperature
NMR spectroscopy. The equilibrium constants for these
complexes were determined by 6Li NMR spectroscopy. These
findings allowed a systematic investigation of the factors
controlling the stereoselectivity in the addition of nBuLi to
benzaldehyde. Addition of n-butyllithium to benzaldehyde in
the presence of Li-1 gave the product (S)-1-phenyl-1-pentanol
in 72 % ee. From rational design, partially based on multi-
nuclear NMR studies of mixtures of alkyllithium and lithium
amides, the optimum chiral lithium amide Li-6 was synthe-
sized. The use of this new ligand for the asymmetric alkylation
of benzaldehyde gave the same product in 91 % ee (GC).
Thus, the optimum chiral inducer in this system is Li-6/nBuLi.
We are currently investigating other asymmetric alkylation
reactions with Li-6/nBuLi.[11]


Experimental Section


General : All glassware used in the syntheses was dried overnight in an oven
(120 8C) when necessary. Glassware and syringes used for the NMR studies
and alkylation reactions were dried at 50 8C in a vacuum oven before
transfer into a glove box (Mecaplex GB 80 equipped with a gas-purification
system to remove oxygen and moisture) and stored under a nitrogen
atmosphere. Typical moisture content was <0.5 ppm. Most manipulations
for the alkylation reactions were carried out in the glove box by means
of gas-tight syringes. Ethereal solvents, distilled under nitrogen from
sodium and benzophenone, were kept over 4 � molecular sieves in
septum-sealed flasks inside the glove box. The concentrations of commer-
cially available nBuLi solutions (nBuLi, 1.6 or 2.5m solution in hexanes,


Table 3. Enantiomeric excess of 1-phenyl-1-pentanol, obtained
by asymmetric addition of nBuLi to benzaldehyde in the
presence of the chiral lithium amides Li-1 to Li-8.[a]


Amide R1 R2 X ee % (GC)


Me


N


N


N


Me


Li


75 (S)


72 (S)


82 (S)


2 (S)


OMe


OMe


OMe


Ph


Ph


Ph


Ph


OMe


Ph 7 (R)


ipropyl 7 (R)


Li-2


Li-1


Li-6


Li-7


ipropyl


Me


Me


Me


Li-4


Li-5


Li-8 ipropyl Ph 26 (S)


8 (S)OMePhLi-3


[a] The following molar ratios were used: lithium amide
(1 equiv), nBuLi (0.45 equiv), and benzaldehyde (0.25 equiv).
The reactions were carried out at ÿ 116 8C in DEE. See
Figure 1 for definition of the substituents R1, R2, and X.
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Aldrich) were determined by titration with biphenylmethanol.[12] The
enantiomeric purity of the synthesized chiral amines were verified to be
>95 % ee, based on 1H NMR in the presence of (R)-1-phenyl-2,2,2-
trifluoroethanol.[13]


Routine 1H and 13C 1 D-NMR spectra were recorded on a Varian Unity
400 MHz instrument. Optical rotations were measured on a Perkin
Elmer 341LC polarimeter. Melting points were measured on a BüchiB-
545 melting point apparatus. Chromatographic analyses were carried out
on a Varian Star 3400 CX gas chromatograph. All GC analyses were run on
a chiral stationary phase column (CP-Chirasil-DEX CB, 25 m, 0.32 mm)
from Chrompack. All analyses were performed at 135 8C (injector: 225 8C;
detector: 250 8C) with He (2 mL minÿ1) as the carrier gas. Mass spectra
(MS) were recorded on a Varian Saturn2000 GC-MS/MS operating in the
electronic ionization (EI) or chemical ionization (CI) mode. Methane was
used as the reagent gas for CI operation. The GC column connected to the
mass analyzer was a DB-5MS (J and W Scientific).


Preparations : The following compounds were synthesized according to
literature methods: (R)-N-2-methoxy-1-phenyl-(S)-a-methylbenzylamine
(1),[10] (R)-N-2-methoxy-1-phenyl-(R)-a-isopropylbenzylamine (2),[10] (R)-
N-methyl-1-phenyl-2-(1-pyrrolidinyl)ethanamine (4),[14] and (R)-N-meth-
yl-1-isopropyl-2-(1-pyrrolidinyl)ethanamine (5).[16]


(R)-N-Isopropyl-O-methylphenylglycinol (6):[15] A solution of (R)-phenyl-
glycinol (10.1 g, 73.8 mmol), acetone (5.9 mL, 80 mmol), and a catalytic
amount of p-toluenesulfonic acid in benzene (150 mL) was refluxed for
3 days, while water was removed by means of a Deans ± Stark trap. Upon
cooling, the reaction mixture was washed with Na2CO3 (100 mL, 5%
aqueous solution) and brine (100 mL), dried (MgSO4), and concentrated
under vacuum to yield the imine as an oil, which slowly crystallized into
pale yellow crystals. Yield: 13.1 g (100 %).


Without further purification, the imine crystals (12.5 g, 71.0 mmol) were
dissolved in dry THF (200 mL) and catalytically hydrogenated for 12 h in a
Parr apparatus with H2 (4 atm) and with Pd/C (10 %) as the catalyst. The
mixture was filtered through Celite, dried (MgSO4), and the solvent
evaporated under vacuum to give the amino alcohol as white acicular
crystals. Yield: 11.7 g (93 %).


Sodium hydride (3.1 g, 55% dispersion in oil, 71 mmol) was added to a
round-bottomed flask equipped with a magnet, a dropping funnel, a
thermometer, and a nitrogen inlet. The dispersing oil was removed by
successive washing with hexane, and dry THF (20 mL) was added. The
amino alcohol (11.5 g, 64.2 mmol) dissolved in dry THF (100 mL) was
added over a period of 15 min to the hydride suspension. The mixture was
then heated to 40 8C for 30 min. Upon cooling to 5 8C, methyl iodide
(4.0 mL, 64.2 mmol) dissolved in dry THF (40 mL) was added to the
gelatinous, pale greenish-yellow solution. The reaction mixture was kept at
room temperature overnight. Slow addition of water (20 mL) gave a yellow
solution, which was extracted with DEE (3� 150 mL). The combined
organic extracts were washed with brine (150 mL), dried over MgSO4, and
evaporated under vacuum to yield an yellow oil. The oil was dissolved in
aqueous HCl (100 mL, 1m) and washed with DEE (150 mL). The aqueous
layer was made alkaline by addition of NaOH and was extracted with DEE
(3� 150 mL). The combined extracts were again dried and evaporated. The
resulting pale yellow oil was distilled at reduced pressure (65 8C, 1�
10ÿ3 mbar) to give (R)-N-isopropyl-O-methylphenyl glycinol as a clear
oil. Yield: 9.83 g (76 %); [a]23


D �ÿ79.1 (c� 1.2 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 0.99 (d, 3H), 1.04 (d, 3H), 1.62 (br, 1H), 2.64 (sept,
1H), 3.36 (s, 3 H), 3.39 ± 3.47 (m, 2H), 4.02 (dd, 1H), 7.30 ± 7.38 (m, 5H);
13C NMR (100 MHz, CDCl3): d� 22.2, 24.6, 45.9, 59.0, 60.1, 78.2, 127.4,
127.8, 128.5, 141.7; MS (CI): m/z : 194 [M��1].


(R)-N-Methyl-1-phenyl-2-methoxyethanamine (7): The method described
by Rossiter et. al.[16] for the synthesis of the enantiomer of this compound
was followed with some modifications: (R)-Phenylglycinol (5.0 g,
36.5 mmol) and ethyl formate (3.8 mL, 45.6 mmol) was refluxed for 18 h.
Evaporation of the excess ethyl formate under vacuum resulted in a clear
oil. This oil was stripped with DEE (10 mL) to afford white crystals, which
were filtered and dried under a vacuum to give N-formyl-2-amino-2-
phenylethanol. Yield: 5.7 g, (95 %); m.p. 100.6 8C.


Sodium hydride (3.3 g, 55% dispersion in oil, 76 mmol) was added to a
round-bottomed flask equipped with a magnet, a thermometer, and a


nitrogen inlet. The dispersing oil was removed by successive washing with
hexane. Dry THF (60 mL) and methyl iodide (5.1 mL, 81.8 mmol) was
added. A suspension of N-formyl-2-amino-2-phenylethanol (4.5 g,
27.3 mmol) in THF was added, and the resulting mixture was refluxed for
6 h. The mixture now had a white appearance and contained a lot of solid
material. Saturated Na2SO4 was added to the suspension, which dissolved
after the addition of water. The layers were separated, and the aqueous
layer was extracted with EtOAc (4� 150 mL). The combined organic
layers were dried (Na2SO4), and the solvent evaporated under a vacuum.
The resulting oil, which contained a mixture of mono- and dimethylated N-
formyl-2-amino-2-phenylethanol, was purified by flash chromatography
[silica gel, EtOAc/hexane 8:2; Rf� 0.54 (monomethylated) and 0.25
(dimethylated)]. Yield of N-formyl-N-methyl-1-phenyl-2-methoxyethan-
amine: 3.6 g (69 %).


Attempts to hydrolyze the amide with KOH (101 %) failed, even after long
reaction times (>12 h). Instead, the N-formyl-N-methyl-1-phenyl-2-
methoxyethanamine (3.6 g, 18.7 mmol) was refluxed in a mixture of EtOH
(10 mL) and KOH (20 mL, 50% aqueous solution) for 12 h. The reaction
mixture was cooled and then extracted with DEE (3� 100 mL). The
combined ether extracts were dried (Na2SO4), and evaporation of the
solvent under vacuum gave an orange oil, which was purified by distillation
(b.p. 45 8C, oil bath 73 8C, 2.9� 10ÿ2 mbar), to give (R)-N-methyl-1-phenyl-
2-methoxyethanamine as a clear oil. Yield: 1.76 g (62 %); [a]23


D �ÿ97.5
(c� 1.2 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 1.95 (br, 1H), 2.28 (s,
3H), 3.36 (s, 3 H), 3.38 ± 3.48 (m, 2H), 3.75 (dd, 1H), 7.22 ± 7.37 (m, 5H);
13C NMR (100 MHz, CDCl3): d� 34.6, 59.9, 65.0, 77.9, 127.6, 127.7, 128.5,
140.5; MS (CI): m/z : 166 [M��1].


(R)-N-Isopropyl-1-phenyl-2-(1-pyrrolidinyl)ethanamine (8): This com-
pound was prepared from (R)-styrene oxide following the general method
of O�Brien et al:[17] (R)-styrene oxide (1.5 mL, 13.1 mmol) and pyrrolidine
(1.8 mL, 21.5 mmol) dissolved in EtOH (45 mL, 95 %) was refluxed for 3 h.
The solvent was removed under vacuum and the flask, which contained a
slightly beige oil, was put under high vacuum (5� 10ÿ2 mbar). Light beige
crystals had formed after 10 min. These crystals were dried for 1 h
(vacuum), before introduction of a dry nitrogen atmosphere. Dry DEE
(60 mL) and triethylamine (5.5 mL, 39.6 mmol) were added and the flask
was cooled to 0 8C. Methane sulfonyl chloride (1.23 mL, 15.9 mmol) was
added dropwise over a period of 40 min, during which time the suspension
turned yellow. Triethylamine (3.7 mL, 26.4 mmol) was added, and the
mixture was allowed to warm to room temperature before addition of
2-aminopropane (12.3 mL, 144 mmol) and water (7.5 mL). The two-phase
reaction mixture was vigorously stirred for 16 h. The mixture was trans-
ferred to a separating funnel, and the layers separated. The yellow aqueous
layer was extracted with DEE (3� 100 mL). The combined organic extracts
were washed with aqueous sodium hydrogen carbonate (5%, 100 mL) and
water (100 mL). The mixture was dried (Na2SO4), and evaporation of the
solvent under reduced pressure followed by Kügelrohr distillation (100 8C,
7� 10ÿ3 mbar) gave a very pale yellow oil. Yield: 2.18 g (72 %); [a]23


D �
ÿ60.8 (c� 1.2 in EtOH); 1H NMR (400 MHz, CDCl3): d� 0.99 (d, 3H),
1.04 (b, 3H), 1.64 (br, 1 H), 1.78 (m, 4H), 2.25 (dd, 1 H), 2.42 (m, 2H), 2.60
(m, 3H), 2.80 (t, 1 H), 3.85 (dd, 1H), 7.2 ± 7.4 (m, 5 H); 13C NMR (100 MHz,
CDCl3): d� 22.2, 23.8, 24.9, 46.2, 54.1, 59.4, 64.3, 127.1, 127.5, 128.4, 144.2;
MS (CI): m/z : 233 [M��1].


Preparation of NMR samples : For the preparation of 6Li-labeled lithium
amides and details of the NMR sample preparations, see previously
published papers.[18]


Quantitative 6Li NMR measurements : All quantitative 6Li NMR data for
the calculations of equilibrium constants were obtained from single
transient experiments on 6Li-labeled compounds. The signal-to-noise ratio
was typically �200 or better. The spectral widths were 2000 Hz.


Asymmetric alkylation of benzaldehyde : A septum-sealed flask containing
a magnet, the amine (0.30 mmol), and dry DEE (1.6 mL) was assembled
inside the glove box. The flask was taken out of the box and directly fitted
with a dry argon inlet. The flask was cooled to 0 8C and nBuLi (0.435 mmol)
was added with a syringe. After stirring for 15 minutes at 0 8C, the flask was
moved to a DEE/N2(l) bath (ÿ116 8C) and the temperature was allowed to
equilibrate at ÿ116 8C for 45 min. Benzaldehyde (0.075 mmol) was added
with a syringe. The reaction was quenched after 1 h by the addition of
methanol (0.5 mL). The crude mixture, which contained the alkylation
product, was analyzed by chiral stationary-phase GC.
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Solution Structure of a Dilithiumamide/Diethylzinc Heterocomplex that
Catalyzes Asymmetric Alkylation Reactions


Johan Eriksson, Per I. Arvidsson, and Öjvind Davidsson*[a]


Abstract: The catalytic complex between diethylzinc and the lithium salt of the chiral
piperazine, (2S,5S)-2-isobutyl-5-isopropylpiperazine (1) in THF was investigated by
NMR spectroscopy. The lithium salt of 1 was found to undergo fast chair ± twisted
boat ± chair conformational exchange. However, upon addition of one equivalent of
diethylzinc this process was found to slow down on the NMR timescale. The
piperazine ring in 1 adopts a boat conformation in which the zinc bridges the two
amide nitrogens in 1. Small additions of a substrate, for example benzaldehyde,
resulted in a dramatic increase of the chair ± twisted boat ± chair conformational
exchange, as seen in the NMR spectra.


Keywords: aldehydes ´ asymmetric
synthesis ´ conformation analysis ´
lithium ´ NMR spectroscopy ´ zinc


Introduction


The asymmetric alkylation of aldehydes is one of the most
important and fundamental asymmetric reactions. The opti-
cally active secondary alcohols thus produced find wide use as
starting materials and intermediates in the synthesis of
naturally occurring compounds and pharmaceuticals.[1] Tradi-
tionally, Grignard and alkyllithium reagents have been used
together with chiral ligands, for example, [1,n]-substituted
diamines and aminoalcohols, in stochiometric amounts to
obtain high enantioselectivity in the above addition reac-
tion.[2] However, dialkylzinc reagents are currently the most
widely used reagents for this reaction. The low reactivity of
dialkylzinc reagents towards aldehydes in the absence of
ligands that contain Lewis acidic functionalities makes these
reagents ideal for the catalytic and enantioselective alkylation
of aldehydes. The most effective ligands for the asymmetric
addition of dialkylzinc reagents to aldehydes are chiral [1,n]-
substituted diamines and aminoalcohols.[3] Soai and co-work-
ers have described the use of C2-symmetrical piperazines in
the catalytic enantioselective addition of dialkylzinc reagents
to aldehydes (Scheme 1).[4] Interestingly, they obtained higher
enantioselectivities with dilithiated piperazines, that is lithium
piperazides, than with the unlithiated analogues.


Despite the extended use of reagent ± ligand complexes of
this type in preparative organic chemistry, very little is known
about their structure and dynamics in solution.[5] Further-


N
M


M
N R3


R3


R1 R2


OH


2. H3O+
R1CHO


M= ZnR2, Li


+ R2ZnR2


1.


89-96% ee with M= Li
Lower when M=ZnR2


Scheme 1. The use of C2-symmetrical piperazines in the catalytic enantio-
selective addition of dialkylzinc reagents to aldehydes.


more, the control of the enantioselectivity in the addition
reaction of alkylgroups to ketones with an organometallic
reagent is still meager.[6, 10] Our interest in lithium organic
chemistry and asymmetric synthesis led us to investigate the
chiral piperazines and their dilithium piperazide analogues
used in the catalytic asymmetric addition of diethylzinc to
benzaldehyde. The intention of this investigation was to
obtain structural information about possible initial solution-
state structures for the piperazine/dilithium piperazide ± di-
ethylzinc complexes, to be used as starting points for the
elucidation of the reaction mechanism. Information about
structure, dynamics, and reaction mechanism will provide us
with the necessary tools to understand and control stereo-
selectivity in these reactions. This would also be beneficial for
the development of new chiral ligands to be used in the
catalytic asymmetric addition of organometallic reagents to
ketones.


Results and Discussion


In order to simplify the NMR investigations of the complexes
formed between diethylzinc and the piperazine or the
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dilithiumpiperazide, we pre-
pared the unsymmetrically sub-
stituted chiral piperazine,
(2S,5S)-2-isobutyl-5-isopropyl-
piperazine (1).


A solution of 1 (60 mL ) in
[D8]toluene (640 mL) was titrat-
ed with diethylzinc (2m in
[D8]toluene). The 1H and
13C NMR spectra showed broad
and unresolved signals at all
additions below 3 equivalents
of diethylzinc. However, after


the addition of�3 equivalents of diethylzinc the NMR signals
narrowed. Raising the temperature to 40 8C and application of
a shifted sine-bell weighting of the FID facilitated the
measurement of ring 1H,1H coupling constants. These cou-
pling constants were found to be �11 Hz. This observation
indicates that the catalytic complex between diethylzinc and 1
adopts a boat conformation (2).


N


Zn


Zn N Zn


2


The 1H,1H-NOESY spectra showed correlations between
the ethylzinc moieties and all the ring protons in 2. This is
apparently caused by the coordination of two ethylzinc
moieties to the two amine nitrogens in conjunction with the
coordination of a diethylzinc molecule that bridges the two
amine ring nitrogens in 2. This arrangement will result in
NOE correlations to both faces of the piperazine ring in 2 by
the ethylzinc moieties.


The dilithiated piperazide
was prepared by addition of
two equivalents of nBu6Li
(70 mL, 10m) to a solution of
1 (70 mL) in [D8]toluene
(630 mL). The 6Li, 1H, and
13C NMR of the resulting
gelatinous solution showed
very broad NMR signals at
all temperatures used (ÿ90 to
60 8C). The broad 6Li, 13C, and
1H NMR signals for the di-
lithium piperazide salt 3 indi-
cate that fast dynamic pro-
cesses take place in solution
on the NMR timescale. The


dynamics of 3 originate from either fast interaggregate or
conformational exchange. The energy barrier for the inter-
conversion of the different species involved in the exchange is
low, as shown by the variable-temperature study.[7]


A new solution of 3 was prepared in [D8]THF. The NMR
spectra of this solution were similar to the spectra obtained in
[D8]toluene above. The 1H, 13C, and 6Li NMR signals were all
broad after the addition of 2 equivalents of nBuLi. However,
upon titration with diethylzinc, there was a significant sharpen-
ing of the signals in the 6Li NMR spectra. In addition, two new
signals began to appear at d� 1.2 andÿ0.4. After a total addition
of 1 equivalent of diethylzinc, the two signals at d� 1.2 and
ÿ0.4 dominated the 6Li NMR spectra. The integral ratio for
the two signals was 1:1; however, there were large differences
in linewidths (0.9, 1.9 Hz) between the signals (Figure 1).


Figure 1. 6Li NMR spectra of the dilithiated 1 in [D8]THF at ÿ70 8C with
different amounts of added Et2Zn: a) 0 equiv, b) 0.20 equiv, c) 0.60 equiv,
and d) 1.0 equiv.


Large differences in 6Li NMR linewidths for lithium atoms
present in the same aggregate have previously been observed
by us for chiral lithium amide dimers.[8] This difference
originates from different environments around the lithium
atoms, especially with respect to differences in the solvation


NH


HN


1


N


Zn


Li N Li


3







FULL PAPER Ö. Davidsson et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2358 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 82358


numbers of lithium. Narrow NMR signals were also observed
in the 1H and 13C NMR spectra upon addition of diethylzinc
(Figure 2a). Variable-temperature studies and the 1H and
13C NMR spectra indicated that only one major species was
present in solution. The assignment of the 13C NMR spectra
from the complex between 3 and ZnEt2 is shown in Figure 3.


The 1H NMR of the above solution showed 1H,1H couplings
of 6 ± 14 Hz for the ring protons. This is in sharp contrast to the
1H,1H couplings of 4 ± 5 Hz observed for 1 in the absence of
diethylzinc. The magnitude of the coupling constants (6 ±
14 Hz) shows that the piperazine ring adopts a boat con-
formation. Furthermore, the 1H,1H NOESY of 3 with added
diethylzinc showed NOE correlations between the diethylzinc
protons and the protons from only one face of 3 (Figure 4).
These results suggest that the addition of diethylzinc forces
the piperazide ring in 3 to adopt a boat conformation in which
the zinc atom bridges the two amide nitrogens in 3.


The complexation of diethylzinc favors a boat conforma-
tion for the piperazide ring and thereby affects the barrier for
chair ± twisted boat ± chair conformational exchange. How-
ever, we hasten to add that the diethylzinc addition may also
affect the rate of interaggregate exchange.


The addition of an aldehydic substrate, namely benzalde-
hyde, to the above complex at ÿ70 8C resulted in severe
broadening of the linewidths in the 6Li, 1H, and 13C NMR
spectra. No signal from the aldehyde proton was observed in
the 1H NMR spectra, even if 1 equivalent of benzaldehyde
was added. Accordingly, no carbonyl carbon signal was
observed in the 13C NMR spectrum. Furthermore, the 13C
and 1H signals from the phenyl ring in benzaldehyde were
broad. After the addition of �3 equivalents of benzaldehyde
the 6Li NMR spectrum showed a large resemblance to that
obtained of 3 prior to the addition of diethylzinc (Figure 5).


The above results are likely to be caused by the coordina-
tion of the carbonyl oxygen in benzaldehyde to one of the
lithium atoms in 3. One of the two bonds between zinc and
nitrogen is then lost, and a fast chair ± twisted boat ± chair
conformational exchange, as previously observed for 3 with
no added diethylzinc, is again facilitated. These dynamics also
result in broad NMR signals from the coordinated benzalde-
hyde. In this context, it is interesting to note that the 6Li NMR
signal at d� 1.2, caused by the lithium with the higher coordi-
nation number, disappears very
rapidly. This is in agreement
with the expected lower energy
barrier for coordination at this
lithium center. The mechanism
for the addition reaction has
been suggested to involve a
possible six-center reactive com-
plex (Figure 6; page 2360).[9]


The carbonyl oxygen of benz-
aldehyde coordinates to one of
the two lithium atoms in the
boat conformation of 3. This is
an important feature in the tran-
sition-state structure as the met-
al ± carbonyl oxygen interaction
will activate the carbonyl carbon


Figure 2. 1H NMR spectra of a) 1 with nBuLi (2.0 equiv) and Et2Zn
(1.0 equiv) in [D8]THF at ÿ70 8C; b) 1 with nBuLi (2.0 equiv) and Et2Zn
(0.40 equiv) in [D8]THF at ÿ70 8C; c) 1 with nBuLi (2.0 equiv) in [D8]THF
at ÿ70 8C; d) 1 in [D8]THF at 25 8C.


Figure 3. 13C NMR spectrum of 3 in [D8]THF at ÿ70 8C.
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for nucleophilic attack. The importance of the above activa-
tion has recently been shown in the reaction of dialkylzinc
with ketones.[10] The next step involves an interaction between
one of the diethylzinc methylene carbons and the carbonyl
carbon atom in the benzaldehyde, which results in the
formation of a six-center transition state. Our NMR results
strongly suggest that the initial state for the reaction is a chair
and not a boat conformation. The coordination of benzalde-
hyde results in an opening of the nitrogen-zinc-nitrogen
coordination in the boat conformation; this facilitates a fast
chair ± twisted boat ± chair conformational exchange.


The alkylation of benzaldehyde with diethylzinc has been
performed in the presence of the modified piperazine 1. The
enantiomeric excess (ee) of the product (S)-1-phenyl-1-
propanol obtained with nonlithiated 1 and diethylzinc was
74 %. The use of both monolithiated or dilithiated 1 gave the
product in lower enantiomeric excess, 40 % and 1 ± 3 %,
respectively. The last result contradicts the expected increase
in the product ee as previously observed when the dilithiated
analogues of the symmetrically substituted piperazines in
Scheme 1 were used as alkylation catalysts. This unexpected
result might be attributable to the increased number of
possible transition states available for the C1-symmetrical
complexes between benzaldehyde and 2 or 3, compared with
the C2-symmetrical complex formed between benzaldehyde
and the symmetrically substituted piperazines in Scheme 1.


Conclusions


Multinuclear and multidimensional NMR spectroscopy have
been used to clarify the solution-state structure of the catalytic
complexes between diethylzinc and piperazines, and dieth-
ylzinc and dilithium piperazides. The reagent complexes were


shown to adopt a boat confor-
mation which, upon coordina-
tion with an aldehyde substrate,
for example, benzaldehyde,
changed into a chair conforma-
tion and exhibited fast chair ±
twisted boat ± chair conforma-
tional exchange. Furthermore,
it appears that C2-symmetry of
the ligand is essential in order
to obtain a good ee in this
diethylzinc ethylation of ben-
zaldehyde.


Experimental Section
General : All glassware used for the
syntheses was dried overnight in a
oven at 120 8C. Glassware and syringes
used for the NMR studies and alkyla-


Figure 4. 1H,1H-NOESY of 3 in [D8]THF at ÿ70 8C.


Figure 5. 6Li NMR spectra of 3 in [D8]THF at ÿ70 8C with different
amounts of added benzaldehyde: a) 0 equiv, b) 0.40 equiv, c) 0.68 equiv,
d) 1.22 equiv, and e) 3.50 equiv.
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tion reactions were dried at 50 8C in a vacuum oven before transfer into a
glove box (Mecaplex GB 80 equipped with a gas-purification system to
remove oxygen and moisture) containing a nitrogen atmosphere. Typical
moisture content was <0.5 ppm. Ethereal solvents, distilled from sodium
and benzophenone under nitrogen, were kept over 4 � molecular sieves in
a septum-sealed flask inside the glove box. The concentration of the
commercially available nBuLi solution (nBuLi, 2.5m solution in hexanes,
Aldrich) was determined by titration with biphenylmethanol.[11] Routine
1D 1H and 13C NMR spectra were recorded on a Varian Unity 400 MHz
instrument. Chromatographic analyses were carried out on a Varian Star
3400 CX gas chromatograph. All GC analyses were run on a chiral
stationary phase column (CP-Chirasil-DEX CB, 25 m, 0.32 mm) from
Chrompack. All analyses were performed at 115 8C (injector: 225 8C;
detector: 250 8C) with He (2 mL minÿ1) as the carrier gas.


NMR spectroscopy : All NMR spectra were recorded on a Varian Unity 500
spectrometer equipped with three channels and a 5 mm 1H, 13C, 6Li, 15N
quad-resonance probe head, custom built by Nalorac. Measuring frequen-
cies were 500 MHz (1H) and 74 MHz (6Li). The 1H and 13C spectra were
referenced to the solvent signals: [D8]THF d� 3.58. Lithium spectra were
referenced to external [6Li]Cl in [D4]MeOH (0.3m; d� 0.0). A typical 908
6Li pulse was 12 ms.


Preparation of (2S,5S)-2-isobutyl-5-isopropylpiperazine (1)
Boc-Val-Leu-OMe : Boc-(l)-Val-OH (12.67 g, 58.3 mmol) and H-(l)-Leu-
OMe (9.83 g, 58.6 mmol) was dissolved in dichloromethane (180 mL).
Triethylamine (8.5 mL, 61.0 mmol) was added, and the reaction mixture
cooled to 0 8C. N,N'-dicyclohexylcarbodiimide (DCC; 12.53 g, 60.7 mmol)
was added. The reaction mixture was stirred at 0 8C. After 4 h the mixture
was heated to room temperature and stirred overnight. The solid was
filtered off by suction, and the filtrate was evaporated. The residue was
dissolved in ethyl acetate and washed with 2% HCl (3� 100 mL), 4%
NaHCO3 (3� 100 mL), and finally brine (3� 100 mL). The organic layer
was dried over anhydrous MgSO4, filtrated, and evaporated. The residue
was recrystallized from ethyl acetate/diethyl ether. Yield 12.72 g (67 %);
1H NMR (CDCl3, 500 MHz): d� 0.99 (dd, 12H), 1.48 (d, 9 H), 1.60 (q, 1H),
1.69 (m, 3H), 2.15 (m, 1 H), 3.76 (s, 3H), 3.93 (dd, 1 H), 4.66 (dt, 1H), 5.09
(d, 1 H), 6.26 (s, 1H).


(2S,5S)-2-isobutyl-5-isopropyldiketopiperazine : The tBoc-protected di-
amino acid (38.7 mmol) prepared above was deprotected in formic acid
(100 mL). After the solution was stirred at room temperature for 2 h, the
reaction mixture was evaporated under reduced pressure at a temperature
below 30 8C. The residue was dissolved in methanol and was evaporated
under reduced pressure at a temperature below 30 8C. One-third of the
residue was then dissolved in s-butanol (130 mL) and toluene (80 mL). The
solvent was distilled off and fresh s-butanol was added continuously. The
distillation was interrupted after 2 h and the reaction mixture was allowed
to cool to room temperature. The crystals formed were filtered off, and the
filtrate was evaporated. A second crop of crystals was obtained by
evaporating the filtrate, redissolving the precipitate in methanol, and
precipitating by addition of DEE. The precipitate was filtered off and
pooled together with the first crop of crystals. Yield (based on the tboc-
diamino acid): 3.53 g (46 %); 1H NMR (CDCl3, 500 MHz): d� 0.96 (d,
3H), 1.01 (d, 3H), 1.06 (d, 3H), 1.56 (m, 2 H), 1.63 (ddd, 1H), 1.78 (m, 1H),
1.92 (ddd, 1 H), 2.45 (m, 1 H), 3.92 (s, 1 H), 4.03 (d, 1 H), 5.89 (s, 1 H), 6.04
(s, 1 H).


(2S,5S)-2-isobutyl-5-isopropylpiperazine (1): The diketopiperazine crys-
tals (0.91 g, 0.46 mmol) were suspended in dry dimethoxyethane (DME,


40 mL) and then sonicated to finely
divide the crystals. TiCl4 (1.5 mL,
13.7 mmol) was added to a mixture
of NaBH4 (1.09 g, 29.0 mmol) in dry
DME (20 mL) at 0 8C.[12] The diketo-
piperazine slurry was added to the
flask at 0 8C. DME (10 mL) was then
added, and the reaction mixture was
stirred at room temperature overnight
and then quenched with water. The
precipitate which had formed was
filtered off, and the filtrate was made
alkaline with 25% NH3. The alkaline
solution was extracted with dichloro-
methane (3� 75 mL). The combined


organic layers were dried over anhydrous MgSO4 and evaporated. The
residue was dissolved in methanol (50 mL) and HCl (6m, 30 mL) and
stirred over night to hydrolyze the titanium complexes formed. Methanol
was evaporated, and the remaining solution was made alkaline with NaOH
(1m). The solution was extracted with CH2Cl2 (3� 75 mL) and the
combined organic layers were dried over anhydrous MgSO4 and evapo-
rated. Yield 0.84 g (70 %); 1H NMR (CDCl3, 500 MHz): d� 0.90 (m, 12H),
1.23 (m, 1 H), 1.47 (m, 1 H), 1.63 (m, 1 H), 1.67 (m, 2H), 1.88 (m, 1H), 2.25
(m, 1 H), 2.64 (m, 1H), 2.81 (m, 4H).


Enantioselective alkylation of benzaldehyde : Compound 1 (8 mL,
�0.04 mmol) was dissolved in toluene (3 mL) and cooled to 0 8C. nBuLi
(38 mL, 0.09 mmol, 2.4m in hexane) was added and stirred for 10 min at
0 8C. Pure Et2Zn (160 mL, 1.56 mmol, 9.76m) was added to the ice-cooled
mixture, and the resulting solution was stirred for 30 min. Benzaldehyde
(78 mL, 0.76 mmol) was added and the reaction mixture was stirred at 20 8C
for 20 h. The reaction was monitored by withdrawing 20 mL samples, which
were quenched in diethylether (1 mL) and HCl (0.5 mL, 1m). The layers
were separated, and the organic phase was washed with saturated NaCl and
dried over anhydrous Na2S. The same procedure was followed for the
mono- and nonlithiated piperazine reactions; however, the amount of
nBuLi was altered.
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Figure 6. The six-center reactive complex that is suggested to be involved in the addition reaction.
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Globular Dendrimers Involving a C60 Core and a Tetraphenyl
Porphyrin Function
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Abstract: A series of highly compact
globular dendrimers, 5, 21, and 22,
involving a C60 core with a Th symmet-
rical addition pattern was synthesized by
way of the fivefold cyclopropanation of
the fullerene ± porphyrin dyad 2 with
dendritic malonates in the remaining
octahedral positions. Whereas 5 con-
tains classical FreÂchet benzyl-ether-
based systems, a new type of dendra
containing a flexible spacer between the
branching units was developed for the
synthesis of 21 and 22. The spectroscop-
ic, electrochemical, and photophysical


properties of the tetraphenylporphyrin ±
zinc (Zn-TPP) chromophore within the
functional dendrimers depend not only
on the presence but also on the gener-
ation number of the surrounding dendra
and therefore on the nanoenvironment
provided by the neighboring addends.
This is reflected, for example, in the
bathochromic shifts of the Soret and


Q-bands of the porphyrin moiety and in
the shift of the first reduction potentials
to more negative values for both the
fullerene and porphyrin moieties with
increasing generation number. Whereas
in the dyad 2 a photoinduced electron
transfer from the porphyrin to the full-
erene can occur, dendrimers 21 and 22
show fluorescence properties and singlet
oxygen formation properties (FD�
0.66 ± 0.67) reminiscent to those of the
parent Zn-TPP.


Keywords: dendrimers ´ electro-
chemistry ´ fullerenes ´ porphyrins
´ singlet oxygen


Introduction


The development of functional dendrimers is a new and
promising concept in supramolecular science.[1] The very first
examples of applications using carefully designed dendritic
systems range from macromolecular recognition, catalysis
(�dendrizymes�), light harvesting, energy transduction to new
mesogenic behavior.[1] As a result, it was suggested that
dendritic porphyrins could act as model systems for natural
electron transfer heme proteins like cytochrome c or hemo-
globin.[2, 3] Using suitable branches, it should be possible to
modulate the electrochemical redox activity of the inner
electrophore. This modulation is attributed to strong nano-
environmental effects and differences in solvation imposed on


the electroactive core by the densely packed dendritic
surroundings. A few systems where porphyrins were used as
cores for dendrimers have been reported.[2±5] For example,
Inoue and co-workers describe an interesting molecule, where
eight fourth-generation dendritic branches are connected to a
porphyrin core.[2] Diederich and co-workers have reported a
water-soluble second-generation dendritic FeIII porphyrin,
which has a redox potential for the biologically relevant FeIII/
FeII couple in water that is shifted by 420 mV. The shift results
from the nature of the dendritic wedges.[3]


High-valent metalloporphyrins have also been employed as
catalysts for the oxidation of organic substrates.[6] Introduc-
tion of bulky dendritic polymers at the peripheral positions of
a metal porphyrin results in steric protection of the metal
center, which could lead to regio- and shape-selective catalytic
behavior.[5] Although such dendrimer ± porphyrins showed
significantly greater regioselectivity than the corresponding
unhindered parent metalloporphyrin, the selectivity so far has
not been as high as those achieved with other crowded bis-
pocket porphyrins like 5,10,15,20-tetrakis(2',4',6'-triphenyl-
phenyl)porphyrin.[6]


Recently, we showed that C60 can be used as a versatile
building block for the facile construction of globular den-
drimers, for example 1,[8] containing benzyl ether-based
dendra introduced by FreÂchet et al.[9] In order to investigate
charge transfer processes between these two electrophores,
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we and others are involved in the synthesis of fullerene ±
porphyrin dyads like 2.[10] In our approach, a variety of mono-
and bifunctional tetraphenylporphyrin precursors were cova-
lently linked to C60 by means of nucleophilic cyclopropana-
tion.[10n, r] We now propose a new concept of functional
dendrimers (Figure 1), which is based on our experience with


Figure 1. Schematic representation of functional dendrimers involving the
C60 core as a structure determining building block and a tetraphenyl
porphyrin as a functional unit. D1, D2, D3, . . . Dn denote identical or
dissimilar dendra. The A moieties are additional addends which may also
be attached to the core. They may have another function or they may be
just positional blockers, which enable the easy construction of a given
addition pattern within the fullerene core.


fullerene dendrimers, fullerene ± porphyrin dyads, and the
regioselective formation of mixed hexakisadducts like 3.


Starting from a dyad such as 2, a highly compact globular
dendrimer with a Th-symmetrical addition pattern of the
fullerene core should be easily accessible by fivefold cyclo-
propanation of the remaining octahedral positions. The
cyclopropanation is carried out using dendritic malonates
and our template-mediation method.[11] In this prototype of a
functional dendrimer, the fullerene core would act just as a
structure-determining building block, since it is to be expected
that in the remaining p-conjugated skeleton the characteristic
electrophoric properties of C60


[12] are lost. The dendra provide
a specific and widely adjustable microenvironment around the
porphyrin, thus modulating its electrochemical and coordina-
tion properties. The porphyrin ± fullerene distance can be
fine-tuned by choosing the proper linkage to go between
them. Since other addition patterns are also easily accessible,
different types and numbers of dendritic branches can be
introduced in the neighborhood of the metal site. With the
right combination of building blocks, the porphyrin can be
surrounded by dendra but can still be available for reactions
like coordination of axial ligands to the metal center. This
accessibility might be very useful when designing catalysts or
mimicking hemoproteins like cytochrome 450, which regulate
oxygen activation and insertion into organic substrates.


In spite of its success, our synthetic strategy for the
construction of fullerene dendrimers has some limitations.
Although the synthesis of highly compact hexakisadducts
containing up to ten and twelve[8] first-generation benzyl
ether-type dendra has been accomplished, these compounds
were obtained only in low yields as a consequence of the steric
hindrance involved in their formation processes. In order to
build up globular fullerene-based architectures mimicking the
size and shape of natural macromolecules, it is crucial to
develop alternative methodologies for the synthesis of C60


hexakisadducts containing higher generation dendritic
branches. We present for the first time the synthesis,
characterization, and the electrochemical and photophysical
properties of a series of functional dendrimers (Figure 1). In
order to circumvent the problem of steric hindrance during


Abstract in German: Wir berichten über eine Serie von
hochkompakten, globulären Dendrimeren 5, 21 und 22, die
einen C60 Kern mit einem Th-symmetrischen Additionsmuster
enthalten. Ihre Synthese erfolgte durch fünffache Cyclopropa-
nierung oktahedraler Positionen der Fulleren-Porphyrin ±
Diade 2 mit dendritischen Malonaten. Verbindung 5 enthält
FreÂchets klassische Benzylether-Dendronen. Für die Synthese
von 21 und 22 wurde ein neuer Typ von Dendronen entwickelt
bei denen flexible Spacereinheiten zwischen den Verzwei-
gungen eingefügt sind. Die spektroskopischen, elektrochemi-
schen und photophysikalischen Eigenschaften des Zink-Tetra-
phenylporphyrin (ZnTPP)-Chromophors innerhalb dieser
funktionalen Dendrimere werden von der Anwesenheit der
Dendronen und auch von deren Gröûe beeinfluût. Dieser
Einfluû der Nanoumgebung auf den Metallmakrocyclus macht
sich zum Beispiel in der bathochromen Verschiebung der
Soret- und Q-Banden des Porphyrins und in der Verschiebung
der ersten Reduktionspotentiale sowohl des Porphyrin- als
auch des Fullerenteils zu negativeren Werten mit steigender
Generationszahl bemerkbar. Während für 2 ein photoindu-
zierter Elektronentransfer vom Porphyrin zum Fulleren ge-
funden wird, zeigen die funktionalen Dendrimere 21 und 22
Fluoreszenz- und Singulettsauerstoffgenerierungseigenschaf-
ten (FD� 0.66 ± 0.67), die mit dem von ZnTPP vergleichbar
sind.







FULL PAPER A. Hirsch, L. Echegoyen, B. Röder et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2364 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 82364


the convergent binding of classical FreÂchet type dendra, we
developed a new type of more flexible dendra by applying the
concept of hyperbranched cores (hypercores).[13±17]


Results and Discussion


The syntheses of the fullerene ± porphyrin dendrimers were
carried out by fivefold cyclopropanations of the monoadduct
2 at the octahedral sites. These regioselective reactions can be
promoted by using the template-activation method that we
developed previously.[11] For this purpose, the auxiliary
addend 9,10-dimethylanthracene (DMA) undergoes reversi-
ble [4�2] cycloadditions causing an activation of free [6,6]
double bonds in octahedral sites accessible for irreversible
attacks of malonates. It was expected that the yields of such
convergent syntheses would strongly depend on the bulkiness
and the flexibility of the dendra to be attached as a result of
the high core branching multiplicity of ten or twelve. Indeed,
in the case of the addition of the comparatively compact
FreÂchet-type G1 malonate 4,[8] the resulting dendrimer 5
(Scheme 1) was obtained in only 2 % yield. This yield was


Scheme 1. Synthesis of the dendrimer ± porphyrin ± fullerene 5.


obtained after repeated purification by flash chromatography
followed by preparative HPLC on silica gel by using mixtures
of toluene/ethyl acetate as eluents. Functional dendrimer 5
was characterized by NMR and UV/Vis spectroscopy as well
as by mass spectrometry. The UV/Vis spectrum of the pink
solution of 5 displays both the typical bands for the
tetraphenylporphyrin (TPP) subunit, such as the Soret band
at 413 nm and the Q bands at 548 and 586 nm, as well as the
absorptions at 281, 311, and 345 nm characteristic of hexakis-
adducts with a Th-symmetric addition pattern. In the
MALDI-TOF mass spectrum of 5, the molecular ion peak
at m/z 5093 appears as the only signal in the spectrum.


In order to avoid the problem of steric hindrance and to
increase the yield of the convergently synthesized functional
dendrimers, we developed a new type of dendra. For this
purpose, we decided to introduce larger spacers, which should
make the dendra more flexible and less densely packed. Our
new modification of the classical FreÂchet-type dendra con-
tains a 3-oxypropane chain between the aryl ± benzyl bond
(Figure 2). Here, the typical aryl ± benzyl sequence of the
FreÂchet dendra is transformed into an aryl ± alkyl ± benzyl


Figure 2. Schematic representation of a) FreÂchet�s dendra; b) a new
dendritic system involving the introduction of a flexible spacer.


motif. The synthesis of the targets was planned according to
the convergent approach developed by FreÂchet and co-
workers,[13] taking into account the concept of extended cores
developed by Seebach and co-workers.[14, 15]


With this modification, two new additional steps per
generation were added to the FreÂchet route: the O-allylation
of benzylic alcohols and the subsequent transformation of the
allyl moiety into a terminal alcohol by means of hydro-
boration. The first- and second-generation dendritic alcohols
were obtained according to the synthetic route shown in
Scheme 2. Alcohol 6 was O-allylated by using sodium hydride
as a base and a twofold excess of allyl bromide in refluxing
THF to afford the allyl ether 7 in almost quantitative yield.
Hydroboration of the allyl group in 7 with 9-borabi-
cyclo[3.3.1]nonane (9-BBN) and subsequent oxidation of
the intermediate borane with EtOH/NaOH/H2O2, furnished
the corresponding first-generation alcohol 8 in 90 % yield.
The hydroboration was completely regioselective since no
secondary alcohol was obtained. The conversion of 8 to
bromide 9 with phosphorus tribromide provided a yield of
only 12 %, and the main product of the reaction was the
bromide 10 (65 %). Therefore, the synthesis of bromide 9 was
carried out by treatment of the alcohol 8 with 1.3 equivalents
of CBr4/PPh3 in THF.[9] In this case, the reaction worked
satisfactorily, affording the desired bromide 9 in 94 % yield.
Selective alkylation of both phenolic hydroxyl groups of 3,5-
dihydroxybenzyl alcohol 11 afforded the alcohol 12 in
excellent yield. When the same sequence of O-allylation
and oxidative hydroboration, described above, was applied to
12, the second-generation alcohol 14 was formed as a pale
yellow liquid. The purification of both intermediate 13 and
product 14 was easily accomplished by flash chromatography
on silica gel. The syntheses of these targets fulfil two
important requirements desirable for dendrimer chemistry:
1) All transformations occur with high yields.
2) The isolation and the characterization of the consecutive


dendritic wedges are both reliable and sensitive to the
occurrence of impurities and defects.


The transformations of the first- and second-generation
alcohols 8 and 14 into the malonates 15 and 17 were achieved
by deprotonation with one equivalent of NaH in THF and
subsequent reaction with malonyl dichloride (Scheme 3). The
first-generation bromomalonate 16 was prepared by the
reaction of 15 with CBr4 in the presence of 1,8-diazobicy-
clo[5.4.0]undec-7-ene (DBU).[18]


The synthesis of the first-generation monoadduct 18 was
straightforward, using classical Bingel reaction conditions
(Scheme 4).[19] The product was isolated by flash chromato-
graphy on silica gel in 42 % yield, together with unreacted C60


(23 %) and a regioisomeric mixture of bisaddition products
(15 %).
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Scheme 3. Synthesis of the malonates 15 ± 17.


Scheme 4. Synthesis of the monoadducts 18 (first-generation) and 19
(second-generation).


For the synthesis of the second-generation monoadduct 19,
malonate 17 was not further transformed into the correspond-
ing bromomalonate as the reaction with C60 was carried out


directly in a modified Bingel
reaction that we developed pre-
viously.[20] The advantage of this
method is the in situ generation
of the reactive bromomalonic
species, which allows the cyclo-
propanation of C60 starting di-
rectly from malonates. The
treatment of C60 with equimolar
amounts of 17 and CBr4, and a
little excess of DBU afforded
monoadduct 19, after purifica-
tion with flash chromatography
on silica gel in 42 % yield
(Scheme 4). The characteriza-
tion of 18 and 19 using a variety
of spectroscopic methods was
straightforward. For example,
13C NMR (Figure 3) and
1H NMR spectra (Figure 4a) of
18, as well as the NMR spectra
of 19, show all the expected
peaks clearly resolved. The sig-
nals corresponding to the den-
dritic branches appear at about
the same position as those on
the precursor compounds 15
and 17, respectively. The C atoms
of the fullerene core appear at
the typical positions for [6,6]
bridged C60 monoadducts.[12] IR
and UV/Vis spectra of 18 and 19
reveal the characteristic bands
like the sharp monoadduct ab-
sorption at 426 nm.[12]


Figure 3. 13C NMR spectrum (100.5 MHz, RT, CDCl3) of 18.


The hexakisadduct 20 (Scheme 5) was synthesized by
means of template activation with DMA as described above.
The glassy yellow dendrimer 20 was isolated by using
preparative HPLC on a silica column in 13 % yield. The
comparison with the yield of the hexakisadduct 1 without
spacers[11] (5.4%) clearly shows that the modification of the
dendrimer gives rise to reduced steric hindrance, which is
usually involved in the synthesis of these crowded systems.
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Scheme 2. Synthesis of dendritic polyether alcohols 8 and 14. i) allyl bromide, NaH/THF (98 %); ii) a) 9-BBN/
THF; b) EtOH, H2O2, NaOH (90 %); iii) CBr4, PPh3/THF (94 %); iv) K2CO3, [18]crown-6/acetone (97 %);
v) allyl bromide, NaH/THF (97 %); vi) a) 9-BBN ± THF; b) EtOH, H2O2, NaOH (87 %).
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Figure 4. 1H NMR spectra (400 MHz, RT, CDCl3) of a) monoadduct 18
(*impurities), b) hexakisadduct 20.


Scheme 5. Synthesis of the globular dendrimer hexakisadduct 20.


Also, the purification was easier when the more flexible new
dendra were used instead of the FreÂchet type systems.


The 13C NMR spectrum of 20 (Figure 5) clearly reveals the
expected Th symmetry, since only one set of signals for the
dendra and the characteristic peaks of the three magnetically


Figure 5. 13C NMR spectrum (100.5 MHz, 31 8C, CDCl3) of hexakisadduct
20. F denotes the signals of the fullerene C atoms.


different C atoms of the fullerene core at d� 145.89, 141.22,
and 69.14 appear. The 1H NMR spectrum of 20 (Figure 4b)
also confirms its high symmetry, since, as in the case of
monoadduct 18, just one set of signals for the protons of the
addends appears. In contrast to the monoadduct 18 however,
all the methylene protons of 20 are shifted to higher field. This
effect was observed also for the dendrimer 1[8] and is
attributed to the interactions between the methylene protons
and the ring currents of the comparatively densely packed


aromatic rings within the macromolecule. The UV/Vis
spectrum of 20 reveals the characteristic pattern of hexakis-
adducts displaying a Th-symmetrical addition pattern[11] with
the main bands at lmax� 270, 282, 320, 337, and 387 nm.
MALDI-TOF mass spectrometry showing the molecular ion
peak at 5658 amu confirmed the expected stoichiometry
(C366H300O60) of 20.


The first- and second-generation functional dendrimers 21
and 22 were prepared analogously by means of template
activation with DMA, but starting from porphyrin ± fullerene
dyad 2 (Scheme 6). Compound 21 was prepared by using


Scheme 6. Synthesis of the first- and second-generation functional den-
drimers 21 and 22.


bromomalonate 16, whereas 22 was obtained directly from
malonate 17 taking advantage of our modified Bingel
reaction. The first-generation dendrimer 21 was isolated from
the crude mixture in 12.7 % yield using preparative HPLC.
The characterization was carried out using 1H NMR,
13C NMR, IR, and UV/Vis spectroscopy as well as by mass
spectrometry (Figure 6, Figure 7). Additional 1H-13C COSY
NMR experiments enabled us to assign all peaks in the
13C NMR and 1H NMR spectra as shown in Figure 6.
Although the symmetry of 21 is only Cs, the 13C NMR
spectrum is comparatively simple. Only a single set of peaks
with resolved structure appears for the ten dendritic branches
and three narrow distributions of peaks for the fullerene C
atoms, two in the sp2 and one in the sp3 region. These results
reflect the pseudo Th-symmetrical addition pattern of 21,
resembling those of other mixed octahedrally coordinated
hexakisadducts.[8, 10n, 11] Peaks corresponding to C atoms of the
porphyrin appear at about the same position as in the
monoadduct 2.


The synthesis of 22 proved the success of the developed
strategy. The introduction of the spacers into the dendra
enabled the synthesis of a fullerene derivative containing ten
second-generation dendra. The purification of this globular
functional macromolecule required repeated chromatograph-
ic steps, resulting in the isolation of pure material in only 2 %
yield. The characterization of 22 was achieved by 1H NMR,
13C NMR, IR and UV/Vis spectroscopy (Figure 7). As a result
of the higher molecular mass of 11078 amu and the larger
number of magnetically inequivalent C atoms or protons, the
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Figure 7. UV/Vis spectra (CH2Cl2) of the porphyrin ± fullerene hexakis-
adduct 2 (solid line) and the porphyrin ± dendrimer ± fullerenes 21 (dashed
line) and 22 (dotted line). The Soret bands are adjusted to the same
absorbance.


NMR spectra are less resolved. However, as in the case of the
NMR spectra of 21, the pseudo Th symmetry is still clearly
reflected by the small number of signals for magnetically very
similar nuclei of the addends and the fullerene core.


Comparison of the electronic absorption spectra of the
dendrimers 21 and 22, and hexakisadduct 3 reveals an
influence of the nanoenvironment provided by the neighbor-
ing addends on the porphyrin chromophore (Figure 7). In the
region between 230 and 380 nm, the absorptions of the
fullerene core dominate the spectra. Adducts 3, 21, and 22
display bands at 270, 285, 315, and 335 nm, which are typical
for hexakisadducts of C60 with a Th-symmetrical addition
pattern. As a result of the larger number of aromatic rings
within the second-generation dendrimer 22, the absorptions
below 300 nm are stronger than those of the first-generation
product 21. From 380 nm, the spectra are dominated by the


porphyrin chromophore, since
the extinction coefficients of
the fullerene core in this region
are negligible compared to
those of the porphyrin. Charac-
teristic in this region are the
Soret band at about 400 nm and
the Q bands at about 550 and
590 nm. Relative to the dyad 2,
these porphyrin bands undergo
a bathochromic shift of 4 ± 7 nm
for the second-generation sys-
tem 22 and 2 ± 4 nm for 21.
These shifts imply that the in-
teraction between the porphy-
rin and the dendra increases
with increasing generation
number. In order to get an idea
of the size and conformations of
such macromolecular systems,
we carried out a series of mo-
lecular modeling[21, 22] studies
with the dendrimers 21 and 22.
The conformers obtained ex-


hibit a globular structure, even for the first-generation adduct
21 (Figure 8). While in 21 the porphyrin chromophore still
largely penetrates through the dendritic surrounding, in the
second-generation representative 22, it is partly covered. The
calculated diameter of 22 is typically 5 ± 6 nm.


The influence of the dendritic coverage in the functional
dendrimers 21 and 22 on the redox potentials of the porphyrin
and fullerene moieties was investigated. Cyclic voltammetric
(CV) studies of compounds 2, 3, 21, and 22 were performed.[23]


These results are summarized in Table 1 (reduction) and
Table 2 (oxidation). The complete assignment of the redox
potentials was made on the basis of comparisons with model
compounds: the porphyrin ± malonate 23,[10n] the monoadduct
24,[19] and the hexakisadduct 25.[11]


Figure 6. 13C NMR (100.5 MHz, 31 8C, CDCl3) spectrum of hexakisadduct 21. F denotes the signals of the
fullerene C atoms (T� toluene).


Table 1. E1/2 [V] values measured as an average of the cathodic and anodic
peak potentials. All values are based on the Fc/Fc� internal reference.


Compound E1 E2 E3 E4


23 ÿ 1.88 ÿ 2.29*
24 ÿ 1.06 ÿ 1.44 ÿ 1.89
25 ÿ 1.69* ÿ 2.35*


2 ÿ 1.06 ÿ 1.44 ÿ 1.89 ÿ 2.05*
3 ÿ 1.69* ÿ 2.13* ÿ 2.32*


21 ÿ 1.87 ÿ 2.15 ÿ 2.33
22 ÿ 1.94* ÿ 2.34*


[*] Irreversible processes


Table 2. E1/2 [V] values measured as an average of the anodic and cathodic
peak potentials. All values are calculated based on the Fc/Fc� internal
reference.


Compound E1 E2


23 0.31 0.64
2 0.33 0.66
3 0.32 0.65
21 0.32 0.66
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Figure 8. Optimized structures of the porphyrin ± dendrimer ± fullerenes
a) 21 and b) 22. All structures were minimized with the MM� force field
implemented in HYPERCHEM.[22]


The cyclic voltammogram of 2 shows three reversible
reductions with half-wave potentials equal to ÿ1.06, ÿ1.44,
and ÿ1.89 V (vs. Fc/Fc�) based on the fullerene core (Fig-
ure 9, Table 1). These values are quite similar to those


Figure 9. Cyclic voltammograms of 2 a) at room temperature and b) at low
temperature (ÿ50 8C). The experimental conditions were the same except
for the temperature.


observed for the C60 monoadduct 24. This is a clear indication
that the attached porphyrin exerts essentially no influence on
the electronic properties of the fullerene core.[10r, 24]


The fourth reduction of 2 is centered on the porphyrin
portion, based on the result observed for the model porphy-
rin ± malonate 23. We also performed electrochemical experi-
ments at low temperatures (ÿ50 8C) with compound 2
(Figure 9b). The cathodic processes became significantly
more reversible in these experiments. Similar improvements
in the reversibility of fullerene derivative electrochemistry
have been previously reported.[25] Compounds 3, 21, and 22
exhibit irreversible cathodic processes (Figure 10).


Figure 10. Cyclic voltammograms of compounds: a) 2 ; b) 3 ; c) 21; and
d) 22. All experiments were performed under identical conditions with a
scan rate of 100 mV sÿ1. Ag/AgCl electrode was used as a reference
electrode, and ferrocene was added as an internal reference.
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In these cases, the high degree of addition on the fullerene
cage disrupts the p system, making the reductions more
difficult, as previously reported by others.[26] To gain further
insight into the reasons for this, we carried out CV experi-
ments on porphyrin ± malonate 23 and hexakisadduct 25
under the same electrochemical conditions. The first reduc-
tions of 23, 3, and 25 are shown in Figure 11 with:
a) The reversible reduction peak of 23 (E1/2�ÿ1.88 V).
b) The irreversible reduction of 3 (Ec�ÿ1.69 V).
c) The irreversible reduction of the hexakisadduct 25 (Ec�
ÿ1.69 V) (all values are vs. Fc/Fc�).


Figure 11. Cyclic voltammograms of compounds: a) 23, b) 3, and c) 25.
These were recorded under identical conditions with a scan rate of
100 mV sÿ1, and ferrocene was added as an internal reference in all cases.


The resemblance (peak position and irreversible behavior)
of the first reduction process for compounds 3 and the C60


hexakisadduct 25 is evident. Therefore, the first reduction
observed for 3 can be safely assigned to a fullerene-based
process. In analogy, the first reductions observed for 21 and 22
are also assigned to fullerene-based processes. It is interesting
to note the pronounced and monotonic cathodic shift of this
fullerene-based reduction with increasing dendrimer gener-
ation; the values range from ÿ1.69 V for 3 to ÿ1.87 V in
compound 21, toÿ1.94 V in compound 22. As concluded from
the comparison with model compounds,[10n] the next reduction
of 3, 21, and 22 is porphyrin-centered, but significantly
cathodically shifted relative to 2. The second porphyrin
reduction is also cathodically shifted with increasing den-
drimer generation; the values range fromÿ2.13 V toÿ2.15 V,
toÿ2.34 V, respectively. A third reduction process is observed
in 3 and 21. It is not possible to assign this process
unequivocally, since based on the potential value and the
potential gap it could be due to either the second reduction of
the porphyrin or the fullerene.


The oxidations of compounds 2, 3, 21, and 23 are listed in
Table 2. The two oxidation potentials of each system are due
to the zinc porphyrin. No significant shifts attributable to the
nature of the addends can be detected. In each cyclic


voltammogram, two weak additional peaks were observed,
which are due to traces of metal-free porphyrin moieties. The
oxidation potentials of the latter are more positive than those
of the zinc ± porphyrin group by �200 mV.[10c] The most
crowded dendrimer 22 exhibits extremely small currents for
the oxidation processes, and it is difficult to make definitive
assignments of the anodic processes by cyclic voltammetry.


The fluorescence spectra of 2, 3, 21, and 22 are shown in
Figure 12. The presence of the malonate substituent causes a
slight bathochromic shift of the fluorescence maximum at


Figure 12. Fluorescence spectra of 2 (solid line), 3 (dash-dotted line), 21
(dashed line), and 22 (dotted line). The absorption at 720 nm in the
spectrum of 3 is due to an impurity of the corresponding metal-free
derivative.


650 nm of about 7 nm in comparison to that of Zn-TPP. The
covalent binding of the C60 chromophore with and without
additional malonate addends results in a bathochromic shift of
the fluorescence maximum at 600 nm and a slight hypsochro-
mic shift of the maximum at 650 nm. Altogether, the
fluorescence of the TPP derivatives shows a bathochromic
shift of 4 ± 7 nm relative to that of the parent Zn-TPP. To
control the purity of the different samples, the excitation
spectra were measured (not shown). They fully reflect the
absorption spectra and gave evidence of the presence of
metal-free porphyrin in the sample 3.


The fluorescence decay time of Zn-TPP (1.85 ns) is slightly
reduced to 1.74 ns in the substituted porphyrin 23. In the case
of the dyad 2, the intensity of the fluorescence bands is
dramatically diminished, and the lifetime is decreased to a
large extent to 0.22 ns at room temperature (Figure 12,
Table 3). Since the C60 core is a good electron acceptor, the


Table 3. Singlet oxygen quantum yields (FD) and fluorescence lifetimes (t)
of Zn-TPP, 2, 3, 21, 22, and 23


Compound t [ns](�0.03) FD (�0.05)


Zn-TPP 1.85 0.78
23 1.74 0.76
2 0.22 0.45
3 1.74 0.73
21 1.77 0.66
22 1.77 0.67
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shortened fluorescence decay time can be explained by an
effective electron transfer[27] from the porphyrin to the
fullerene chromophore. As already demonstrated with the
electrochemical investigations, the addition of five dendritic
or nondendritic malonates to give the hexakisadducts 3, 21,
and 22 causes a dramatic decrease of the electron-accepting
properties of the C60 core. As a consequence, electron transfer
processes from the first excited singlet state (S1) of the
porphyrin to the C60 core, resulting in some contribution to the
depopulation of S1, do not occur. This explains the observed
fluorescence decay times of 1.74 to 1.77 ns for the adducts 3,
21, and 22 (Table 3). These values are in good agreement with
the decay time measured for 23 and confirm the assumption
that no electron transfer occurs in these systems.


Electronically excited porphyrins[28] are known to generate
molecular singlet oxygen (1Dg) by means of a highly efficient
transfer of energy from their first excited triplet state (T1) to
molecular oxygen. It is also known that C60 has energy levels
of the first excited singlet and triplet states,[29] which are
comparable to those of extended p electron systems such as
porphyrins, and that the values obtained for the intersystem
crossing quantum yield are nearly one. Therefore, it was not
surprising to determine a singlet oxygen quantum yield of 0.81
for parent C60.[30] Owing to these properties of porphyrins and
fullerenes, it was of interest to investigate the photosensitized
1Dg generation of the different samples and compare the
results with those obtained for the S1 state characterization.


For 23, a singlet oxygen quantum yield of FD� 0.76 was
obtained (Table 3). This is nearly the same as that for Zn-TPP
(FD� 0.78). In the case of the hexakisadducts 3, 21, and 22,
the singlet oxygen quantum yield is only slightly reduced to
FD� 0.73 for 3 and FD� 0.66 and 0.67 for 21 and 22,
respectively. However, in the dyad 2, FD is only 0.45. This
value is much higher than expected, considering our results
obtained by dynamic fluorescence measurements. The behav-
ior independently corroborates a photoinduced electron
transfer from the porphyrin to the fullerene. This process
could lead to the formation of the T1 state of the C60 core,[31]


from which in a second step 1Dg is generated. This assumption
becomes plausible considering that the FD of the parent C60


core is 0.81 and that of the porphyrin malonate 23 is 0.77
(Table 3). Further investigation to clarify the contributions of
the different deactivation processes following the electronic
excitation is currently underway.


Conclusion


The pronounced regioselectivity of template-mediated hexa-
additions of malonates to octahedral [6,6] double bonds of
C60 allows the facile synthesis of globular functional den-
drimers with high core branching multiplicities involving a
porphyrin chromophore. The electronic properties of the
porphyrin moiety depend on the presence and the nature of
the dendritic addends. The neighboring dendra determine the
nanoenvironment of the porphyrin causing, for example,
bathochromic shifts of the Soret and Q bands as well as shifts
of the first reduction potential to more negative values with
increasing generation number. Further systematic studies


including the variation of the nature, the number, and the
addition pattern of the attached dendra, the variation of the
central metal of the porphyrin function as well as the
investigation of the complexation behavior depending on
the nanoenvironment of the metallomacrocycle, are being
carried out in our laboratory in order to mimic the function of
natural metalloproteins.


Experimental Section


1H NMR and 13C NMR spectroscopy: JEOL JNM EX 400 and JEOL JNM
GX 400 (1H NMR: 400 MHz; 13C NMR: 100.5 MHz); MS: Varian MAT
311 A (EI), Finnigan MAT 900 (FAB); Micromass TofSpec (MALDI, a-
cyano-4-hydroxycinnamic acid); FT-IR: Bruker Vector 22; UV/Vis:
Shimadzu UV 3102 PC; HPLC preparative: Shimadzu SIL-10A, SPD-
10A, CBM 10 A, LC 8 A, FRC 10A (Grom-Sil 100 Si, NP1, 5 mm, 250�
20 mm); TLC (thin layer chromatography): Merck, silica gel 60 F254.
Reagents were commercially available reagent grade. Solvents were
distilled and dried according to standard procedures. All reactions were
carried out under a positive pressure of argon. Products were isolated
where possible by flash column chromatography (silica gel 60, particle size
0.04 ± 0.063 nm, Merck). 1'-Methoxycarbonyl-1'-[2-[4-[5-[10,15,20-triphen-
yl-porphyrinatozinc(ii)]]phenoxy]ethoxycarbonyl]-1,2-methano[60]fuller-
ene (2)[10n] and bromobis[(3,5-dibenzyloxy)benzyl]malonate (4)[8] were
prepared as previously reported.
The absorption spectra were measured using a Shimadzu 160A spectral
photometer. The experimental set-up for steady-state and time-resolved
spectroscopic investigations has been described elsewhere.[32] Steady-state
singlet oxygen measurements were carried out on a home-made piece of
equipment, which has been described in ref. [33]. Time-resolved singlet
oxygen luminescence detection was made using the apparatus described in
ref. [34].


1,2-{[1''-Methoxycarbonyl-1''-[2-[4-[5-[10,15,20-triphenylporphyrinato-
zinc(iiii)]]]-phenoxy]ethoxycarbonyl]methano}-18,36:22,23:27,45:31,32:55,-
56-pentakis{bis[3,5-di(benzyloxy)benzyloxycarbonyl]methano}-1,2:18,36:-
22,23:27,45:31,32:55,56-dodecahydro[60]fullerene (5): A solution of 2
(70 mg, 0.045 mmol) and DMA (96 mg, 0.46 mmol) in toluene (50 mL)
was stirred at room temperature for 2 hours. Then 4 (284 mg, 0.361 mmol)
and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (70 mL, 0.469 mmol) were
added. After five days, the solvent was evaporated under reduced pressure,
and the crude mixture was separated by flash chromatography (SiO2,
toluene/ethyl acetate 95:5), followed by preparative HPLC (SiO2, toluene/
ethyl acetate 95:5) to give 5 (5.1 mg, yield: 2.0 %).
1H NMR (400 MHz, RT, CDCl3): d� 4.16 (m, 2 H; CH2 porphyrin), 4.40
(m, 2 H; CH2 porphyrin), 4.63 (s, 23H; CH2 dendrimer, CH3 porphyrin),
4.89 (m, 40H; CH2 dendrimer), 6.55 (m, 10 H; dendrimer ArH), 6.62 (m,
20H; dendrimer ArH), 7.41 (m, 102 H; dendrimer Ph, porphyrin Ph), 7.76
(m, 9 H; porphyrin Ph), 8.13 (m, 2H; porphyrin Ph), 8.21 (m, 6H;
porphyrin Ph), 8.93 (m, 8 H; porphyrin b-pyrrole); UV/Vis (CH2Cl2):
lmax� 271, 281, 311 (sh), 345 (sh), 400 (sh), 419, 548, 587 nm; MS (MALDI-
TOF): m/z : 5093 [M�].


Allyl 3,5-(dibenzyloxy)benzyl ether (7): 3,5-(Dibenzyloxy)benzyl alcohol
(6)[17] (31.23 g, 94.47 mmol) in THF (150 mL) was added to a slurry of NaH
(7.8 g, 60% in paraffin oil, 195 mmol) in THF (150 mL). The mixture was
stirred under reflux for 30 min, then 3-bromoprop-1-ene (16.9 mL,
195 mmol) was added in one portion, and the mixture was refluxed for
24 h. Water was carefully added, the resulting mixture was extracted three
times with Et2O, the combined extract was dried over Na2SO4, and the
solvent was evaporated under reduced pressure. Flash chromatography
(SiO2, hexanes/ethyl acetate 95:5) gave 7 (34.64 g, 98 %) as a colorless oil.
1H NMR (400 MHz, RT, CDCl3): d� 4.99 (dd, J1� 6 Hz, J2� 1.6 Hz, 2H;
CH2CH�), 4.45 (s, 2H; ArCH2O), 5.01 (s, 4H; PhCH2O), 5.17 ± 5.21 (m,
1H; CHH�), 5.26 ± 5.31 (m, 1 H; CHH�), 5.88 ± 5.99 (m, 1H; CH�CH2),
6.54 (t, J� 2 Hz, 1H; ArH), 6.62 (d, J� 2 Hz, 2H; ArH), 7.29 ± 7.42 (m,
10H; Ph); 13C NMR (100.5 MHz, RT, CDCl3): d� 69.96 (PhCH2), 71.02
(ArCH2), 71.89 (CH2ÿCH�), 101.27, 106.49 (arom. CH), 117.17 (CH�CH2),
127.54, 127.96, 128.56 (PhCH), 134.67 (CH�CH2), 136.90 (PhC), 140.83,
160.07 (arom. C); MS (EI): m/z : 360 [M�], 304, 181, 91; IR (film): nÄ � 3065,
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3033, 2925, 2861, 1586, 1498, 1452, 1376, 1293, 1158, 1059, 926, 832, 737,
697 cmÿ1.


3-[3'',5''-Di(benzyloxy)benzyloxy]propanol (8): A 500 mL three-necked
flask provided with addition funnel, argon inlet, reflux condenser, rubber
septum, and stirring bar was charged with a solution (0.5m) of 9-BBN in
THF (100 mL, 50 mmol). Then a solution of 7 (16.64 g, 46.17 mmol) in THF
(75 mL) was added dropwise at room temperature, and the resulting
mixture was stirred for 14 h. The intermediate organoborane was oxidized
by adding successively ethanol (3 mL), an aqueous solution of sodium
hydroxide (6m, 1 mL), and hydrogen peroxide (30 %, 2 mL) (10 times). The
mixture was heated for 3 h at 50 8C and after that cooled to room
temperature. The aqueous layer was saturated with potassium carbonate.
Then the organic layer was separated, dried over Na2SO4, and the solvent
was evaporated under reduced pressure. Flash chromatography (SiO2,
hexanes/ethyl acetate 3:2) yielded 8 (15.70 g, 90 %) as a colorless oil.
1H NMR (400 MHz, RT, CDCl3): d� 1.81 (tt, J1� J2� 6 Hz, 2H; CH2), 2.45
(br, 1H; OH), 3.58 (t, J� 6 Hz, 2 H; CH2O), 3.72 (t, J� 6 Hz, 2H;
CH2OH), 4.42 (s, 2 H; ArCH2O), 4.99 (s, 4 H; PhCH2O), 6.53 (t, J� 2 Hz,
1H; ArH), 6.30 (d, J� 2 Hz, 2 H; ArH), 7.27 ± 7.41 (m, 10 H; Ph); 13C NMR
(100.5 MHz, RT, CDCl3): d� 32.02 (CH2), 61.29 (CH2OH), 69.86 (CH2O),
69.89 (CH2Ph), 72.92 (ArCH2), 101.22, 106.37 (arom. CH), 127.46, 127.90,
128.50 (PhCH), 136.79 (PhC), 140.61, 160.03 (arom. C); MS (EI): m/z : 378
[M�], 320, 304, 211, 181, 127, 91, 71; IR (film): nÄ � 3415, 3089, 3064, 3033,
2928, 2870, 1596, 1498, 1453, 1375, 1293, 1214, 1157, 1059, 833, 738,
697 cmÿ1.


3-Bromo-1-[3'',5''-di(benzyloxy)benzyloxy]propane (9): Triphenylphos-
phane (7.75 g, 29.60 mmol) was added to a solution of alcohol 8 (9.34 g,
24.67 mmol) and carbon tetrabromide (9.80 g, 29.55 mmol) in THF
(150 mL). The mixture was stirred at room temperature under argon for
40 minutes. A TLC control showed the presence of starting alcohol 8 in the
reaction mixture. Further portions of CBr4 (0.818 g, 2.47 mmol) and PPh3


(0.647 g, 2.47 mmol) were added, and the reaction mixture was stirred for
another 40 minutes until TLC showed no trace of starting material. The
reaction mixture was then poured into water and extracted with CH2Cl2.
The combined extracts were dried with Na2SO4, filtered, and evaporated to
dryness. Flash chromatography (SiO2, hexanes/CH2Cl2 1:1) afforded 9
(10.26 g, 94 %) as a yellow oil. 1H NMR (400 MHz, RT, CDCl3): d� 2.10 (tt,
J1� J2� 6.4 Hz, 2H; CH2), 3.50 (t, J� 6.4 Hz, 2 H; CH2Br), 3.56 (t, J�
6.4 Hz, 2H; CH2O), 4.44 (s, 2H; CH2Ar), 5.03 (s, 4 H; CH2Ph), 6.55 (t, J�
2.4 Hz, 1H; ArH), 6.58 (d, J� 2.4 Hz, 2 H; ArH), 7.29 ± 7.43 (m, 10 H; Ph);
13C NMR (100.5 MHz, RT, CDCl3): d� 30.59 (CH2), 32.78 (CH2Br), 67.61
(CH2O), 70.00 (CH2Ph), 72.92 (CH2Ar), 101.30, 106.44 (arom. CH), 127.53,
127.99, 128.60 (PhCH), 136.90 (PhC), 140.77, 160.10 (arom. C); MS (EI):
m/z : 442 [M�], 304, 181, 91; IR (film): nÄ � 3089, 3064, 3032, 2910, 2867, 1596,
1498, 1453, 1375, 1319, 1292, 1257, 1213, 1158, 1107, 1081, 1060, 1028, 832,
737, 697 cmÿ1.


3,5-Bis[3''-[3'''',5''''-(dibenzyloxy)benzyloxy]propoxy]benzyl alcohol (12): A
solution of 3,5-dihydroxybenzyl alcohol (1.71 g, 12.20 mmol), 9 (10.8 g,
24.47 mmol), dried potassium carbonate (4.215 g, 30.5 mmol), and
[18]crown-6 (0.2 g, 0.76 mmol) in dry acetone (80 mL) was boiled stirring
vigorously under nitrogen until no starting material or monoalkylated
product was observed by TLC (72 h). The mixture was dried by using
reduced pressure, the residue was divided between water and CH2Cl2, and
the aqueous layer was extracted with CH2Cl2. The combined organic layers
were dried over Na2SO4 and evaporated to dryness. Flash chromatography
(SiO2, hexanes/ethyl acetate 3:2) gave alcohol 12 (10.15 g, yield: 97%).
1H NMR (400 MHz, RT, CDCl3): d� 2.00 (t, J� 6 Hz, 4 H; CH2), 2.10 (t,
J� 5 Hz, 1H; ÿOH), 3.57 (t, J� 6 Hz, 4H; CH2O), 3.98 (t, J� 6 Hz, 4H;
CH2), 4.40 (s, 4 H; CH2Ar), 4.44 (d, J� 5 Hz, 2 H; CH2OH), 4.93 (s, 8H;
CH2Ar), 6.37 (t, J� 2.4 Hz, 1H; ArH), 6.43 (d, J� 2.4 Hz, 2H; ArH), 6.51
(t, J� 2.4 Hz, 2H; ArH), 6.56 (d, J� 2.4 Hz, 4H; ArH), 7.24 ± 7.37 (m, 20H;
Ph); 13C NMR (100.5 MHz, RT, CDCl3): d� 29.46 (CH2), 64.62, 64.87, 66.62
(CH2O), 69.80 (CH2Ph), 72.70 (CH2Ar), 100.34, 101.15, 104.95, 106.32
(arom. CH), 127.43, 127.84, 128.44 (PhCH), 136.78 (PhC), 140.84, 143.41,
159.93, 160.21 (arom. C); MS (FAB): m/z : 860 [M�]; IR (film): nÄ � 3448,
3089, 3064, 3032, 2931, 2871, 1596, 1498, 1453, 1376, 1319, 1293, 1215, 1160,
1104, 1082, 1060, 833, 738, 697 cmÿ1.


Allyl 3,5-bis[3''-[3'''',5''''-(dibenzyloxy)benzyloxy]propoxy]benzyl ether (13):
In a similar procedure to that described for 7, the reaction was performed
using compound 12 (10.05 g, 11.67 mmol), NaH (0.8 g, 60% in paraffin oil,
20 mmol), and allyl bromide (17.5 mL, 20 mmol) in THF (100 mL). Flash


chromatography (SiO2, hexanes/ethyl acetate 4:1) yielded 13 (10.06 g,
96%). 1H NMR (400 MHz, RT, CDCl3): d� 2.02 (tt, J1� J2� 6 Hz, 4H;
CH2), 3.59 (t, J� 6 Hz, 4 H; CH2OCH2), 3.96 (ddd, J1� 5.6 Hz, J2� J3�
1.6 Hz, 2 H; CH2ÿCH�), 4.38 (s, 2 H; CH2Ar), 4.23 (s, 4H; CH2Ar), 4.97 (s,
8H; CH2Ar), 5.17 (dtd, J1� 10.0 Hz, J2� J3� 1.6 Hz, 1 H; CHH�), 5.28
(dtd, J1� 17.6 Hz, J2� J3� 1.6 Hz, 1H; CHH�), 5.91 (ddt, J1� 17.6 Hz, J2�
10 Hz, J3� 5.6 Hz, 1 H; CH�CH2), 6.39 (t, J� 2 Hz, 1 H; ArH), 6.48 (d, J�
2 Hz, 2H; ArH), 6.52 (t, J� 2 Hz, 2H; ArH), 6.58 (d, J� 2 Hz, 4 H; ArH),
7.26 ± 7.39 (m, 20H; Ph); 13C NMR (100.5 MHz, RT, CDCl3): d� 29.55
(CH2), 64.70, 66.75, 69.86, 70.96, 71.87, 72.79 (CH2O), 100.51, 101.21, 105.87,
106.32 (arom. CH), 117.01 (CH2�CHÿ), 127.46, 127.88, 128.49 (PhCH),
134.69 (CH2�CHÿ), 136.86 (PhC), 140.65 (CH2�CHÿ), 140.92, 160.01,
160.22 (arom. C); MS (EI): m/z : 900 [M�], 303, 213, 181, 163, 123, 91, 65; IR
(film): nÄ � 3088, 3064, 3033, 2931, 2867, 1596, 1498, 1453, 1376, 1320, 1293,
1215, 1160, 1102, 1061, 929, 833, 737, 697 cmÿ1.


3-{3'',5''-Bis[3''''-[bis(3'''''',5''''''-dibenzyloxy)benzyl]propoxy]benzyloxy}propan-
ol (14): According to the same procedure described for 8, the reaction was
performed starting with allyl ether 13 (9.12 g, 10.12 mmol) dissolved in
THF (100 mL) and 9-BBN (0.5m, 23 mL, 11.5 mmol). After the oxidation
step, the crude mixture was purified by flash chromatography (SiO2,
hexanes/ethyl acetate 3:2) to furnish 14 (8.09 g, 87%). 1H NMR (400 MHz,
RT, CDCl3): d� 1.81 (tt, J1� J2� 6 Hz, 2 H; CH2), 2.03 (tt, J1� J2� 6 Hz,
4H; CH2), 2.30 (br s, 1 H; OH), 3.58 (t, J� 6 Hz, 2 H; CH2OH), 3.60 (t, J�
6 Hz, 4 H; CH2O), 3.73 (t, J� 6 Hz, 2H; CH2O), 4.02 (t, J� 6 Hz, 4H;
CH2OAr), 4.37 (s, 2H; CH2Ar), 4.44 (s, 4 H; CH2Ar), 4.98 (s, 8 H; CH2Ph),
6.38 (t, J� 2 Hz, 1 H; ArH), 6.45 (d, J� 2 Hz, 2H; ArH), 6.53 (t, J� 2.4 Hz,
2H; ArH), 6.58 (d, J� 2.4 Hz, 4 H; ArH), 7.27 ± 7.40 (m, 20H; Ph);
13C NMR (100.5 MHz, RT, CDCl3): d� 29.54, 31.98 (CH2), 61.57 (CH2OH),
64.72 (CH2OAr), 66.77, 69.04 (CH2OCH2), 69.90 (CH2Ph), 72.81, 73.00
(CH2Ar), 100.52, 101.20, 105.82, 106.36 (arom. CH), 127.51, 127.92, 128.52
(PhCH), 136.86 (PhC), 140.46, 140.91, 160.02, 160.27 (arom. C); MS (EI):
m/z : 918 [M�], 91, 65, 43; IR (film): nÄ � 3462, 3088, 3064, 3032, 3008, 2930,
2868, 1598, 1498, 1453, 1375, 1319, 1293, 1215, 1150, 1102, 1082, 1059, 832,
737, 697 cmÿ1.


Bis{3-[3'',5''-di(benzyloxy)benzyloxy]propyl}malonate (15): To a slurry of
NaH (450 mg, 60% in paraffin-oil, 11.25 mmol) in dry THF (20 mL),
compound 8 (4.05 g, 10.70 mmol) in dry THF (50 mL) was added. The
mixture was stirred at room temperature for 45 min and then added using a
double-ended needle to another flask, which contained malonyl dichloride
(0.51 mL, 5.24 mmol) in dry THF (20 mL). The resulting mixture was
stirred for 3 h at room temperature. After that HCl (0.1m, 100 mL) was
carefully added, and the resulting mixture was extracted three times with
Et2O. The combined extract was washed with a saturated solution of
NaHSO4, dried over Na2SO4, and the solvent evaporated under reduced
pressure. Flash chromatography (SiO2, hexanes/ethyl acetate 3:1) gave 15
(4.03 g, 93%) as an oil. 1H NMR (400 MHz, RT, CDCl3): d� 1.92 (tt, J1�
J2� 6 Hz, 4 H; CH2), 3.34 (s, 2 H; CH2), 3.50 (t, J� 6 Hz, 4H; CH2O), 4.25
(t, J� 6 Hz, 4H; CH2OOC), 4.42 (s, 4H; ArCH2O), 5.02 (s, 8 H; PhCH2O),
6.54 (t, J� 2 Hz, 2H; ArH), 6.57 (d, J� 2 Hz, 4H; ArH), 7.29 ± 7.43 (m,
20H; Ph); 13C NMR (100.5 MHz, RT, CDCl3): d� 28.83, 41.46, 62.71, 66.42,
70.02, 72.88 (CH2), 101.27, 106.48 (arom. CH), 127.58, 128.01, 128.61
(PhCH), 136.92 (PhC), 140.82, 160.12 (arom. C), 166.62 (C�O); MS (EI):
m/z : 824 [M�], 644, 577, 492, 446, 378, 304, 211, 181; IR (film): nÄ � 3089,
3064, 3033, 2930, 2868, 1734, 1596, 1498, 1454, 1375, 1331, 1293, 1244, 1158,
1108, 1086, 833, 739, 698 cmÿ1.


Bromo bis{3-[3'',5''-di(benzyloxy)benzyloxy]propyl}malonate (16): A mix-
ture of malonate 15 (3.8 g, 4.606 mmol) and DBU (0.69 mL, 4.618 mmol) in
THF (30 mL) was cooled to ÿ78 8C under argon. A solution of CBr4


(1.53 g, 4.613 mmol) in THF (30 mL) was added, and the mixture was
stirred for two hours. The reaction was quenched with HCl (0.1m, 50 mL),
and the cooling bath was removed. Et2O was added, the organic layer was
extracted with saturated aqueous NaHCO3 (to pH 6) and saturated NaCl
solutions, and was dried over Na2SO4. Flash chromatography (SiO2,
hexanes/ethyl acetate 3:1) gave 16 (3.02 g, 73%) as a yellow oil. 1H NMR
(400 MHz, RT, CDCl3): d� 1.88 (tt, J1� J2� 6 Hz, 4 H; CH2), 3.48 (t, J�
6 Hz, 4 H; CH2O), 4.31 (t, J� 6 Hz, 4H; CH2OOC), 4.40 (s, 4 H; ArCH2O),
4.81 (s, 1H; CHBr), 5.00 (s, 8H; PhCH2O), 6.54 (t, J� 2 Hz, 2H; ArH), 6.56
(d, J� 2 Hz, 4H; ArH), 7.27 ± 7.41 (m, 20 H; Ph); 13C NMR (100.5 MHz,
RT, CDCl3): d� 28.61 (CH2), 42.06 (CHBr), 64.21, 66.00, 69.91, 72.81
(CH2), 101.22, 106.49 (arom. CH), 127.47, 127.90, 128.51 (PhCH), 136.84
(PhC), 140.66, 160.04 (arom. C), 164.51 (C�O); MS (EI): m/z : 904 [M�],
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824, 664, 586, 304, 181, 91; IR (film): nÄ � 3089, 3064, 3032, 2960, 2927, 2868,
1742, 1596, 1498, 1453, 1376, 1294, 1157, 1108, 1059, 909, 833, 738, 697 cmÿ1.


Bis-3-{3'',5''-bis[3''''-[bis(3'''''',5''''''-dibenzyloxy)benzyl]propoxy]benzyloxy}pro-
pylmalonate (17): According to the same procedure described for 15, the
reaction was carried out with 14 (5.02 g, 5.46 mmol) and NaH (220 mg 60%
in paraffin-oil, 5.50 mmol) in THF (30 mL), and malonyl dichloride
(0.265 mL, 2.72 mmol) in THF (20 mL). Flash chromatography (SiO2,
hexanes/ethyl acetate 3:1) gave 17 (2.39 g, yield: 46%) as a dense oil.
1H NMR (400 MHz, RT, CDCl3): d� 1.90 (tt, J1� J2� 6 Hz, 4H; CH2), 2.02
(tt, J1� J2� 6 Hz, 8 H; CH2), 3.31 (s, 2 H; COCH2CO), 3.46 (t, J� 6 Hz,
4H; CH2OCH2), 3.59 (t, J� 6 Hz, 8H; CH2OCH2), 4.01 (t, J� 6 Hz, 8H;
CH2OAr), 4.23 (t, J� 6 Hz, 4H; CH2OOC), 4.35 (s, 4 H; CH2Ar), 4.24 (s,
8H; CH2Ar), 4.96 (s, 16H; CH2Ph), 6.38 (t, J� 2.4 Hz, 2 H; ArH), 6.45 (d,
J� 2.4 Hz, 4 H; ArH), 6.52 (t, J� 2.4 Hz, 4H; ArH), 6.57 (d, J� 2.4 Hz,
8H; ArH), 7.25 ± 7.40 (m, 40H; Ph); 13C NMR (100.5 MHz, RT, CDCl3):
d� 28.70, 29.52, 41.26 (CH2), 62.61 (CH2OOC), 64.67 (CH2OAr), 66.31
(CH2OCH2), 66.73 (CH2OCH2), 69.83 (CH2Ph), 72.75 (2�CH2Ar), 100.37,
101.16, 105.80, 106.30 (arom. CH), 127.44, 127.85, 128.46 (PhCH), 136.83
(PhC), 140.58, 140.91, 159.97, 160.20 (arom. C), 166.47 (C�O); MS (FAB):
m/z : 2039 [M�Cs�], 1906 [M�]; IR (film): nÄ � 3089, 3064, 3033, 2930, 2868,
1750, 1733, 1596, 1498, 1453, 1376, 1293, 1215, 1158, 1105, 1060, 910, 832,
738, 697, 666 cmÿ1.


1,2-Bis{3-[3'',5''-di(benzyloxy)benzyloxy]propoxycarbonyl}methano-1,2-di-
hydro-[60]fullerene (18): To a solution of C60 (62 mg, 0.086 mmol) and
bromomalonate 16 (110 mg, 0.122 mmol) in toluene (60 mL), sodium
hydride (20 mg, 0.833 mmol) was added. After stirring the mixture for 72 h
at room temperature, the excess NaH was neutralized with H2SO4 (2n).
The organic layer was dried over MgSO4, and the solvent evaporated under
reduced pressure. Flash chromatography (SiO2, toluene/ethyl acetate 98:2)
afforded C60 (23 mg, 37%), 18 (55 mg, 41%), and a mixture of the
corresponding bisadducts (31 mg, yield: 15%). 1H NMR (400 MHz, RT,
CDCl3): d� 2.11 (tt, J1� J2� 6 Hz, 4 H; CH2), 3.59 (t, J� 6 Hz, 4 H; CH2O),
4.58 (t, J� 6 Hz, 4 H; CH2OOC), 4.61 (s, 4 H; ArCH2O), 5.01 (s, 8H;
PhCH2O), 6.52 (t, J� 2 Hz, 2 H; ArH), 6.58 (d, J� 2 Hz, 4 H; ArH), 7.29 ±
7.42 (m, 20H; Ph); 13C NMR (100.5 MHz, RT, CDCl3): d� 28.97 (CH2),
52.28 (methano bridge), 64.57, 66.39, 70.03 (CH2), 71.54 (C60 sp3 C), 73.02
(CH2), 101.30, 106.43 (arom. CH), 127.61, 128.03, 128.62 (PhCH), 136.89
(PhC), 138.98 (C60 sp2 C), 140.72 (arom. C), 140.97, 141.89, 142.23, 143.02,
143.05, 143.90, 144.63, 144.66, 144.73, 144.93, 145.13, 145.23, 145.29 (C60 sp2


C), 160.16 (arom. C), 163.65 (C�O); UV/Vis (CH2Cl2): lmax� 259, 328, 426,
485 nm; MS (MALDI-TOF): m/z : 1543 [M�]; IR (KBr): nÄ � 3088, 3062,
3029, 2955, 2924, 2857, 1744, 1594, 1497, 1452, 1375, 1292, 1267, 1233, 1155,
1106, 1059, 830, 736, 696, 526 cmÿ1.


1,2-Bis{3-{3'',5''-bis[3''''-[bis(3'''''',5''''''-dibenzyloxy)benzyl]propoxy]benzyloxy}-
propoxy-oxycarbonyl}methano-1,2-dihydro-[60]fullerene (19): To a mix-
ture of C60 (36 mg, 0.050 mmol), CBr4 (17 mg, 0.051 mmol), and malonate
17 (95 mg, 0.051 mmol) in toluene (40 mL), DBU (9 mL, 0.060 mmol) was
added. After 24 hours, the solvent was removed under reduced pressure,
and the crude mixture was separated by flash chromatography (SiO2,
toluene increasing to toluene/ethyl acetate 9:1) to yield [60]fullerene
monoadduct 19 (55 mg, yield: 42%). 1H NMR (400 MHz, RT, CDCl3): d�
2.02 (tt, J1� J2� 6 Hz, 8H; CH2), 2.10 (tt, J1� J2� 6 Hz 4H; CH2), 3.56 (t,
J� 6 Hz, 4 H; CH2OCH2), 3.59 (t, J� 6 Hz, 8H; CH2OCH2), 4.01 (t, J�
6 Hz, 8 H; CH2OAr), 4.36 (s, 4 H; CH2Ar), 4.43 (s, 8H; CH2Ar), 4.58 (t, J�
6 Hz, 4H; CH2OOC), 4.98 (s, 16 H; CH2Ph), 6.36 (t, J� 2 Hz, 2 H; ArH),
6.44 (d, J� 2 Hz, 4H; ArH), 6.52 (t, J� 2.4 Hz, 4H; ArH), 6.57 (d, J�
2.4 Hz, 8 H; ArH), 7.23 ± 7.40 (m, 40 H; Ph); 13C NMR (100.5 MHz, RT,
CDCl3): d� 28.92, 29.63 (CH2), 52.30 (methano bridge), 64.56 (CH2COO),
64.80 (CH2OAr), 66.37, 66.90 (CH2OCH2), 69.97 (CH2Ph), 71.50 (C60 sp3 C),
72.87, 73.05 (CH2Ar), 100.52, 101.23, 105.97, 106.39 (arom. CH), 127.57,
127.98, 128.58 (PhCH), 136.90 (PhC), 140.53 (arom. C), 140.92 (C60 sp2 C),
140.99 (arom. C), 141.84, 142.16, 142.96, 142.99, 143.84, 144.57, 144.60,
144.67, 144.87, 145.07, 145.16, 145.22, 145.26 (C60 sp2 C), 160.08, 160.13
(arom. C), 163.61 (C�O); UV/Vis (CH2Cl2): lmax� 260, 327, 426, 490 nm;
MS (FAB): m/z : 2756 [M�Cs�]; IR (film): nÄ � 3087, 3062, 3030, 2925, 2861,
1744, 1595, 1497, 1451, 1374, 1292, 1234, 1158, 1104, 1059, 831, 737, 697,
527 cmÿ1.


1,2:18,36:22,23:27,45:31,32:55,56-Hexakis{bis{3-[3'',5''-di(benzyloxy)benzyl-
oxy]propoxy-carbonyl}methano}-1,2:18,36:22,23:27,45:31,32:55,56-dodeca-
hydro[60]fullerene (20): A mixture of C60 (130 mg, 0.180 mmol) and DMA
(370 mg, 1.80 mmol) in toluene (90 mL) was stirred at room temperature


for 2 hours. Then bromomalonate 16 (1.5 g, 1.67 mmol) and DBU
(0.276 mL, 1.85 mmol) were added. After 72 h, the crude mixture was
separated first by flash chromatography (SiO2, toluene/ethyl acetate 98:2
increasing to 9:1) followed by preparative HPLC (SiO2, toluene/ethyl
acetate 95:5) to afford hexakisadduct 20 (130 mg, yield: 13 %) as a yellow
glass.
1H NMR (400 MHz, RT, CDCl3): d� 1.88 (tt, J1� J2� 6 Hz, 24H; CH2),
3.40 (t, J� 6 Hz, 24H; CH2O), 4.28 (t, J� 6 Hz, 24H; CH2OOC), 4.33 (s,
24H; ArCH2O), 5.94 (s, 48 H; PhCH2O), 6.48 (t, J� 2 Hz, 12 H; ArH), 6.53
(d, J� 2 Hz, 24H; ArH), 7.22 ± 7.36 (m, 120 H; Ph); 13C NMR (100.5 MHz,
RT, CDCl3): d� 28.78 (CH2), 45.37 (methano bridge), 64.27, 66.41 (CH2),
69.14 (C60 sp3 C), 69.90, 72.84 (CH2), 101.27, 106.41 (arom. CH), 127.51,
127.89, 128.53 (PhCH), 136.93 (PhC), 140.81 (arom. C), 141.22, 145.89 (C60


sp2 C), 160.03 (arom. C), 163.69 (C�O); UV/Vis (CH2Cl2): lmax� 270, 282,
320, 337, 387 nm; MS (MALDI-TOF): m/z : 5681 [M�Na�), 5658 [M�]; IR
(KBr): nÄ � 3088, 3063, 3031, 3007, 2956, 2924, 2865, 1744, 1595, 1497, 1453,
1375, 1292, 1265, 1215, 1156, 1107, 1080, 1059, 831, 737, 714, 697, 528 cmÿ1.


1,2-{[1''-Methoxycarbonyl-1''-[2-[4-[5-[10,15,20-triphenylporphyrinatozinc-
(iiii)]]]-phenoxy]ethoxycarbonyl]methano}-18,36:22,23:27,45:31,32:55,56-
pentakis{bis{3-[3'',5''-di(benzyloxy)benzyloxy]propoxycarbonyl}methano}-
1,2:18,36:22,23:27,45:31,32:55,56-dodecahydro[60]fullerene (21): A mix-
ture of 2 (100 mg, 0.064 mmol) and DMA (120 mg, 0.578 mmol) in toluene
(50 mL) was stirred at room temperature for 2 h. Then bromomalonate 16
(523 mg, 0.578 mmol) in toluene (10 mL) and DBU (86 mL, 0.578 mmol)
were added. After four days the solvent was evaporated under reduced
pressure, and the crude mixture separated by flash chromatography (SiO2,
toluene increasing to toluene/ethyl acetate 95:5) followed by preparative
HPLC (SiO2, toluene/ethyl acetate 95:5) to give the porphyrin-dendrim-
er ± [60]fullerene 21 (47 mg, 13 %).
1H NMR (400 MHz, RT, CDCl3): d� 1.72 ± 1.92 (m, 20 H; dendrimer CH2),
3.31 ± 3.41 (m, 20 H; dendrimer CH2), 4.13 (s, 3H; CH3), 4.24 ± 4.34 (m,
42H; CH2 dendrimer, CH2 porphyrin), 4.68 (br, 2H; CH2 porphyrin),
4.82 ± 4.94 (m, 40 H; CH2 dendrimer), 6.30 ± 6.53 (m, 30 H; dendrimer
ArH), 7.16 ± 7.35 (m, 102 H; dendrimer Ph, porphyrin Ph), 7.68 ± 7.72 (m,
9H; porphyrin Ph), 8.09 (m, 2 H; porphyrin Ph), 8.17 (m, 6 H; porphyrin
Ph), 8.88 ± 8.90 (m, 8H; porphyrin b-pyrrole); 13C NMR (100.5 MHz, RT,
CDCl3): d� 28.52, 28.85 (CH2), 45.20, 45.46 (methano bridge), 50.77
(CH3O), 64.30, 65.98, 66.31, 66.42 (CH2O), 69.18 (C60 sp3 C), 69.93, 72.87
(CH2O), 101.23, 106.25, 106.39, 112.70 (arom. CH), 120.81, 120.90
(porphyrin C), 126.47, 127.47, 127.85, 128.49 (PhCH), 131.87, 131.96 (b-
pyrrole CH), 134.48, 135.61 (PhCH), 136.76, 136.79, 136.85 (PhC), 140.42,
140.56, 140.69, 140.74, 140.92 (arom. C), 141.10, 141.19, 141.31 (C60 sp2 C),
142.97 (b-pyrrole C), 145.64, 145.87, 145.94, 146.13 (C60 sp2 C), 150.03,
150.33 (PhC), 157.87, 159.82, 159.91, 159.95 (arom. C), 163.61, 164.14 (C�
O); UV/Vis (CH2Cl2): lmax� 271, 283, 315 (sh), 338 (sh), 400 (sh), 422, 551,
591 nm; MS (MALDI-TOF): m/z : 5669 [M�]; 4844 [MÿC51H50O10


�]; IR
(KBr): nÄ � 3061, 3030, 2924, 2863, 1744, 1595, 1452, 1375, 1264, 1215, 1154,
1059, 830, 736, 697, 528 cmÿ1.


1,2-{[1''-Methoxycarbonyl-1''-[2-[4-[5-[10,15,20-triphenylporphyrinatozinc-
(iiii)]]]-phenoxy]ethoxycarbonyl]methano}-18,36:22,23:27,45:31,32:55,56-
pentakis{bis{3-{3'',5''-bis[3''''-[bis(3'''''',5''''''-dibenzyloxy)benzyl]propoxy]benz-
yloxy}propoxycarbonyl}methano}-1,2:18,36:22,23:27,45:31,32:55,56-dode-
cahydro[60]fullerene (22): According to the preparation of 21, the reaction
was performed with 1 (90 mg, 0.0578 mmol), DMA (107 mg, 0.524 mmol),
17 (1.102 g, 0.578 mmol), CBr4 (192 mg, 0.579 mmol), and DBU (172 mL,
1.152 mmol) in toluene (70 mL). After five days, the solvent was evapo-
rated under reduced pressure, and the crude mixture separated by flash
chromatography (SiO2, toluene increasing to toluene/ethyl acetate 95:5)
followed by preparative HPLC (SiO2, toluene/ethyl acetate 98:2) to give
the [60]fullerene ± porphyrin-dendrimer 22 (12.8 mg, 2.0 %). 1H NMR
(400 MHz, RT, CDCl3): d� 1.78 ± 1.94 (m, 60 H; dendrimer CH2), 3.22 ±
3.64 (m, 60H; dendrimer CH2), 3.80 ± 3.94 (m, 60 H; dendrimer CH2),
4.09 ± 4.36 (m, 65 H; dendrimer CH2, porphyrin, CH2, CH3), 4.78 (br, 2H;
CH2 porphyrin), 4.91 ± 4.82 (m, 80H; dendrimer CH2), 6.22 ± 6.53 (m, 90H;
dendrimer ArH), 7.16 ± 7.32 (m, 202 H; dendrimer Ph, porphyrin Ph), 7.64 ±
7.68 (m, 9H; porphyrin Ph), 8.05 (m, 2H; porphyrin Ph), 8.15 (m, 6H;
porphyrin Ph), 8.87 ± 8.91 (m, 8 H; porphyrin b-pyrrole); 13C NMR
(100.5 MHz, RT, CDCl3): d� 28.85, 29.41, 29.63 (CH2), 45.10, 45.33,
45.38, 45.68 (methano bridge), 50.88 (CH3O), 63.72, 64.37, 64.74, 66.36,
66.53, 66.68, 66.91 (CH2O), 69.17 (C60 sp3 C), 69.88, 72.48, 72.64, 77.78
(CH2O), 100.24, 101.17, 105.89, 106.30, 112.61 (arom. CH), 120.60, 120.79,
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120.87 (porphyrin C), 126.42, 127.46, 127.87, 128.47 (PhCH), 131.81 (b-
pyrrole CH), 134.48, 135.65 (PhCH), 136.76, 136.84 (PhC), 140.49, 140.56,
140.67, 140.79, 141.02 (arom. C), 141.23, 141.44, 141.47 (C60 sp2 C), 143.07,
143.10 (b-pyrrole C), 145.78, 145.95, 146.08, 146.12 (C60 sp2 C), 150.05,
150.10, 150.36 (PhC), 157.94, 159.91, 159.99, 160.04, 160.13, 160.25 (arom.
C), 163.72, 164.16 (C�O); UV/Vis (CH2Cl2): lmax� 283, 318 (sh), 336 (sh),
402 (sh), 425, 514, 552, 594 nm; IR (KBr): nÄ � 3062, 3031, 2926, 2864, 1744,
1596, 1453, 1375, 1263, 1159, 1104, 1060, 831, 737, 697, 528 cmÿ1.
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Abstract: The effect of Ni2�, Cu2�, and
cis-a2Pt2� or trans-a2Pt2� (where a�NH3


or CH3NH2), if coordinated to the N7
site of guanine residues, on the acid ±
base properties of complexes containing
guanine derivatives as ligands is consid-
ered. The various acidity constants were
determined by potentiometric pH titra-
tions. Over 60 acidity constants are
listed; about half of these are new. In
many instances micro acidity constants
have been derived that allow a quanti-
fication of the intrinsic acid ± base prop-
erties of a certain site, which are other-
wise blurred by the pKa values of over-
lapping buffer regions. This material
allows many comparisons; among these
is the observation that the acidifying


properties of (N7)-coordinated divalent
metal ions on the corresponding (N1)H
sites in a guanine derivative decrease in
the following series: Cu2� (DpKa� 2.2�
0.3)>Ni2� (1.7� 0.15)>Pt2� (1.4�
0.1)�Pd2� (1.4). The data also indicate
that the effects are similar for guanine
and hypoxanthine residues, but that they
are more pronounced for adenine de-
rivatives because in the latter case a
(N7)-bound M2� affects a (N1)H� site;
hence, a further charge effect is opera-
tive here. The available material does


not yet allow certain prediction of the
more subtle differences occurring be-
tween the cis and trans isomers of Pt2�


complexes, but replacement of, for ex-
ample, NH3 in the coordination sphere
of Pt2� with CH3NH2 has an effect. Of
course, as one might expect, the effect of
(N7)-bound Pt2� in guanine nucleotide
complexes is smaller on the more re-
mote phosphate groups than it is on the
closer (N1)H sites. By evaluation (by
means of micro acidity constants) of
data available for hypoxanthine deriva-
tives it is also shown that (N1)ÿ-bound
Pt2� has an acidifying effect on the
(N7)H� site comparable to that of
(N7)-coordinated Pt2� on the (N1)H
site.


Keywords: acidity constants ´ DNA
´ metal ion complexes ´ nucleobases
´ nucleotides


1. Introduction


Under natural conditions nucleotides and nucleic acids
interact with labile metal ions[1±3] whereas therapeutic agents
such as the anticancer drug cisplatin, cis-[(NH3)2PtCl2],[4±6]


usually form inert metal ± nucleobase adducts.[7] There is now
much evidence that cisplatin loses the chloro ligands in the
cell and then exerts its biological action by preferential
binding of the cis-(NH3)2Pt2� unit to the N7 sites of guanine
residues of DNA.[5, 6] In contrast, the trans isomer, trans-
[(NH3)2PtCl2], is found to be inactive.[8, 9]


As far as labile metal ions are concerned, it may be
emphasized that for nucleotide systems involved in trans-
phosphorylations there is now much evidence that in simple[10]


as well as in enzymatic reactions[3] two (or even more) metal
ions are involved. There is further evidence that in reactive
intermediates a metal ion ± N7 interaction occurs not only in
the metal ion-promoted hydrolysis[10, 11] of ATP but also in
enzymatic reactions as proposed recently for Zn2� ;[12] sim-
ilarly, adenosine N7 nitrogens are important in a Mg2�-
dependent ribozyme.[13]
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Fax: (�49) 231-755-3797
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[=] Abbreviations and definitions: See also Figure 1 and its legend; a,
ammonia or methylamine; CMP2ÿ, cytidine 5'-monophosphate; dCMP2ÿ,
2'-deoxycytidine 5'-monophosphate; dien, diethylenetriamine� 3-aza-
pentane-1,5-diamine; edta, 1,2-diaminoethane-N,N,N',N'-tetraacetic
acid; G, guanine derivative (see also Figure 1); GP2ÿ, GMP2ÿ (guano-
sine 5'-monophosphate) and/or dGMP2ÿ (2'-deoxyguanosine 5'-mono-
phosphate); L, general ligand; M2�, divalent metal ion; 1-MeC,
1-methylcytosine. Species which are given in the text without a charge
either do not carry one or represent the species in general (i.e.,
independent from their protonation degree); which of the two versions
applies is always clear from the context. A formula like (9-EtGÿH)ÿ


means that the ligand has lost a proton; in the present case it is to be
read as 9-ethylguanine (9-EtG) minus H�. In formulas like [(dien)-
Pd(H;Ado)]3� H and Ado are separated by a semicolon to facilitate
reading, yet they appear within the same parenthesis to indicate that
the proton is located at the ligand.
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Considering the above situation it is surprising to find that
there are only a few studies[14±23] that deal with the effects
exerted by metal ions bound to a certain site of a nucleobase
derivative on other nearby sites. There is hardly a study which
does this in a systematic way. To our knowledge, no
experimental investigation exists that compares the properties
of analogous complexes formed with different metal ions. We
now report the effects that the (N1)H sites in particular
experience upon N7 coordination of Ni2�, Cu2�, or Pt2� to the
guanine derivatives shown in Figure 1.[24±26] We also include a
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Figure 1. Guanine derivatives considered in this study: 9-MeG, 9-methyl-
guanine; 9-EtG, 9-ethylguanine; Guo, guanosine; dGuo, 2'-deoxyguano-
sine; GMP2ÿ, guanosine 5'-monophosphate; dGMP2ÿ, 2'-deoxyguanosine
5'-monophosphate. The nucleosides and nucleotides are shown in the
dominating anti conformation which is usually observed for purines.[24b±26]


9-Methylhypoxanthine (9-MeHypx), inosine (Ino), adenosine (Ado), and
2'-deoxyadenosine (dAdo), are shown for comparison (see Sections 2.1, 2.2
and 2.4 as well as Tables 1, 2 and 3).


few data on Pt2� complexes containing GMP or dGMP as well
as on some other related purine ligands. These results allow
interesting comparisons, including those between cis and trans
isomers of Pt2� units.


2. Results and Discussion


2.1. Comparison of the acid ± base properties of some simple
guanine derivatives and acidification of the (N1)H site via
(N7)-coordinated Ni2� or Cu2� : The acid ± base properties of
guanine and of various derivatives (G) were determined by
potentiometric pH titrations. All these derivatives can accept
a proton at N7 and release one from the (N1)H site.
Consequently, the two deprotonation reactions (1) and (2),
in which G represents the neutral guanine derivative and
(GÿH)ÿ the corresponding species deprotonated at N1, need
to be considered.


H(G)� > G�H� (1a)


KH
H�G� � [G][H�]/[H(G)�] (1b)


G > (GÿH)ÿ�H� (2a)


KH
G� [(GÿH)ÿ][H�]/[G] (2b)


The neutral guanine derivatives G interact via N7 with
divalent metal ions (M2�) to give the M(G)2� complexes, and
the (N1)-deprotonated ligands react to yield the M(GÿH)�


species. Only these two kinds of complexes form, since the
experiments involving metal ions were carried out at a large
M2� :G ratio (see Sections 4.4.1 ± 4.4.3). Consequently, the
experimental data of the potentiometric pH titrations could
be fully explained by taking into account Equations (1) and
(2) as well as the following two complex-forming equilibria (3)
and (4), as long as the evaluation of the data was not carried
into the pH range where hydroxo-complex formation occurs.


M2��G > M(G)2� (3a)


KM
M�G� � [M(G)2�]/([M2�][G]) (3b)


M2�� (GÿH)ÿ > M(GÿH)� (4a)


KM
M�GÿH� � [M(GÿH)�]/([M2�][(GÿH)ÿ]) (4b)


Of course, the complex M(G)2� formed according to
Equation (3) may lose a proton from its H(N1) site to give
M(GÿH)� according to Equilibrium (5a). The corresponding
acidity constant, KH


M�G�, may be calculated with Equa-
tion (6).[22]


M(G)2� > M(GÿH)��H� (5a)


KH
M�G� � [M(GÿH)�][H�]/[M(G)2�] (5b)


pKH
M�G� � pKH


G� log KM
M�G� ÿ log KM


M�GÿH� (6)


The results determined for the various systems are sum-
marized in Table 1 together with some related values regard-
ing 9-methylhypoxanthine (9-MeHypx) and inosine (Ino) (see
Figure 1).[27±31] The acidity constants given for the simple
ligands agree well with the data available in the litera-
ture.[24, 32] This is also true for entries 8 and 9 of Table 1, in
other words the early data given by Fiskin and Beer[31] for
H(Guo)� agree with those determined recently.[30]


Comparison of entries 4 and 5 in Table 1 for the deproton-
ation of the (N7)H� site shows that replacement of a hydrogen
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atom at N9 by an ethyl group (see Figure 1) has no effect,
whereas the corresponding substitution with a methyl group
(entry 2) leads to a slight acidification (DpKa� 0.18� 0.07).
As far as the deprotonation of the H(N1) site is concerned,
9-methylguanine and 9-ethylguanine behave identically with-
in the error limits, whereas the same site in guanine is more
acidic by DpKa� 0.2� 0.05. In contrast to the relatively minor
effects which alkyl residues exert upon substitution of (C9)H,
the corresponding substitution by a ribose or a 2'-deoxyribose
residue leads to a significant acidification of a proton at N7,
that is, to DpKa� 1.18� 0.05 and 0.99� 0.04 for guanosine
(entry 8) and 2'-deoxyguanosine (entry 10), respectively,
compared with guanine (entry 4).


Of interest is also the replacement of the (C2)NH2 group by
a hydrogen atom, that is, the change from a guanine derivative
to a hypoxanthine one: both the (N7)H� and the (N1)H sites
become more acidic, though the latter site to a lesser extent. A
comparison of the results obtained for 9-methylguanine and
9-methylhypoxanthine (entries 2 and 1 of Table 1) reveals that
deletion of the amino group at C2 makes the (N7)H� site
more acidic by DpKa� 1.24� 0.06, whereas the effect on
(N1)H, with DpKa� 0.35� 0.02, is less pronounced; this is
somewhat astonishing, because the considered substitution at
C2 is just next to N1 (see Figure 1). Very similar values result
for the corresponding nucleosides (entries 7 and 8): DpKa/N7�
1.05� 0.07 and DpKa/N1� 0.46� 0.03.


The acidification of the (N1)H sites of the various guanine
derivatives listed in Table 1 caused by Ni2� or Cu2� coordi-
nated to N7 is quite pronounced,[33] as the results in the last
column on the right in Table 1 demonstrate. These correspond
to the differences defined in Equation (7). Despite the large


DpK'a�pKH
Gÿ pKH


M�G� (7)


error limits, especially for the Cu2� systems (see Section 4.4.1),
it is clear that the effect of the two metal ions differs
somewhat; the acidification exerted by Ni2� (entries 2, 5 and
11) amounts on average to DpK'a� 1.7� 0.15 and that by Cu2�


to DpK'a� 2.2� 0.3, yet for a given metal ion the extent of the


acidification does not significantly differ between the various
guanine derivatives.


The different effect of the two metal ions is interesting, and,
as we shall see in the next section, the acidifying properties of
Pt2� are even smaller; they amount tentatively to DpK'a� 1.45
if the data for entry 1 and 6 of Table 2 are compared; the other
data given in Table 2 cannot be directly compared with the
situation described above because in these instances two
9-ethylguanines are coordinated to a Pt2� unit (see Section 2.4
for details). The slightly smaller acidification by Pt2� than by
Ni2� agrees with the somewhat larger ionic radius of the
former. Values for Zn2� systems could not be obtained
because of the formation of hydroxo complexes, however, it
appears safe to assume that the acidifying effect of N7-bound
Zn2� on the (N1)H site is close to the results given above for
Ni2�.


2.2. Effect of (N7)-coordinated isomeric Pt2� complexes on
the deprotonation of the (N1)H site of 9-ethylguanine and of
some related ligands : In this section we consider especially
Pt2� complexes which contain two 9-ethylguanine ligands,
coordinated by N7, in their coordination sphere. Evidently
such [a2Pt(9-EtG)2]2� species, where ªaº represents ammonia
or methylamine, can release in total two protons from each of
the two (N1)H sites. Consequently, the following two
deprotonation equilibria, Equations (8) and (9), need to be


Pt(G)2�
2 > Pt(G)(GÿH)��H� (8a)


pKH
Pt�G�2 � [Pt(G)(GÿH)�][H�]/[Pt(G)2�


2 ] (8b)


Pt(G)(GÿH)� > Pt(GÿH)2�H� (9a)


pKH
Pt�G��GÿH� � [Pt(GÿH)2][H�]/[Pt(G)(GÿH)�] (9b)


considered; G again represents any uncharged guanine
derivative and Pt2� either cis- or trans-a2Pt2� units. These
acidity constants are listed in Table 2, together with a few
related data.[34, 35]


Table 1. Negative logarithms of the acidity constants [Eqs. (1), (2)][a] of some monoprotonated guanine derivatives (G) and logarithms of the stability
constants of the corresponding M(G)2� and M(GÿH)� complexes [Eqs. (3), (4)] as determined by potentiometric pH titrations in aqueous solution at 25 8C
and I� 0.1m (NaNO3)[b] together with some derived, related data [Eqs. (5) ± (7)].


pKH
H�G� pKH


G


H(G)� (N7)H� (N1)H M2� log KM
M�G� log KM


M�GÿH� pKH
M�G� DpK'a


[Eq. (1)] [Eq. (2)] [Eq. (3)] [Eq. (4)] [Eqs. (5),(6)] [Eq. (7)]


1 H(9-MeHypx)� 1.87� 0.01 9.21� 0.01
2 H(9-MeG)� 3.11� 0.06 9.56� 0.02 Ni2� 1.81� 0.06 3.46� 0.07 7.91� 0.09 1.65� 0.09
3 H(9-MeG)� 3.11� 0.06 9.56� 0.02 Cu2� 2.37� 0.09 4.2 � 0.3 7.7 � 0.3 1.9 � 0.3
4 H(guanine)� 3.29� 0.03 9.36� 0.01
5 H(9-EtG)� 3.27� 0.03[c] 9.57� 0.05[c] Ni2� 1.76� 0.10 3.48� 0.13 7.85� 0.17[d] 1.72� 0.18
6 H(9-EtG)� 3.27� 0.03[c] 9.57� 0.05[c] Cu2� 2.42� 0.09 4.7 � 0.4 7.3 � 0.4 2.3 � 0.4
7[e] H(Ino)� 1.06� 0.06 8.76� 0.03
8[e] H(Guo)� 2.11� 0.04 9.22� 0.01
9[f] H(Guo)� 2.20� 0.15 9.24� 0.03 Cu2� 2.15� 0.04 4.34� 0.55 7.05� 0.55 2.2 � 0.6


10 H(dGuo)� 2.30� 0.04[g] 9.24� 0.03[g] Cu2� 2.12� 0.14 4.7 � 0.4 6.7 � 0.4 2.5 � 0.4
11 H(dGuo)� 2.30� 0.04[g] 9.24� 0.03[g] Ni2� 1.53� 0.09 3.20� 0.18 7.57� 0.20 1.67� 0.20


[a] So-called practical (or mixed) acidity constants[27] are listed; see Section 4.3. [b] The error limits are three times the standard error of the mean value (3s)
or the sum of the probable systematic errors, whichever is larger. The error limits of the derived data, in the present case for pKH


M�G� [Eq. (6)] and DpK'a
[Eq. (7)], were calculated according to the error propagation after Gauss. [c] These results confirm previously published data[28] (see also ref. [29]). [d] This
result is in close agreement with a previous one.[29b] [e] From ref. [30]. [f] Taken and partially calculated from the data given in ref. [31]. [g] The previous
result[19] is confirmed.
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Comparison of entries 2 and 3 of Table 2 shows that (N7)-
bound cis- and trans-(NH3)2Pt2� have a slightly different effect
on (N1)H in 9-ethylguanine: In the trans isomer the acid-
ification of the first (N1)H site is larger by DpKa� 0.11� 0.04,
and this also applies to the release of the second proton from
the other (N1)H site in [(NH3)2Pt(9-EtG)(9-EtGÿH)]� ,
where DpKa� 0.12� 0.05. Hence, the average acidification of
the (N7)-coordinated (NH3)2Pt2� as defined by Equation (10)
is slightly more pronounced for the trans isomer (with
DpK*a � 1.35� 0.07) than for the cis complex (with DpK*a �
1.24� 0.06; Table 2, last column on the right).


DpK*a � pKH
Gÿ 1�2(pKH


Pt�G�2 �pKH
Pt�G��GÿH�) (10)


Considering the above results one notes with surprise that
replacement of the Pt2�-coordinated ammonia (NH3) by
methylamine (CH3NH2; entries 4, 5) reverses the situation.
This means that the cis isomer is now on average more acidic,
with DpK*a � 0.13� 0.10, than the trans compound. Tenta-
tively one may suggest that this is due to the higher basicity of
methylamine (pKH


H�CH3NH2� � 10.64� 0.01; 25 8C; I� 0.1m[36])
compared with that of ammonia (pKH


H4N� 9.38� 0.01; 25 8C;
I� 0.1m, NaNO3


[37]).
That the electron donating/withdrawing properties of the


ligands coordinated to Pt2� affect its acidifying properties is
confirmed by the results summarized in entries 7 ± 16 of
Table 2. For [(NH3)2Pt(dGuo)(OH)]� (cf. ref. [38]) too the cis
isomer is slightly more acidic, by DpKa� 0.14� 0.08 (en-


tries 8, 9). This difference becomes quite pronounced if OHÿ


is replaced by Clÿ to give the [(NH3)2Pt(dGuo)(Cl)]� species,
where again the cis isomer is more acidic, but this time by
DpKa� 0.40� 0.07. This large effect in the latter example may
possibly be attributed to the p-electron-accepting properties
of Clÿ due to its empty 3d orbitals.


As far as the acidification of the (N1)H� site of H(dAdo)�


by the different isomers of N7-bound [(NH3)2Pt(H2O)]2� or
[(NH3)2Pt(Cl)]� units is concerned, no conclusion regarding a
cis/trans effect can be made based on the available pKa values
(entries 13 ± 16 of Table 2) because these are identical within
their error limits (1.7� 0.3). However, that the acidification as
such in these instances with DpK'a� 1.9 is larger than in all the
other examples is certain and also in perfect agreement with
the effect observed for Pd2� (entries 17, 18) in [(dien)Pd-
(H;Ado-N1)]3�. Indeed, this result is understandable because
of the more significant charge repulsion due to the positively
charged (N1)H� site present in these examples.


However, to make the indicated cis/trans ambiguity even
more difficult to understand, one has to note that the isomers
of [(NH3)2Pt(dGuo)(H2O)]2� and [(NH3)2Pt(dAdo)(H2O)]2�


(cf. ref. [39]) behave differently with regard to the acid-
ification of the Pt2�-coordinated H2O molecule: In the first
example (entries 8, 9; column 3) the cis isomer is by DpKa�
0.69� 0.23 more acidic than the trans isomer, whereas for
[(NH3)2Pt(dAdo)(H2O)]2� (entries 13, 14) the situation is
reversed; now the cis isomer is with DpKa� 0.48� 0.18 less


Table 2. Negative logarithms of the acidity constants[a] for the (N1)H site of free and a2Pt2�-(N7)-coordinated 9-ethylguanine [Eqs. (2), (8), and (9)] as
determined by potentiometric pH titrations in aqueous solution at 25 8C and I� 0.1m (NaNO3) together with the corresponding constants for some related
systems (entries 12 ± 18; No. 17 and 18 refer to 34 8C and I� 0.5m, KNO3). The extent of the acidification of the (N1)H site by the (N7)-coordinated a2Pt2� is
expressed by DpK'a [Eq. (7)] or DpK*a [Eq. (10)].


Acid pKH
PtÿOH2


pKa pKH
Pt�G��GÿH� DpK'a or DpK*a


PtÿOH2
[b] (N1)H [Eqs. (2), (5), (8)] (N1)H [Eq.(9)] [Eqs.(7), (10)]


1[c] 9-EtG 9.57� 0.05
2 cis-[(NH3)2Pt(9-EtG)2]2� 8.01� 0.03[d] 8.66� 0.01[d] 1.24� 0.06
3[e] trans-[(NH3)2Pt(9-EtG)2]2� 7.90� 0.02 8.54� 0.05 1.35� 0.07
4 cis-[(CH3NH2)2Pt(9-EtG)2]2� 7.92� 0.02 8.58� 0.02 1.32� 0.06
5 trans-[(CH3NH2)2Pt(9-EtG)2]2� 7.99� 0.03[f] 8.77� 0.05[f] 1.19� 0.08
6 trans-[(CH3NH2)2Pt(1-MeC)(9-EtG)]2� 8.12� 0.01[g] 1.45� 0.05
7[h] dGuo 9.24� 0.03
8[i] cis-[(NH3)2Pt(dGuo)(H2O)]2� 4.91� 0.15 8.28� 0.06 0.96� 0.07
9[i] trans-[(NH3)2Pt(dGuo)(H2O)]2� 5.60� 0.17 8.42� 0.04 0.82� 0.05


10[i] cis-[(NH3)2Pt(dGuo)(Cl)]� 7.84� 0.05 1.40� 0.06
11[i] trans-[(NH3)2Pt(dGuo)(Cl)]� 8.24� 0.03 1.00� 0.04
12[j] H(Ado)� 3.61� 0.03
13[i] cis-[(NH3)2Pt(H;dAdo)(H2O)]3� 5.28� 0.16 1.7 � 0.1 1.9 � 0.1
14[i] trans-[(NH3)2Pt(H;dAdo)(H2O)]3� 4.80� 0.08 1.7 � 0.3 1.9 � 0.3
15[i] cis-[(NH3)2Pt(H;dAdo)(Cl)]2� 1.7 � 0.1 1.9 � 0.1
16[i] trans-[(NH3)2Pt(H;dAdo)(Cl)]2� 1.7 � 0.2 1.9 � 0.2
17[k] H(Ado)� 3.78� 0.03
18[k] [(dien)Pd(H;Ado)]3� 1.92� 0.1 1.9 � 0.1


[a] See footnotes [a] and [b] of Table 1. [b] These values hold for the release of H� from a H2O molecule coordinated to a2Pt2�. [c] From entry 5 of Table 1.
[d] These results are in close agreement with previously published data[28] (see also ref. [29]). [e] Because of solubility problems in the presence of NOÿ3 for
this system the ionic strength was adjusted with Clÿ (Na�) (I� 0.1m). [f] These results agree well with previous ones.[29b] [g] This value is also given in
ref. [29b]. [h] From entry 10 of Table 1. [i] We are grateful to Dr. J. Kozelka for providing us with Table S1, that is, the Supplementary Material of ref. [17].
The mentioned table lists acidity constants determined in D2O (24 8C; I close to 0.1m since [complex]� 0.01 ± 0.04m) by 1H NMR shift measurements (dH8)
in dependence on pH*, that is, the pH-meter reading. We corrected the listed values by taking into account that pD� pH-meter reading� 0.40[34] (see also
ref. [25]); these results, now valid for D2O solutions, were transformed to constants valid for H2O as solvent by applying the equation pKa/H2O� (pKa/D2Oÿ
0.45)/1.015[35] and these final results are given above in entries 8 ± 11 and 13 ± 16. [j] From ref. [25]. This value is used for the calculations regarding DpK'a
[Eq. (7); column 6], that is, it is assumed that the pKa values for H(Ado)� and H(dAdo)� are very similar. This assumption is supported by a comparison of
the results given in entries 8 and 10 of Table 1 for the deprotonation of the (N1)H site in Guo and dGuo, respectively. [k] Based on results listed in Table III
of ref. [15a] (34 8C; I� 0.5m, KNO3). These values were also determined by 1H NMR shift measurements in D2O in dependence on pH*; these data were
transformed as described in [i] to constants valid for H2O as solvent, and these final results are given above in entries 17 and 18.
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acidic. Hence, at present it appears that more experimental
data are needed before the varying extents of acidifications in
cis/trans isomers of Pt2�-nucleobase complexes can be pre-
dicted, yet the considerations given below in Section 2.3
should also be noted.


Despite the difficulties indicated above, one further com-
parison is possible: In entries 2 ± 6 of Table 2 the N4 donor set
in the coordination sphere of Pt2� is kept constant; two
aliphatic and two aromatic nitrogen atoms are bound to Pt2�.
The average acidification of the various isomeric cis- and
trans-Pt(9-EtG)2�


2 complexes listed in entries 2 ± 5 in Table 2
amounts to DpK*a � 1.28� 0.10; this value is approximately
0.2 log units smaller than the one observed for the trans-
[(CH3NH2)2Pt(1-MeC)(9-EtG)]2� complex, where 1-MeC�
1-methylcytosine. The possibly more valid comparison be-
tween trans-[(CH3NH2)2Pt(1-MeC)(9-EtG)]2� (entry 6) and
trans-[(CH3NH2)2Pt(9-EtG)2]2� (entry 5) amounts to
DDpKa� (1.45� 0.05)ÿ (1.19� 0.08)� 0.26� 0.09. In any
case, the acidification of (N7)-coordinated a2Pt2� is somewhat
more pronounced if only a single (N1)H site is available for
acidification. This result is understandable, since the second
proton is released from a species which now carries an overall
charge of only �1.


2.3. Comparison of the properties of guanine nucleobases and
water as ligands in cis and trans Pt2� complexes : The difficulty
described in Section 2.2 in rationalizing the effects of Pt2�


binding to N7 of guanine bases on the acidity of the (N1)H
proton contrasts with that of the diaqua and mixed aqua-
chloro species of cis- and trans-(NH3)2Pt2�. The properties of
the latter can be qualitatively explained by applying the
concept of the trans influence.[40] Thus, the pKa values for the
aqua ligands (in the case of the diaqua species they refer to
pKa1) of trans-[(NH3)2Pt(H2O)2]2� (4.35),[41] trans-[(NH3)2-
Pt(Cl)(H2O)]� (5.63),[41] cis-[(NH3)2Pt(H2O)2]2� (5.93,[42]


5.37,[43] 5.24[44]), and cis-[(NH3)2Pt(Cl)(H2O)]� (6.85,[42]


6.41[43]) follow the expectation for the sequence of the trans
influence, which is NH3>Clÿ>OH2, despite differences in
charge. In other words, the acidity of an aqua ligand is, to a
first approximation, dependent on its binding strength to Pt2�,
which in turn is influenced by the nature of the donor atom
trans to the aqua ligand. Considering the spread of pKa values
in these systems (2.5 log units) the given interpretation is
rather straightforward.


In contrast, the variation in the pKa values of the mono-
(dGuo) complexes with a �1 charge (see entries 10 and 11 in
Table 2) is much smaller (0.40 log units) and this is even more
so for the bis(9-ethylguanine) complexes of a �2 charge
(�0.1 log units; entries 2 ± 5 in Table 2). Clearly, the sequence
of the pKa values for the mono(dGuo) complexes (cis-
[(NH3)2Pt(dGuo)(Cl)]� , 7.84; trans-[(NH3)2Pt(dGuo)(Cl)]� ,
8.24; cis-[(NH3)2Pt(dGuo)(OH)]� , 8.28; trans-[(NH3)2-
Pt(dGuo)(OH)]� , 8.42; see entries 8 ± 11) does not follow
the trans influence; for example, if the trans influence were to
be the determining factor, the (N1)H site of trans-
[(NH3)2Pt(dGuo)(OH)]� , with an O atom trans to N7 of
dGuo, should be more acidic than cis-[(NH3)2-
Pt(dGuo)(Cl)]� , with its N7 atom of dGuo trans to NH3, yet
it is just the other way around.


We have previously shown that the concept of the trans
influence is suitable to explain in a qualitative way the
magnitude of 3J coupling values between 195Pt and 1H8 in the
1H NMR spectra of Pt2� complexes of 9-EtG-N7.[45] This is
because a Karplus-type dependence is not expected to
operate in these compounds since the Pt-N7-C8-H8 fragments
are coplanar. Moreover, any effect due to varying angles
between the Pt2� coordination plane and the nucleobase plane
should be minimal, considering that large dihedral angles of
70 ± 908 are observed in virtually all guanine complexes of cis-
and trans-(NH3)2Pt2�. Consequently, it has been proposed[45]


that the value of 3J reflects a measure of the strength of the
bond between Pt2� and N7 of the guanine nucleobase. Thus,
for 9-EtG ligands this value is largest for OH2 trans to 9-EtG
(32.2 Hz), and smallest for NH3 trans to 9-EtG (22.0 ±
23.9 Hz), with Clÿ trans to 9-EtG displaying an intermediate
value (28.8 Hz) (solvent: D2O in all cases). Unfortunately not
enough high-resolution X-ray data for Pt2�ÿN7 bond lengths
are available to substantiate this conclusion.


The fact that the pKa values for the (N1)H acidity and the 3J
coupling values for 195Pt ± 1H8 do not correlate[46] suggests that
the strength of the Pt2�ÿN7 bond to guanine is not the (sole)
determinant of the acidity of the (N1)H site. In principle, p


back-bonding effects from Pt2� to the nucleobase could also
play a role; hence the dihedral angle between the guanine
plane and the Pt2� coordination plane could likewise be
important. However, as indicated above, we do not consider
these (80� 108) variations as being crucial. It thus appears
that more subtle effects, such as differences in the stabilization
of the guaninate anion by solvent (water) molecules, could
become important, for example through H bonding, which
could involve (probably several) water molecules as well as
the other ligands at Pt2�. Theoretical calculations might help
to better understand the described phenomena.


2.4. Comparison of the effect of (N7)- or (N1)-coordinated
(dien)Pt2� and of related M2� units on the deprotonation of
(N1)H or (N7)H� sites of hypoxanthine derivatives : Up to
now only the effect of (N7)-coordinated Pt2� on the N1 site of
purine derivatives was considered. How does (N1)-bound Pt2�


affect the properties of the N7 site? To this end we evaluated
previously published 1H NMR shift measurements[16] in D2O
in dependence on pH* (i.e., the pH-meter reading) for Pt2�


complexes of 9-methylhypoxanthine (see Figure 1). We en-
larged the published figures[16] and read from these the
evidently carefully obtained experimental data, transformed
pH* to pD[34] and applied our previously described[25] non-
linear least-squares fitting procedure. Part A of Figure 2
proves that the following comparisons are reliable: it shows
that the 1H NMR shifts measured previously[16] in dependence
on pD for 9-methylhypoxanthine can be fitted excellently
with the acidity constants that we have now measured by
potentiometric pH titrations (entry 1 of Table 1) if trans-
formed[35] to pKa values valid for D2O as solvent. The other
three parts of Figure 2 present the curve fits carried out by us
through the data for Pt2� complexes,[16] which led to pKa


values valid for D2O as solvent. The results obtained were
then transformed[34] to results for water (H2O) as solvent, and
these acidity constants are assembled in Table 3 (entries 2, 3
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Figure 2. Variation of the chemical shift in dependence on pD for
9-methylhypoxanthine (A) and several of its PtII complexes (B, C, and
D). The solid curves in A show the excellent fit of the experimental data
pairs taken from ref. [16] (ppm vs. pD� pH*� 0.40)[34] with pKD


D�9-MeHypx� �
2.35 and pKD


9-MeHypx� 9.80; these values follow[35] from pKH
H�9-MeHypx� � 1.87


and pKH
9-MeHypx� 9.21 (Table 1, entry 1) as obtained now from potentio-


metric pH titrations. For the [(dien)Pt(9-MeHypx-N7)]2� (B), [(dien)Pt(9-
MeHypx-N1)]� (C), and cis-[(NH3)2Pt(9-MeHypx-N1)(9-MeHypx-N7)]�


(D) systems and their H2 (&,&), H8 (*,*), and (N9)-CH3 (^,^) protonsÿ
open symbols: free and (N7)-coordinated 9-MeHypx; closed symbols:


(N1)-coordinated 9-MeHypx
�


an independent fitting procedure[25] was
carried out and in each case the weighted mean of the three resulting values
was calculated; with these acidity constants (i.e., pKa/D2O� 8.24 for B,
pKa/D2O� 3.52 for C, and pKa/N7/D2O� 3.29 and pKa/N1/D2O� 8.42 for D) the
solid curves seen in parts B, C, and D have been computed. These acidity
constants (B ± D) valid for D2O as solvent were transformed[35] to H2O as
solvent; these results are given in entries 2, 3, and 4 of Table 3, respectively
(see also text in Section 2.4).


and 4), together with some related data for [(dien)-
Pt(inosine)]2� complexes, which originate from kinetic ex-
periments[47] (entries 6, 7), as well as an example[15a] for
(dien)Pd2� in which the acidity constants were also deter-
mined by 1H NMR shift measurements (entry 9).


Entry 2 of Table 3 shows that (dien)Pt2�, if coordinated to
N7 of 9-methylhypoxanthine, leads to an acidification of the
(N1)H site by DpK'a� 1.54� 0.08; this result is close to that
observed for trans-[(CH3NH2)2Pt(1-MeC)(9-EtG)]2� with
DpK'a� 1.45� 0.05 (Table 2, entry 6) and indicates thus that
the trends described in this section for hypoxanthine deriv-
atives apply also to guanines. Furthermore, entries 5 and 6 of
Table 3 show that the acidification on inosine in [(dien)Pt-
(Ino-N7)]2� is practically identical (DpK'a� 1.52� 0.10) to
that seen in entry 2. The fact that Pd2� behaves very similarly
to Pt2� follows from entries 8 and 9 where DpK'a� 1.44� 0.04
is given for the [(dien)Pd(Ino-N7)]2� complex; indeed, the
acidifications listed in entries 6 and 9 for the two comparable
species are identical within their error limits.


A most interesting result is obtained if (dien)Pt2� coordi-
nates through N1 to 9-methylhypoxanthine. From entries 1
and 3 in Table 3, it follows that in [(dien)Pt(9-MeHypx-N1)]�


the N7 site is more basic than in the free ligand; this is why
DpK'a carries a negative sign, DpK'a�ÿ1.15� 0.25. The same
result, within the error limits (DpK'a�ÿ1.24� 0.12), is
obtained for [(dien)Pt(H;Ino-N1)]2� (entry 7). The most
fascinating case in this context is certainly the coordination
of the cis-(NH3)2Pt2� unit to N1 of one 9-MeHypx and to N7 of
a second one giving the cis-[(NH3)2Pt(H;9-MeHypx-N1)(9-
MeHypx-N7)]2� complex (entry 4), in which the (N7)-coor-
dinated 9-methylhypoxanthine is acidified at its (N1)H site
whereas in the (N1)-coordinated case the N7 site becomes
again more basic than the free ligand.


Though there is one previous quantitative example[47] as
well as a few qualitative ones,[48, 49] this is the first time that the
apparent basicity-enhancing effect of (N1)-coordinated Pt2�


on the N7 site is described in a quantitative manner in several
examples (entries 3, 4, and 7), making the result unequivocal.
From the qualitative examples mentioned it becomes in


Table 3. Negative logarithms of the acidity constants[a] for the (N1)H and (N7)H� sites of free and Pt2�-coordinated 9-methylhypoxanthine or inosine
[analogous to Eqs. (1), (2), (8), (9)] as determined by various methods in aqueous solution under somewhat varying conditions.[b±f] The extent of the
acidification of the (N1)H site by (N7)-coordinated Pt2� and of the (N7)H� site by (N1)-coordinated Pt2� is expressed by DpK'a [analogous to Eq. (7)].


Acid pKa pKa DpK'a
(N7)H� (N1)H


1[b] H(9-MeHypx)� 1.87� 0.01 9.21� 0.01
2[c] (dien)Pt(9-MeHypx-N7)2� 7.67� 0.08 1.54� 0.08
3[c] (dien)Pt(H;9-MeHypx-N1)2� 3.02� 0.25 ÿ 1.15� 0.25
4[c] cis-(NH3)2Pt(H;9-MeHypx-N1)(9-MeHypx-N7)2� 2.80� 0.09 7.85� 0.15 ÿ 0.93� 0.09/1.36� 0.15
5[d] H(Ino)� 1.06� 0.06 8.76� 0.03
6[e] (dien)Pt(Ino-N7)2� 7.24� 0.10 1.52� 0.10
7[e] (dien)Pt(H;Ino-N1)2� 2.30� 0.10 ÿ 1.24� 0.12
8[f] H(Ino)� 8.88� 0.03
9[f] (dien)Pd(Ino-N7)2� 7.44� 0.03 1.44� 0.04


[a] See footnotes [a] and [b] of Table 1. [b] I� 0.1m, NaNO3; 25 8C. Values from entry 1 in Table 1. With these acidity constants obtained from
potentiometric pH titrations it is possible to fit the chemical shift data in dependence on pD as given in Figures 3 and 5 of ref. [16]; the present fit is shown
in part A of Figure 2. [c] I� 0.01 ± 0.1m, ambient temperature. These results were obtained from the data published in Figures 3 and 5 of ref. [16] as
described in the text of Section 2.4 and the legend for Figure 2. [d] I� 0.1m, NaNO3; 25 8C. From entry 7 in Table 1. [e] I� 0.1m, NaClO4; 25 8C. From
ref. [47]; error limits estimated. [f] I� 0.5m, KNO3; 34 8C. The values given in ref. [15a] were transformed to water (H2O) as solvent as described in footnote
[i] of Table 2.
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addition clearer that the effect described for hypoxanthine
derivatives also operates in guanines[49] and adenines.[48]


What is the reason for the apparent basicity enhancement
of the N7 site upon Pt2� coordination to N1 of a purine-type
residue as seen in entries 3, 4, and 7 of Table 3? One is
tempted to conclude that Pt2� replaces a proton at the (N1)H
site and that H� is always more polarizing than a metal ion,
which is in principle correct. However, substitution at the N1
site also means that the (N1)Pt� site carries an overall charge
of only one whereas that of the (N7)Pt2� site is two (entries 2,
6, 9). Hence, if a valid comparison between the effect of Pt2� at
N7 versus that at N1 is attempted, one has to consider equally
charged ligands and complexes!


If we use the neutral inosine ligand, Ino, as an example, Pt2�


coordination at N7 gives Pt(Ino-N7)2� (Table 3, entry 6). To
obtain a complex of the same overall charge upon Pt2�


coordination at (N1)ÿ one has to consider the tautomer
H(InoÿH)� ; this means a zwitterionic inosine ligand with the
proton at N7 and a negative charge at N1, which gives the
complex [Pt(H;InoÿH/N1)]2�. Clearly, the tautomeric
H(InoÿH)�> Ino equilibrium is far over to its right side,[15b]


but fortunately the intrinsic or micro acidity constant of
(N7)H� in H(InoÿH)� has still been estimated,[50]


pkInoÿH
H�InoÿH� � 3.3. This value describes the acidity of the


(N7)H� proton in the zwitterion H(InoÿH)�. Comparison
of this intrinsic (N7)H� acidity constant with pKa� 2.30 of the
[(dien)Pt(H;InoÿH)]2� complex in Table 3 (entry 7) gives
Dpk'a� 1.0; in other words, if the intrinsic acidity of the
(N7)H� site as described by the micro acidity constant is
considered, the problem described above for the macro
acidity constants no longer exists, but the system behaves
normally and Pt2� coordination at (N1)ÿ in H(InoÿH)� gives
rise to an acidification of the (N7)H� site in the order
observed for the (N7)-coordinated Pt2� complexes (see
Table 3). Estimation of the micro acidity constant for H(9-
MeHypxÿH)� gives[51] pk�9-MeHypxÿH�


H�9-MeHypxÿH� � 4.1 and so one ob-
tains for the system of entry 3 Dpk'a� 4.1ÿ 3.02� 1.1 in
perfect agreement with the preceding example.[52]


2.5. Micro acidity constants for the [a2Pt(9-EtG)2]2� com-
plexes: The cis- and trans-[a2Pt(9-EtG)2]2� complexes (en-
tries 2 ± 5 of Table 2) are evidently symmetrical diprotonic
acids regarding the release of the proton from the (N1)H sites
and this fact also warrants consideration. The statistical
expectation for the separation of the acidity constants of two
identical acidic sites, which do not affect each other, is
DpKa/st� 0.6.[53] This follows from the symmetry properties:
Beginning with [a2Pt(9-EtG)2]2� there are two equivalent
ways for Pt(GÿH)(G)� to form, and also for the protonation
of Pt(GÿH)2 to give Pt(GÿH)(G)�. This means the
formation of the monoprotonated species Pt(GÿH)(G)� is
twice favored by a factor of 2, which gives a factor of 4 overall,
so DpKa/st� 0.6.


Comparison of the above statistical value with the differ-
ences pKH


Pt�GÿH��G� ÿ pKH
Pt�G�2 of entries 2 ± 5 in Table 2 shows


that these differences vary between 0.64� 0.05 (entry 3)Ð
which is within its error limits identical with the statistical
valueÐand 0.78� 0.06 (entry 5); this indicates that the two
acidic sites in these [a2Pt(9-EtG)2]2� complexes behave rather


independently. However, from these considerations it is also
clear that the buffer regions of the two species, Pt(G)2�


2 and
Pt(GÿH)(G)�, are strongly overlapping [Eqs. (8) and (9)].
Therefore, for a clear quantification of the actual acidity
properties of the (N1)H sites in the [a2Pt(9-EtG)2]2� com-
plexes it is necessary to consider the micro acidity constants
for the individual sites. Following known routes,[31, 54, 55] in
Figure 3 the equilibrium scheme for trans-[(CH3NH2)2-


Figure 3. Equilibrium scheme for trans-[(CH3NH2)2Pt(9-EtG)2]2�, which is
written here as t-Pt(9-EtG)2�


2 or Pt(G)2�
2 , defining the micro acidity


constants (k) and showing their interrelation with the macro acidity
constants (K). The arrows indicate the directions for which the acidity
constants are defined. Equations (11a), (11b), and (11c) show how the
various constants are interlinked with each other.[54] See also the text in
Section 2.4 and the results summarized in Table 4, which also include other
related systems.


Pt(9-EtG)2]2�, which is written there as t-Pt(9-EtG)2�
2 or even


simply as Pt(G)2�
2 , is summarized. The definition of the micro


acidity constants (k) and their interrelation with the macro
acidity constants (K) is evident from the scheme. There are
three independent equations, (11a), (11b), and (11c), but four
unknown constants;[54] however, by taking into account the
above statistical considerations the present case (Table 2,
entry 5) simplifies because pKH


t-Pt�9-EtG�2 � log2� 7.99� 0.3�
8.29� pkPt�GÿH��G�


Pt�G�2 � pkPt�G��GÿH�
Pt�G�2 ; the analogous reasoning pro-


vides pkPt�GÿH�2
Pt�GÿH��G�, and so on. The corresponding results are


given on the arrows in Figure 3.
With a scheme analogous to the one in Figure 3 the micro


acidity constants for the (N1)H sites of the other [a2Pt(9-
EtG)2]2� complexes given in entries 2 ± 4 of Table 2 may also
be evaluated. The corresponding results are summarized in
Table 4, where the values for trans-[(CH3NH2)2Pt(EtG)2]2� as
taken from Figure 3 are repeated too. Use of and comparisons
with these latter values should facilitate the site attributions
regarding the other complexes.
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In columns 3 and 4 of Table 4 the micro acidity constants
are given, whereas columns 5 and 6 provide the differences,
Dpka/1 and Dpka/2 , between the pKH


9-EtG value [Eq. (2)] of free
9-ethylguanine and the two micro acidity constants of the
[a2Pt(9-EtG)2]2� complexes. Hence, these latter values quan-
tify the acidifying effect of a2Pt2� on the individual (N1)H
sites. Finally, the average of the Dpka/1 and Dpka/2 values
results in Dpka/av (final column to the right) and these values
are identical, of course, with the values listed under DpK*a in
Table 2.


Of the many comparisons possible in Table 4 we will
consider just two: 1) The values of Dpka/1 in column 5 are
nearly identical within their error limits; in fact, these limits
overlap with the average of the four values [� 1.32 (�0.08)
(3s)]; this indicates that the acidifying effect of a2Pt2� on the
release of the first proton from one of the two (N1)H sites is
very similar. Furthermore, this averaged value of DpKa�
1.32� 0.08, and the acidification observed for trans-
[(CH3NH2)2Pt(1-MeC)(9-EtG)]2�, DpK'a� 1.45� 0.05 (Ta-
ble 2, entry 6), which has only a single (N1)H site, are also
rather similar; hence, one may wish to compare this result
(DpKa� 1.4� 0.1) with those given in Section 2.1 for Ni2� and
Cu2� complexes. 2) In accord with the preceding point, we
observe that the cis/trans effects become manifest especially
in the deprotonation of the second (N1)H site as is evident
from the values given for Dpka/2 in column 6 of Table 4 (see
also Section 2.2).


2.6. Acid ± base properties of GMP or dGMP complexes with
(N7)-bound cis- or trans-(NH3)2Pt2� units: If we abbreviate
GMP2ÿ and dGMP2ÿ (see Figure 1) as GP2ÿ and focus for the
moment on those a2Pt2� complexes which have two GP2ÿ


ligands coordinated by N7 in their coordination sphere, we
may concentrate on the properties of the [a2Pt(GP)2]2ÿ


species. Each of the phosphate residues carries a charge of
minus two (cf. , e.g., Figure 4) and each may accept two
protons; this leads to the twofold positively charged species
[a2Pt(GP ´ H2)2]2�.[56] The release of the first proton from a
ÿP(O)(OH)2 group, which is part of a GP that also carries a
positive charge at N7, occurs at a very low pH, that is, pKa< 1
for both primary protons.[20] Hence, for physiological con-
ditions only the twofold protonated complex [a2Pt(GP ´ H)2] is
of relevance and, hence, the four deprotonation equilibria
Equations (12) ± (15) need to be considered (for simplicity the
amine ªaº is omitted).[56]
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Figure 4. Formal structure of the trans-[(NH3)2Pt(GMP)2]2ÿ complex.


Pt(GP ´ H)2 > Pt(GP ´ H)(GP)ÿ�H� (12a)


KH
Pt�GP�H�2 � [Pt(GP ´ H)(GP)ÿ][H�]/[Pt(GP ´ H)2] (12b)


Pt(GP ´ H)(GP)ÿ > Pt(GP)2ÿ
2 �H� (13a)


KH
Pt�GP�H��GP� � [Pt(GP)2ÿ


2 ][H�]/[Pt(GP ´ H)(GP)ÿ] (13b)


Pt(GP)2ÿ
2 > Pt(GP)(GPÿH)3ÿ�H� (14a)


KH
Pt�GP�2 � [Pt(GP)(GPÿH)3ÿ][H�]/[Pt(GP)2ÿ


2 ] (14b)


Pt(GP)(GPÿH)3ÿ > Pt(GPÿH)4ÿ
2 �H� (15a)


KH
Pt�GP��GPÿH� � [Pt(GPÿH)4ÿ


2 ][H�]/[Pt(GP)(GPÿH)3ÿ] (15b)


The available results for [a2Pt(GP ´ H)2] complexes, deter-
mined by potentiometric pH titrations, are summarized in
Table 5, together with some related data. Most of the acidity
constants given are taken from our earlier work,[18±20, 53] but
because of the values that have now been determined for
trans-[(NH3)2Pt(GMP ´ H)2] several new insights are gained.


The first two protons are released from the monoproto-
nated phosphate residues in Pt(GP ´ H)2 according to Equi-
libria (12) and (13), as follows clearly from the comparison of
the pKa values due to H(dGMP)ÿ (entry 2), H(GMP)ÿ


(entry 5), and H(dCMP)ÿ, as well as the corresponding cis-
[(NH3)2Pt(dCMP ´ H)2] complex (entries 7, 8). The third and
fourth proton of the Pt(GP)2ÿ


2 complexes (entries 3, 6) are
released according to Equilibria (14) and (15) from the (N1)H
sites as follows from a comparison with the data given in
entry 1 of Table 5 for 2'-deoxyguanosine (dGuo).


Table 5 allows many comparisons; a few follow here.
Replacement of the (C2')OH group by a hydrogen atom


Table 4. Negative logarithms of the micro acidity constants for a2Pt(9-EtG)2�
2 complexes (defined in analogy to Figure 3) and extent of the acidification


(Dpk ; see text in Section 2.5), by (N7)-coordinated a2Pt2� on the corresponding (N1)H sites. The microconstants given in Figure 3 for trans-[(CH3NH2)2Pt(9-
EtG)2]2� are also listed below in entry 5 for reasons of comparisons (aqueous solutions at 25 8C; I� 0.1m, NaNO3)


[a] a2Pt(9-EtG)2�
2 pkPt�GÿH��G�


Pt�G�2 � pkPt�G��GÿH�
Pt�G�2 pkPt�GÿH�2


Pt�GÿH��G� � pkPt�GÿH�2
Pt�G��GÿH� Dpka/1


[b] Dpka/2
[b] Dpka/av


[c]


1 9-EtG[b]


2 cis-[(NH3)2Pt(G)2]2� 8.31� 0.03 8.36� 0.01 1.26� 0.06 1.21� 0.05 1.24� 0.06
3 trans-[(NH3)2Pt(G)2]2� 8.20� 0.02 8.24� 0.05 1.37� 0.05 1.33� 0.07 1.35� 0.07
4 cis-[(CH3NH2)2Pt(G)2]2� 8.22� 0.02 8.28� 0.02 1.35� 0.05 1.29� 0.05 1.32� 0.06
5 trans-[(CH3NH2)2Pt(G)2]2� 8.29� 0.03 8.47� 0.05 1.28� 0.06 1.10� 0.07 1.19� 0.08


[a] The entry numbers correspond to those used in Table 2. See also footnote [b] of Table 1. [b] The acidity constant of the free ligand, pKH
9-EtG� 9.57� 0.05,


is used for the various comparisons, i. e., Dpka/1� pKH
9-EtGÿ pkPt�GÿH��G�


Pt�G�2 , and Dpka/2�pKH
9-EtGÿpkPt�GÿH�2


Pt�GÿH��G�. [c] Dpka/av� 1/2(Dpka/1�Dpka/2); these results
correspond to those given in Table 2 for DpK*a [Eq. (10)].
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(see Figure 1) makes the N7 site more basic as follows from
the pKa values due to H2(GMP)� (entry 5) and H2(dGMP)�


(entry 2); this is confirmed by the results obtained for Guo
and dGuo (see entries 8 and 10 of Table 1). However, in the
present context it is important to note that the effect of the
replacement of the OH group by a H atom at C2' is
insignificant for the properties of the phosphate group and
quite small for those of the (N1)H site. Hence, the acid ± base
properties of the cis-[(NH3)2Pt(dGMP ´ H)2] and trans-
[(NH3)2Pt(GMP ´ H)2] complexes can directly be compared
(entries 3 and 6). It is interesting to see that the release of the
first proton from one of the twoÿP(O)2(OH)ÿ groups occurs
within the error limits in both complexes with the same pKa ,
whereas the deprotonation of the second monoprotonated
phosphate group is considerably retarded in the trans isomer.
A consequence of this is that in the cis complex the acidity
between the twoÿP(O)2(OH)ÿ groups differs only by DpKa�
0.72� 0.04, whereas in the trans isomer DpKa� 1.04� 0.03.


The above observation made at the phosphate groups
contrasts strongly with the situation at the (N1)H sites
(entries 3 and 6). Here the DpKa values for the cis (0.75�
0.06) and trans isomer (0.68� 0.04) are identical within the
error limits. However, the overall acidification is much more
pronounced in the trans-[(NH3)2Pt(GMP)2]2ÿ complex, where
DpK*a � 0.85� 0.04 compared with DpK*a � 0.46� 0.06 for
the cis complex. Hence, this observation corresponds to that
for the cis- and trans-[(NH3)2Pt(9-EtG)]2� isomers, where the
effect in the trans species was also somewhat more pro-
nounced. The strong acidification of the (N1)H sites in trans-
[(NH3)2Pt(GMP)2]2ÿ is surprising because it exceeds or at
least corresponds to the effect in the neutral cis-
(NH3)2Pt(dGuo)(dGMP) species for which the average acid-
ification amounts to 0.78� 0.11 (entry 4 in Table 5). Finally,
the average acidification of the monoprotonated phosphate
groups by the (N7)-bound Pt2� in trans-[(NH3)2Pt(GMP ´ H)2]
is rather small, at DpK*a � 0.13� 0.03, but this observation will
be discussed below in connection with the micro acidity
constants.


2.7. Micro acidity constants for nucleotide-containing
[(NH3)2Pt(L)2] complexes : The complexes in entries 3, 6
(Figure 4), and 8 of Table 5 are symmetrical and, if present


in their protonated state, diacidic with regard to the
ÿP(O)2(OH)ÿ groups and the (N1)H sites. As the separation
of the pKa values for a given kind of site is small, i.e. between
0.68� 0.04, a value close to the statistical expectation of 0.6
(see Section 2.5), and 1.04� 0.03 for theÿP(O)2(OH)ÿ groups
and the (N1)H sites (see entry 6 of Table 5), the various buffer
regions are evidently overlapping. Therefore, only a micro
acidity constant analysis will allow a quantification of the
intrinsic acid ± base properties of a given site. The details of
such an analysis (in analogy to Figure 3; see Section 2.5) are
shown in Figure 5 for the deprotonation of the monoproto-
nated phosphate groups in trans-[(NH3)2Pt(GMP ´ H)2].
These results, as well as those for several other nucleotide
complexes formed by (NH3)2Pt2�, are summarized in Table 6.


The most surprising result from Table 6 is probably the
observation that the acidification for the release of the proton
from the second ÿP(O)2(OH)ÿ group in trans-[(NH3)2-
Pt(GMP)(GMP ´ H)]ÿ has a negative sign, Dpka/2�ÿ0.09�
0.03 (see entry 2). In other words, the release of this proton is
slightly inhibited compared to the situation in free H(GMP)ÿ ;
this indicates that the effect of the (N7)-coordinated Pt2� is
somewhat overcompensated by the other already deproton-
ated ÿPO2ÿ


3 group (cf. also Figure 4). In the cis-[(NH3)2-
Pt(dGMP)(dGMP ´ H)]ÿ complex, this is different; here
Dpka/2� 0.30� 0.02 (entry 3). On the other hand it should be
noted that the intrinsic acidity for the release of the first
proton from a ÿP(O)2(OH)ÿ group in the three complexes
given in entries 2 ± 4 of Table 6 (see column 3) is identical
within the error limits; pk1 is between 5.85� 0.04 and 5.90�
0.02. Hence, there is no difference between the cis and trans
isomer and the value is also not affected by the presence of a
secondÿP(O)2(OH)ÿ group.


The stronger acidification of the ÿP(O)2(OH)ÿ group
(Dpka/1� 0.42� 0.03) in cis-[(NH3)2Pt(dGMP ´ H)2], com-
pared with the one for cis-[(NH3)2Pt(dCMP ´ H)2] (Dpka/1�
0.21� 0.02), has been used[19] to calculate the degree of
formation of the outer-sphere macrochelate involving a
Pt(NH3) ´´´ O3P hydrogen bond which amounts to 38� 6 %
in the cis-[(NH3)2Pt(dGMP)(dGMP ´ H)] species; similarly,
for cis-[(NH3)2Pt(dGMP)2]2ÿ 41� 4 % are obtained[19] for
each of the two sites in this cis complex.[58] Such outer-sphere
macrochelate formation has been shown before by NMR


Table 5. Negative logarithms of the acidity constants[a] as determined by potentiometric pH titrations in aqueous solution at 25 8C and I� 0.1m (NaNO3) for
the deprotonation of monoprotonated phosphate groups,ÿP(O)2(OH)ÿ, and for the (N7)H� and (N1)H sites of free GPs and their (N7)-coordinated Pt2�


complexes (an example is given in Figure 4) [Eqs. (12) ± (15)], as well as of some related ligands and complexes. The acidifying properties of the (NH3)2Pt2�


unit are expressed by DpK*a , that is, in analogy to Equation (10).[b]


Acid pKa pKa pKa DpK*a DpK*a
for (N7)H� for ÿP(O)2(OH)ÿ for (N1)H for ÿP(O)2(OH)ÿ for (N1)H


1[c] H(dGuo)� 2.30� 0.04 9.24� 0.03
2[d] H2(dGMP)� 2.69� 0.03 6.29� 0.01 9.56� 0.02
3[e] cis-[(NH3)2Pt(dGMP ´ H)2] 5.57� 0.03/6.29� 0.02 8.73� 0.04/9.48� 0.04 0.36� 0.04 0.46� 0.06
4[f] cis-[(NH3)2Pt(dGuo)(dGMP ´ H)]� 5.85� 0.04 8.20� 0.03/9.05� 0.10 0.44� 0.04 0.78� 0.11
5[g] H2(GMP)� 2.48� 0.04 6.25� 0.02 9.49� 0.02
6 trans-[(NH3)2Pt(GMP ´ H)2] 5.60� 0.02/6.64� 0.02 8.30� 0.03/8.98� 0.02 0.13� 0.03 0.85� 0.04
7[h] H2(dCMP)� 4.46� 0.01[i] 6.24� 0.01
8[h] cis-[(NH3)2Pt(dCMP ´ H)2] 5.73� 0.02/6.47� 0.02 0.14� 0.03


[a] See footnotes [a] and [b] of Table 1. [b] This means, the average of the acidification on both sites, that is, the twoÿP(O)2(OH)ÿ or the two (N1)H sites
present in these complexes are considered. [c] From entry 10 of Table 1. [d] From refs. [18, 57]. [e] From refs. [18, 20, 29a]. [f] From ref. [19]. [g] From
ref. [30]. [h] From ref. [53]. [i] Deprotonation occurs here from the (N3)H� site of the cytosine ring.







Acidifying Effects of (N7)-Bound Metal Ions on Guanines 2374 ± 2387


Chem. Eur. J. 1999, 5, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2383 $ 17.50+.50/0 2383


measurements to occur in aqueous solution[59, 60] as well as in
the solid state[59, 61] as indicated by X-ray crystal analysis. The
present result, Dpka/1� 0.35� 0.03 (entry 2; column 5 of
Table 6), suggests that such an outer-sphere macrochelate
also forms with the trans-[(NH3)2Pt(GMP)(GMP ´ H)]ÿ spe-
cies to approximately 28� 6 %.[62] The formation of a second
outer-sphere macrochelate in trans-[(NH3)2Pt(GMP)2]2ÿ ap-
pears from the present results (Dpka/2�ÿ0.09� 0.03 as
discussed above) as rather unlikely, but for a final answer
the acidifying properties of Pt2� in trans-[(NH3)2Pt(CMP ´
H)2] would have to be known.


Finally, the first two entries in Table 6 demonstrate that the
consideration of Dpka/av (� DpK*a ) alone can lead to mis-
interpretations. The rather significant acidification as ex-
pressed by Dpka/1 for trans-[(NH3)2Pt(GMP ´ H)2] is over-
compensated by Dpka/2 , and this is the reason for the relatively
small value observed for the averaged (overall) acidification,
Dpka/av� 0.13� 0.03. This example proves the necessity to


consider micro constants and
thus the intrinsic acid ± base
properties of a site.


As far as the deprotonation
of (N1)H sites is concerned, the
trans-[(NH3)2Pt(GMP)2]2ÿ


complex is evidently more
closely related in its properties
to cis-[(NH3)2Pt(dGuo)-
(dGMP)] than to cis-[(NH3)2-
Pt(dGMP)2]2ÿ (entries 5 ± 7).
This shows again (see also Sec-
tion 2.2) that the subtle differ-
ences that occur between cis
and trans isomers are difficult
to predict at this stage of our
knowledge.


3. Conclusions


The results summarized in this
study show that the acidifying


effect of (N7)-coordinated divalent metal ions on the
deprotonation of (N1)H sites in guanine derivatives decreases
in the series Cu2�>Ni2�>Pt2��Pd2�, the DpKa values being
in the order of about 2.2� 0.3 (Section 2.1)> 1.7� 0.15
(Section 2.1)> 1.4� 0.1 (Sections 2.2 and 2.4)� 1.4 (Sec-
tion 2.4), respectively. This series reflects the decreasing
charge density of the divalent metal ions, which depends
mainly on the radii and the coordination numbers. In this
context it would be interesting to have the analogous
information for Zn2� too, because nucleic acid polymerases
and many related enzymes depend on the presence of this
metal ion.[1±3, 12] Unfortunately, data for Zn2� complexes
cannot easily be obtained owing to hydrolysis reactions. They
are, however, expected to be similar to those observed for the
Ni2� species.


The available material also indicates that the effects of
(N7)-coordinated M2� on (N1)H sites are similar for guanine
and hypoxanthine residues, whereas for adenine residues the


Table 6. Negative logarithms of the micro acidity constants for nucleotide-containing (NH3)2Pt(L)2 species (defined in analogy to Figure 5) and extent of the
acidification (Dpk ; see text in Section 2.7) by (N7)-coordinated (NH3)2Pt2� on the correspondingÿP(O)2(OH)ÿ groups and (N1)H sites. The microconstants
given in Figure 5 for trans-[(NH3)2Pt(GMP ´ H)2] are also listed below in entry 2 to facilitate comparisons (aqueous solutions at 25 8C; I� 0.1m, NaNO3).[a]


(NH3)2Pt(L)2 pk1� pk1 pk2�pk2 Dpka/1
[b] Dpka/2


[b] Dpka/av
[c]


1 cis-[(NH3)2Pt(dCMP ´ H)2] 6.03� 0.02 6.17� 0.02 0.21� 0.02 0.07� 0.02 0.14� 0.03
2 trans-[(NH3)2Pt(GMP ´ H)2] 5.90� 0.02 6.34� 0.02 0.35� 0.03 ÿ 0.09� 0.03 0.13� 0.03
3 cis-[(NH3)2Pt(dGMP ´ H)2] 5.87� 0.03 5.99� 0.02 0.42� 0.03 0.30� 0.02 0.36� 0.04
4[d] cis-[(NH3)2Pt(dGuo)(dGMP ´ H)]� 5.85� 0.04 0.44� 0.04 0.44� 0.04
5 cis-[(NH3)2Pt(dGMP)2]2ÿ 9.03� 0.04 9.18� 0.04 0.53� 0.04 0.38� 0.04 0.46� 0.06
6[e] cis-[(NH3)2Pt(dGuo)(dGMP)] 8.39/8.65[f] 8.86/8.60[g] 0.85/0.91 0.70/0.64 0.78� 0.11
7 trans-[(NH3)2Pt(GMP)2]2ÿ 8.60� 0.03 8.68� 0.02 0.89� 0.04 0.81� 0.03 0.85� 0.04


[a] See footnote [b] of Table 1. Entries 1 ± 4 give micro acidity constants for the deprotonation of ÿP(O)2(OH)ÿ groups and entries 5 ± 7 for (N1)H sites.
[b] The acidity constants given in Table 5 for the uncoordinated ligands are used in the various comparisons, that is, Dpka/1� pKa/P(O)2(OH) (or pKa/(N1)H)ÿ pk1


and Dpka/2� pKa/P(O)2(OH) (or pKa/(N1)H)ÿpk2 . [c] Dpka/av� 1/2(Dpka/1�Dpka/2); these results correspond to those given in columns 6 and 7 of Table 5 under
DpK*a [Eq. (10)]. [d] The complex cis-(NH3)2Pt(dGuo)(dGMP ´ H)� has only a single ÿP(O)2(OH)ÿ group and therefore the measured acidity constant[19]


equals the micro acidity constant. [e] This is an unsymmetrical acid and therefore pk1 and pk1 are not equal; this holds also for pk2 and pk2. [f] The first value
refers to the release of the first proton from the (N1)H site of the (N7)-coordinated dGuo in cis-(NH3)2Pt(dGuo)(dGMP) and the second value to the same
reaction of the also (N7)-bound dGMP2ÿ ; for details see ref. [19]. [g] The first value refers to the release of the second proton from the remaining (N1)H site
in cis-(NH3)2Pt(dGuoÿH)(dGMP)ÿ and the second value correspondingly to the release of H� from cis-(NH3)2Pt(dGuo)(dGMPÿH)ÿ ; see ref. [19].


Figure 5. Equilibrium scheme for trans-[(NH3)2Pt(GMP ´ H)2] (which is written thus to indicate that the protons
are bound at the phosphate group) defining the micro acidity constants (k) and showing their interrelation with
the macro acidity constants (K). The arrows indicate the directions for which the acidity constants are defined.
Equations (16a), (16b), and (16c) show how the various constants are interlinked with each other.[54] See also the
text in Section 2.7 and the results summarized in Table 6 which include also other related systems.







FULL PAPER H. Sigel, B. Lippert et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2384 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 82384


acidification appears to be more pronounced; this is under-
standable because in the latter case a (N7)-bound M2� affects
a (N1)H� site; hence, a further charge effect is operating.


The much more subtle differences observed between cis
and trans isomers of Pt2� complexes are at this stage difficult
to explain. From the available results it is clear that all four
ligand atoms bound to Pt2� have an effect on the acidifying
properties of this metal ion and as a consequence of this,
replacement of NH3 in cis-(NH3)2Pt2�, for example, by
CH3NH2 alters the acidifying effect of (N7)-coordinated Pt2�


somewhat. Of course, as one might expect, the effect of (N7)-
bound Pt2� in guanine nucleotide complexes is smaller on the
more remote phosphate groups than it is on the closer (N1)H
sites. The effect of (N7)-coordinated metal ions on the
hydrogen bonding properties of nucleobases, especially re-
garding DNA, has been discussed recently[19] in a different
context and is not repeated here.


4. Experimental Section


4.1. Synthesis of the platinum(iiii) complexes: The following compounds
were prepared as previously: cis-[(NH3)2Pt(9-EtG)2]2�,[63] trans-
[(NH3)2Pt(9-EtG)2]2�,[64] trans-[(CH3NH2)2Pt(9-EtG)2]2�,[65] and trans-
[(CH3NH2)2Pt(1-MeC)(9-EtG)]2�.[66]


cis-[(CH3NH2)2Pt(9-EtG)2]2� was prepared in analogy to its NH3 species
from cis-[(CH3NH2)2PtCl2],[67] AgNO3, and 9-EtG. The product was passed
over Sephadex G10 and the fraction with the desired compound was
identified by 1H NMR (D2O, pD 6.7, TSP): d� 8.27 (s, H8); 4.18 (q, CH2 of
9-EtG); 1.45 (t, CH3 of 9-EtG) and 195Pt NMR spectroscopy (D2O, pD 6.7):
d�ÿ2512 (relative to [PtCl6]2ÿ).


trans-[(NH3)2Pt(GMP)2] ´ 5 H2O was prepared from trans-[(NH3)2PtCl2]
(75 mg, 0.25 mmol) and Na2GMP (407 mg, 1 mmol) which were stirred in
water (45 mL) with the pH adjusted to 6 (HNO3) for 12 h at 60 8C and an
additional 5 h at 60 8C with pH adjusted to 2.1. The greyish precipitate that
formed was filtered and redissolved in 15 mL H2O at 70 8C, and the solution
allowed to evaporate. 102 mg (39 %) of the compound was obtained this
way. 1H NMR (D2O, pD 4.3): d� 8.78 (s, H8); 6.04 (d, H1'); 4.54, 4.39, 4.17
(m, sugar); C20H42N12O21PtP2 (1043.8): calcd C 23.0, H 4.1, N 16.1; found C
22.7, H 3.9, N 16.3.


4.2. Materials for the titration experiments : Aside from the complexes
described in Section 4.1, the free ligands 9-methylguanine, 9-ethylguanine,
and 9-methylhypoxanthine were needed, and these were purchased from
Chemogen, Konstanz (Germany). Guanine, 2'-deoxyguanosine, and GMP
(disodium salt) were from Sigma Chemical Company, St. Louis (MO,
USA). The nitrate salts of Na�, Ni2�, and Cu2�, potassium hydrogen
phthalate, the disodium salt of edta, HNO3, and NaOH (Titrisol) (all pro
analysi) were from Merck AG, Darmstadt (Germany).


The aqueous stock solutions of the mentioned ligands and of the various
platinum(ii) complexes (Section 4.1) were freshly prepared daily and the
exact concentration was newly determined each time (see below); in the
case of the complexes, the pH of the stock solutions was adjusted with
NaOH to about 7.5 prior to the determination of their concentration. All
solutions were prepared with deionized, ultrapure (MILLI-Q185 PLUS,
from Millipore S.A., 67120 Molsheim, France), and CO2-free water. The
ligand concentration of solutions used for the potentiometric pH titrations
was always below 1mm, which means that self-association is certainly
negligible for these guanine derivatives.[30]


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


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


4.3. Potentiometric pH titrations : The pH titrations were carried out with a
Metrohm E536 potentiograph equipped with an E665 dosimat and a 6.0202
100(NB) combined macro glass electrode. The buffer solutions (pH 4.64,


7.00, 9.00, based on the NIST scale; for details see ref. [27]) used for
calibration were also from Metrohm AG, Herisau (Switzerland). The direct
pH-meter readings were used to calculate the acidity constants; i.e., these
constants are so-called practical, mixed, or Brùnsted constants.[27] Their
negative logarithms given for aqueous solutions at I� 0.1m (NaNO3) and
25 8C may be converted into the corresponding concentration constants by
subtracting 0.02 from the listed pKa values;[27] this conversion term contains
both the junction potential of the glass electrode and the hydrogen ion
activity.[27, 68] No conversion term is necessary for the stability constants of
the metal ion complexes; these are as usual concentration constants.


The ionic product of water (Kw) and the mentioned conversion term do not
enter into the calculations because we evaluate the differences in NaOH
consumption between solutions with and without ligand[27, 69] (see also below),
a procedure which also furnishes the concentration of the ligands directly.


All constants were calculated with an IBM-compatible desk computer with
a Pentium processor (connected to an Epson Stylus 1000 printer and a
Hewlett ± Packard 7475A plotter) by a curve-fit procedure using a New-
ton ± Gauss nonlinear least-squares program.


4.4. Determination of the equilibrium constants


4.4.1. 9-Methylguanine; acidity and complex stability constants: The acidity
constants KH


H�9-MeG� and KH
9-MeG of H(9-MeG)� and 9-MeG [Eqs. (1) and


(2)] were determined under two somewhat different sets of conditions, i.e.,
by titrating 25 mL of aqueous 6.0mm HNO3 (I� 0.1m, NaNO3; 25 8C) in the
presence and absence of 0.88 mm 9-MeG under N2 with 3 mL 0.06m NaOH
or by titrating 25 mL of aqueous 3.0mm HNO3 (I� 0.1m, NaNO3; 25 8C) in
the presence and absence of 0.43 mm 9-MeG under N2 with 3 mL 0.03m
NaOH. From the first set of experiments, the constants were calculated by
employing the difference in NaOH consumption between the two
mentioned titrations within the pH range 2.4 ± 10.6 corresponding to about
16% neutralization for the equilibrium H(9-MeG)�/9-MeG and about
92% for 9-MeG/(9-MeGÿH)ÿ, and within the pH range 2.7 ± 10.7
corresponding to about 28% neutralization for the equilibrium H(9-
MeG)�/9-MeG, and about 93% for 9-MeGH/(9-MeGÿH)ÿ in the second
set of experiments. The final result is the average of 16 independent pairs of
titrations.


The stability constants KM
M�9-MeG� [Eq. (3)] and KM


M�9-MeGÿH� [Eq. (4)] for the
M(9-MeG)2� and M(9-MeGÿH)� complexes, respectively, for Ni2� and
Cu2� were determined under the last mentioned conditions used for the
acidity constants, but NaNO3 was partly replaced by Ni(NO3)2 or Cu(NO3)2


(I� 0.1m ; 25 8C). The ratios of M2� :9-MeG were for Ni2� 18:1 and 36:1, for
Cu2� 7:1, 8.5:1, and 11:1. The two stability constants were computed with a
curve-fitting procedure by taking into account the species H�, H(9-MeG)�,
9-MeG, (9-MeGÿH)ÿ, M2�, M(9-MeG)2�, and M(9-MeGÿH)� (see also
ref. [70]). Throughout, the data were collected (every 0.1 pH unit) from the
lowest accessible pH to the beginning of the hydrolysis of M(aq)2� ; the
latter was evident from the titrations without 9-MeG. The individual results
showed no dependence on the excess of M2� used in the experiments. The
final results are the averages of 8 and 6 independent pairs of titrations for
the Ni2� and Cu2� complexes, respectively. The determination of the
stability of the Cu(9-MeGÿH)� complex was significantly hampered by
the beginning of the hydrolysis of Cu(aq)2� ; therefore, here and also in
other instances (Sections 4.4.2 and 4.4.3) the error limit of the correspond-
ing stability constant is rather large.


4.4.2. 9-Ethylguanine; acidity and complex stability constants : The acidity
constant KH


9-EtG [Eq. (2)] of 9-EtG was determined in three different sets of
titrations. In the first one 25 mL of aqueous 0.12 mm HNO3 (I� 0.1m,
NaNO3; 25 8C) were titrated in the presence and absence of 0.7mm 9-EtG
under N2 with 1 mL of 0.03m NaOH. The two other sets involved titration
of 25 mL of aqueous 5.0 mm HNO3 in the presence and absence of 1.0 mm
9-EtG under N2 with 3 mL of 0.06m NaOH or titration of 25 mL of aqueous
3.0mm HNO3 in the presence and absence of 0.43 mm 9-EtG under N2 with
3 mL of 0.03m NaOH (I� 0.1m, NaNO3; 25 8C). In the two latter sets of
titrations the acidity constant KH


H�9-EtG� [Eq. (1)] for H(9-EtG)� was
determined in addition. The experimental data were evaluated within the
pH range 7.9 ± 10.4 corresponding to about 2% to 87 % neutralization for
the equilibrium 9-EtG/(9-EtGÿH)ÿ in case of the first titration set. The
constants in the two other experimental sets were calculated within the pH
range corresponding to about 15 % (pH 2.5) neutralization for the
equilibrium H(9-EtG)�/9-EtG and about 94% (pH 10.8) neutralization
for 9-EtG/(9-EtGÿH)ÿ or within the pH range 2.6 ± 10.5 which corre-
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sponds to about 18% neutralization for the equilibrium H(9-EtG)�/9-EtG
and about 89% for 9-EtG/(9-EtGÿH)ÿ. The final results are the averages
of 12 and 16 independent pairs of titrations for pKH


H�9-EtG� and pKH
9-EtG,


respectively.


The stability constants KM
M�9-EtG� and KM


M�9-EtGÿH� for the M(9-EtG)2� and
M(9-EtGÿH)� complexes of Cu2� and Ni2� [Eqs. (3) and (4)] were
determined under the conditions of the last-mentioned set of titrations used
for the acidity constants but NaNO3 was partly or fully replaced by
M(NO3)2 (I� 0.1m ; 25 8C). The M2� to ligand ratios were 39:1 and 77:1 for
Ni2�, and 7.5:1 and 15:1 for Cu2�. The calculations were done analogously
to those described in Section 4.4.1. The final results are the averages of four
independent pairs of titrations in the case of both metal ions.


4.4.3. 2'-Deoxyguanosine; acidity and complex stability constants : The
constants KH


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


determined by titrating 25 mL of aqueous 6.0mm HNO3 (I� 0.1m, NaNO3;
25 8C) in the presence and absence of 0.93 mm dGuo under N2 with 3 mL
0.06m NaOH. The pH range 2.5 ± 10.4 used for the calculations by
employing the difference in NaOH consumption between the two
mentioned titrations, corresponded to about 61% (pH 2.5) neutralization
for the equilibrium H ´ dGuo/dGuo and 94% (pH 10.4) for dGuo/(dGuoÿ
H)ÿ. The final results for the two acidity constants are the averages of 16
independent titration pairs.


The stability constants KM
M�dGuo� and KM


M�dGuoÿH� for the M(dGuo)2� and
M(dGuoÿH)� complexes [Eqs. (3) and (4)] of Cu2� and Ni2� were
determined under the conditions given for the acidity constants but NaNO3


was partly or fully replaced by M(NO3)2 (I� 0.1m ; 25 8C). The metal to
ligand ratios used in the experiments were 36:1 and 18:1 for Ni2�and 11:1,
9:1 and 5.6:1 for Cu2�. The two stability constants were computed by taking
into account in analogy the species indicated in Section 4.4.1. The final
results are the averages of 3 and 7 independent pairs of titrations for the
stability constants of the complexes formed with Ni2� and Cu2�, respectively.


4.4.4. Guanine; acidity constants : The acidity constants KH
H�Guanine� and


KH
Guanine for guanine [Eqs. (1) and (2)] were determined by titrating 50 mL


of aqueous 3.0 mm HNO3 (I� 0.1m, NaNO3; 25 8C) in the presence and
absence of 0.4 mm guanine under N2 with 3 mL 0.06m NaOH. The
calculations were processed in the pH range 3.0 ± 10.4, which corresponds
approximately to a neutralization degree of 34 % for the equilibrium
H(guanine)�/guanine and to about 92% for guanine/(guanineÿH)ÿ. It
should be mentioned that because of solubility problems guanine was
dissolved in a basic solution which was then acidified before the titrations.
The results for the two acidity constants are the averages of 7 independent
pairs of titrations.


4.4.5. 9-Methylhypoxanthine; acidity constants : The acidity constants
KH


H�9-MeHypx� and KH
9-MeHypx [Eqs. (1) and (2)] were determined by titrating


25 mL of aqueous 6.0mm HNO3 (I� 0.1m, NaNO3; 25 8C) in the presence
and absence of 1.0 mm 9-MeHypx under N2 with 3 mL 0.06m NaOH. The
pH range used for the calculations corresponds to a neutralization degree
of about 73% (pH 2.3) for the equilibrium H(9-MeHypx)�/9-MeHypx and
to one of about 96 % (pH 10.6) for 9-MeHypx/(9-MeHypxÿH)ÿ. The final
results are the averages of 8 pairs of titrations.


4.4.6. cis-[(NH3)2Pt(9-EtG)2]2� ; acidity constants : For cis-[(NH3)2Pt(9-
EtG)2]2� the acidity constants KH


Pt�9-EtG�2 and KH
Pt�9-EtG��9-EtGÿH� [Eqs. (8)


and (9)] were determined by titrating 25 mL of aqueous 0.12 mm HNO3


(I� 0.1m, NaNO3; 25 8C) in the presence and absence of 0.35 mm cis-
[(NH3)2Pt(9-EtG)2]2� or 50 mL of aqueous 0.06 mm HNO3 (I� 0.1m,
NaNO3; 25 8C) in the presence and absence of 0.27 mm cis-[(NH3)2Pt(9-
EtG)2]2� under N2 with 1 mL 0.03m NaOH. The constants were calculated
within a pH range corresponding to a neutralization degree of about 4%
(pH 6.6) for the equilibrium cis-[(NH3)2Pt(9-EtG)2]2�/cis-[(NH3)2Pt(9-
EtG)(9-EtGÿH)]� and of about 98 % (pH 10.4) for cis-[(NH3)2Pt(9-
EtG)(9-EtGÿH)]�/cis-[(NH3)2Pt(9-EtGÿH)2]. The final results are the
averages of seven independent pairs of titrations.


4.4.7. trans-[(NH3)2Pt(9-EtG)2]2� ; acidity constants : Because of the low
solubility of the nitrate salt of this complex in aqueous solution, HCl and
NaCl had to be used instead of HNO3 and NaNO3, and also in much lower
concentrations than usual. The acidity constants KH


Pt�9-EtG�2 and
KH


Pt�9-EtG��9-EtGÿH� of trans-[(NH3)2Pt(9-EtG)2]2� [Eqs. (8) and (9)] were
determined by titrating 75 mL of aqueous 0.04 mm HCl (I� 0.1m, NaCl;
25 8C) in the presence and absence of 0.035 mm trans-[(NH3)2Pt(9-EtG)2]2�


under N2 with 1 mL 0.01m NaOH. The constants were calculated within the


pH range corresponding to about 2 % (pH 6.2) neutralization for the
equilibrium trans-[(NH3)2Pt(9-EtG)2]2�/trans-[(NH3)2Pt(9-EtG)(9-EtGÿ
H)]� and about 92 % (pH 9.6) neutralization for trans-[(NH3)2Pt(9-
EtG)(9-EtGÿH)]�/trans-[(NH3)2Pt(9-EtGÿH)2]. The final results are
the averages of ten independent pairs of titrations.


4.4.8. cis-[(CH3NH2)2Pt(9-EtG)2]2� ; acidity constants : The corresponding
acidity constants as defined by Equations (8) and (9) were determined by
titrating 25 mL of aqueous 0.12 mm HNO3 (I� 0.1m, NaNO3; 25 8C) in the
presence and absence of 0.40 mm cis-[(CH3NH2)2Pt(9-EtG)2]2� or 50 mL
0.06 mm HNO3 (I� 0.1m, NaNO3; 25 8C) in the presence and absence of
0.09 mm cis-[(CH3NH2)2Pt(9-EtG)2]2� under N2 with 1 mL 0.03m NaOH.
The pH range used in the calculations corresponded to an approximate
neutralization degree of 1 % (pH 6.1) for the equilibrium cis-
[(CH3NH2)2Pt(9-EtG)2]2�/cis-[(CH3NH2)2Pt(9-EtG)(9-EtGÿH)]� and to
one of about 98 % (pH 10.3) for cis-[(CH3NH2)2Pt(9-EtG)(9-EtGÿH)]�/
cis-[(CH3NH2)2Pt(9-EtGÿH)2]. The corresponding results are the aver-
ages of seven independent pairs of titrations.


4.4.9. trans-[(CH3NH2)2Pt(9-EtG)2]2� ; acidity constants: The compound
trans-[(CH3NH2)2Pt(9-EtG)2]2� is not easily dissolved in aqueous solution.
Therefore three different stock solutions were prepared: The first one
contained 0.0398 g substance in 75 mL water (ca. 6.7 ´ 10ÿ4m) and the
second one 0.02052 g substance in 82.5 mL water (ca. 3.1 ´ 10ÿ4m). For the
third stock solution only 0.01129 g substance was dissolved in 82.5 mL
water, corresponding to a concentration of about 1.7 ´ 10ÿ4m. From the first
stock solution 25 mL of a titration solution which was 0.402 mm in the
complex and 0.12 mm in HNO3 were prepared. From the second and third
stock solutions 50 mL of titration solutions were made which were 0.248
and 0.136 mm in the complex, respectively, and each was also 0.06 mm in
HNO3; the ionic strength was always adjusted to 0.1m with NaNO3 (25 8C).
These solutions as well as the corresponding ones without complex were
titrated under N2 with 1 mL 0.03m NaOH. The pH range used for the
calculations corresponded to about 1 % (pH 6.0) neutralization for the
equilibrium trans-[(CH3NH2)2Pt(9-EtG)2]2�/trans-[(CH3NH2)2Pt(9-EtG)-
(9-EtGÿH)]� and 93 % (pH 9.9) for trans-[(CH3NH2)2Pt(9-EtG)(9-
EtGÿH)]�/trans-[(CH3NH2)2Pt(9-EtGÿH)2]. The results for the two
constants according to Eqs. (8) and (9) are the averages of nine
independent pairs of titrations.


4.4.10. trans-[(CH3NH2)2Pt(1-MeC)(9-EtG)]2� ; acidity constant : The acid-
ity constant according to Equation (8) of this complex was determined by
titrating 25 mL of aqueous 0.12 mm HNO3 (I� 0.1m, NaNO3; 25 8C) in the
presence and absence of 0.35 mm trans-[(CH3NH2)2Pt(1-MeC)(9-EtG)]2�


under N2 with 1 mL 0.03m NaOH. The constant was calculated in the pH
range 6.4 ± 9.8, which corresponds to a neutralization degree of about 2%
to 98% for the equilibrium trans-[(CH3NH2)2Pt(1-MeC)(9-EtG)]2�/ trans-
[(CH3NH2)2Pt(1-MeC)(9-EtGÿH)]� . The result is the average of five
titration pairs.


4.4.11. trans-[(NH3)2Pt(GMP)2]2ÿ ; acidity constants: The constants
KH


Pt�GP�H�2 , KH
Pt�GP�H��GP�, KH


Pt�GP�2 , and KH
Pt�GP��GPÿH� for trans-[(NH3)2-


Pt(GMP)2]2ÿ as defined in Equations (12) ± (15) were determined by
titrating 25 mL of aqueous 0.8mm HNO3 (I� 0.1m, NaNO3; 25 8C) in the
presence and absence of 0.2 to 0.3 mm complex under N2 with 2 mL 0.02m
NaOH. The constants were computed by employing the difference in
NaOH consumption between the two mentioned titrations in the pH range
(pH 3.9) corresponding to about 2 % neutralization for the equilibrium
Pt(GP ´ H)2/Pt(GP ´ H)(GP)ÿ and about 87 % (pH 9.8) or 93 % (pH 10.1)
for the one of Pt(GP)(GPÿH)3ÿ/Pt(GPÿH)4ÿ


2 . The final results given for
the four acidity constants are the averages from eight independent pairs of
titrations.
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A Bichromophore Based on Perylene and Terrylene for Energy Transfer
Studies at the Single-Molecule Level


Peter Schlichting,[a] Bettina Duchscherer,[a] G. Seisenberger,[b] Thomas BascheÂ,[c]


Christoph Bräuchle,[b] and Klaus Müllen*[a]


Abstract: A functionalized dialkylpery-
lene and a modified terrylenetetracar-
boxdiimide (TTCDI) were joined to-
gether by a hexanediyl spacer. The
resulting bichromophoric molecule 4 is
a suitable model system for donor ± ac-
ceptor energy transfer studies at the
single-molecule level. With its absorp-
tion and fluorescence maximum at
shorter wavelengths (lmax� 450 nm,
lfl� 458 nm) the dialkylperylene acts as


the donor, while the TTCDI with lmax�
665 nm and lfl� 705 nm is the acceptor
molecule. The synthetic route to the new
bichromophoric molecule and its optical
properties (UV/Vis, fluorescence spec-


troscopy) are presented herein. Energy
transfer from the perlyene to the terry-
lene moiety was confirmed by conven-
tional ensemble fluorescence excitation
and emission spectroscopy. Single bi-
chromophores 4 embedded in polyvinyl-
butyral were imaged with a scanning
confocal optical microscope at room
temperature by selectively exciting the
perylene chromophore and detecting
the terrylene emission.


Keywords: bichromophores ´ do-
nor ± acceptor systems ´ dyes ´ fluo-
rescence spectroscopy ´ UV/Vis
spectroscopy


Introduction


The transfer of electronic excitation energy from a donor to
an acceptor chromophore by the Förster mechanism is a well-
known technique used to measure distances in the range of
nanometers.[1, 2] Recent studies have shown that this process
can also be observed at the level of a single donor ± acceptor
pair thereby entering the area of single-molecule spectro-
scopy.[3, 4] The goal of the present work was to design and
synthesize a bichromophore in which the donor and acceptor
parts are covalently linked; this should serve as a versatile
model system for single-molecule energy transfer.


In a typical energy transfer couple the excited donor
molecule besides deexcitation by fluorescence emission can
transfer its energy to a nearby acceptor molecule. The
acceptor then releases the energy through fluorescence
radiation and nonradiative internal conversion. Depending


on the donor ± acceptor distance, the electronic energy trans-
fer takes place through dipole ± dipole or exchange interac-
tions.[5]


Over the past few years a number of microscopic and
frequency selective techniques have been employed to isolate
and detect the fluorescence of a single chromophore in the
condensed phase.[6, 7] While the extension of single-molecule
fluorescence imaging at room temperature to single-pair
energy transfer studies is straightforward, low-temperature
frequency-selective single-molecule detection is more de-
manding with respect to the properties of the molecular
system to be investigated. As the bichromophore described in
this paper was designed for general purpose single-molecule
studies without restriction to specific experimental conditions,
the system selected had to strictly combine the following
properties, such as a strong absorption, a fairly high fluo-
rescence quantum yield, a high chemical and photochemical
stability, a low photobleaching efficiency at room temper-
ature, a weak electron ± phonon coupling at low temperature,
and a negligible population of bottleneck states.[8] Especially
the electron ± phonon coupling part, which is imperative for
the observation of strong and sharp zero-phonon lines at low
temperatures, dramatically limits the number of suitable
donor ± acceptor combinations. After careful consideration
we decided to focus on a perylene ± terrylene pair where both
chromophores meet the above requirements, and the spectral
characteristics would allow energy transfer. Because it proved
to be very difficult to connect the pure unsubstituted aromatic
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hydrocarbons by a spacer molecule, extensive synthetic
efforts were necessary to first appropriately modify and then
chemically link the modified chromophores.


The bichromophore was finally assembled from a dialkyl-
perylene 1 (X� -CN, -COOH, -OH; R� 4-tert-butylphenoxy)
and the recently synthesized terrylenetetracarboxdiimide
(TTCDI) 2 with an alkanediyl spacer.[9, 10] Both chromophores
proved to be excellently suitable for single-molecule spectro-
scopy under various conditions.[8] As the TTCDI absorption


has virtually no overlap with the perlyene 1 absorption, the
latter can be excited selectively in the bichromophore.
Besides the synthetic route to the novel bichromphoric
molecule, we also present the results of absorption and
fluorescence spectroscopy that verify the occurrence of
efficient energy transfer. Additionally, the first successful
attempts to image the energy transfer of a single bichromo-
phore will be discussed.


Results and Discussion


Synthesis of the bichromophore : The synthesis of bichromo-
phore 4 (R� 4-tert-butylphenoxy) was based on the recent
discovery of a new way to functionalize perylene (3) and to link
this functionalized dialkylperylene 1 to terrylenetetracarbox-
diimide (TTCDI) 2 (R� 4-tert-butylphenoxy).[9, 10] In partic-
ular, the bichromophore which contains a hexanediyl chain as


a spacer was obtained by connecting three key molecules,
namely 3-(6-aminohexyl)-9(10)-hexylperylene (5), N-(2,6-di-
isopropylphenyl)-1,6-di(4-tert-butylphenoxy)-9-(tributyltin)-
perylene-4,5-dicarboximide (6 ; R� 4-tert-butylphenoxy), and
the commercially available 1-bromonaphthalene-4,5-dicar-
boximide (7).


As the starting material for the synthesis of 5 we used
3-bromoperylene (8), which was isolated in 92 % yield after a
NBS (N-bromosuccinimide) bromination of perylene (3) in
DMF.[11, 12] We then treated the bromoperylene 8 with
1-hexyne under Hagihara coupling conditions followed by a
catalytic hydrogenation of the triple bond of 1-hexynylper-
ylene (9), which gave 3-hexylperylene (10) in an overall yield
of 100% (Scheme 1). Further bromination of 10 produced a 1:1
isomeric mixture of 3-bromo-9-hexyl- and 3-bromo-10-hexyl-
substituted perylene 11, which could not be separated by
chromatographic methods. In earlier experiments, however, a


Scheme 1. Synthesis of aminoperylene 5 : a) 1-hexyne, piperidine/THF,
CuI, [Pd(PPh3)4], 80 8C, 14 h, 98%; b) H2, THF, Pd/C (10 %), room
temperature, 2 ± 3 h, 100 %; c) NBS, DMF, room temperature, 24 h, 80%;
d) 5-cyano-1-pentynyl, piperidine/THF, CuI, [Pd(PPh3)4], 80 8C, 14 h, 98%;
e) H2, THF, Pd/C (10 %), room temperature, 2 ± 3 h, 100 %; f) B2H6 ´ THF,
THF, reflux, 5 h, 80 %.
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mixture of these isomers showed no significant differences in
solubility, absorption, and reactivity compared with the pure
3,10-substituted isomers.[9] Although 3,9- and 3,10-isomers are
present, only the 3,9-isomers are shown in the following
schemes for the sake of simplicity. This refers to all schemes in
this paper. The hexylmonobromide 11 was again subjected to
a Hagihara coupling with 5-hexynonitrile followed by a
catalytic hydrogenation of the alkyne 12 to give 3-(5-
pentylnitrile)-9(10)hexylperylene (13) in almost quantitative
yield. In the last step towards the generation of a mono-
functionalized dialkylperylene, the nitrile 13 was reduced with
a B2H6 ´ THF complex quantitatively to yield 3-(6-amino-
hexyl)-9(10)-hexylperylene (5).


The second key molecule was the tributyltin perylene
derivative 6. This compound was produced in a three-step
synthesis starting from the perylenedicarboximide 14, which
was supplied by BASF AG. The first reaction step was a
threefold bromination of the perylene core of 14, which
afforded the perylene-1,6,9-tribromodicarboximide 15 in 96 %
yield (Scheme 2).[13] Note that compound 15 is not an isomeric


Scheme 2. Synthesis of tin compound 6 (R� 4-tert-butylphenoxy): a) Br2,
CHCl3, reflux, 6 h, 96 %; b) 4-tert-butylphenol, K2CO3, NMP, 120 8C, 6 h,
32%; c) hexabutylditin, [Pd(PPh3)4], toluene, reflux, 2 d, 73 %.


mixture. As a result of the different reactivities of the three
bromine atoms in 15, it was possible to synthesize the
diphenoxyperylene 16 by selective substitution of the two
bromine atoms in the bay-region of the perylene 15. The red
diphenoxy-substituted compound 16 was isolated in 32 %
yield.[13]


It is very important to note that the etherfication took place
without affecting the bromine atom in the 9-position, as this
should be converted into the stannane 6 in a subsequent step.
The two tert-butyl-phenoxy side groups were introduced to
ensure that the bichromophore 4 and the other precursors


would be soluble for the various chromatographic purifica-
tions. The stannylation of the monobrominated compound 16
was the crucial reaction step in the overall synthesis of the
bichromophoric system 4. Usually aromatic stannyl com-
pounds are generated by metalation of the aromatic halide
and subsequent nucleophilic attack on the trialkylstannyl
chloride.[14, 15] In this particular case it was obvious that we
could not use any metalation reactions in the presence of the
highly reactive carboxy groups. As an alternative to this type
of stannylation, we focused on a palladium-catalyzed stanny-
lation that was first reported by A. Pidcock and already
successfully utilized by us on perylene systems.[10, 16] In this
stannylation reaction, the aryl bromide or iodide is directly
converted to the aryl tributylstannane with hexabutylditin in
the presence of palladium(0) and palladium(ii) catalysts. We
subjected our monobromoperylene 16 to these reaction
conditions and were able to obtain the stannyl compound 6
after chromatography in 73 % yield.


For the final assembly of the bichromophore, the amino-
perylene 5 was first connected in an imidization reaction with
the commercially available 4-bromo-1,8-naphthyldicarboxan-
hydride (7) (Scheme 3). The coupling product 17 offered the


Scheme 3. Synthesis of 17: a) NMP, glacial acetic acid, 85 8C, 6 h, 80%.


opportunity to link the dialkyperylene 5 to the functionalized
perylenedicarboximide 6, which could then be converted into
the terrylentetracarboxdimide (TTCDI) core.


The molecules 6 and 17 were linked by means of a Stille
coupling to give the red coupling product 18 in 45 % yield
after chromatography (Scheme 4). The last step in this
synthesis was the generation of the terrylene core of the
bichromophoric molecule 4 by oxidative cyclization of the
naphthalene and the perylene dicarboximide of 18 in a KOH
melt.[17] This reaction was already successfully applied for the
synthesis of several quaterrylene and terrylenediimides.[13]


During the cyclization the color of the mixture turned from
bright red to black. After chromatographic purification on
preparative silica-gel glass plates, target molecule 4 was
obtained in 40 % yield as a deep green, almost black
amorphous powder. The bichromophore 4 shows a good
solubility in most organic solvents, while giving a strong green
color as the spectral sum of the yellow perylene and the blue
terrylenediimide building blocks. This color was a first
qualitative proof for the existence of bichromophoric mole-
cule 4.
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Scheme 4. Synthesis of bichromophore 4 (R� 4-tert-butylphenoxy):
a) [Pd(PPh3)4], toluene, reflux, 4 d, 45 %; b) KOH/glucose, EtOH, 60 ±
90 8C, 8 h, 40%.


All compounds were characterized by elemental analysis,
FD-mass spectrometry, NMR, IR, and UV/Vis spectroscopy.
Figure 1 shows the field desorption mass spectrum of the
target compound 4. Besides the molecular [M]� signal at
1389.3 g molÿ1 the signal of the two times cluster [M2]� with
2778.6 g molÿ1 and the double charged species of 4 with half
the molecular mass at 694.6 g molÿ1 could be detected.


Figure 1. Field desorption mass spectrum of the bichromophore 4.


Optical spectroscopy of the bichromophore : The most vivid
method to confirm the existence of the molecules 17, 18, and 4
is based on UV/Vis absorption spectroscopy because each
molecule we used to build the bichromophore 4 exhibits its
own specific UV/Vis pattern. Compound 17, which consists of
a 3,9(10)-dialkylperylene and an alkyl-substituted naphtha-
lenedicarboximide, shows the absorption bands of both mole-
cules. While the naphthalene derivative of 17 exhibits its
longest absorption wavelength between 320 nm and 360 nm,
the perylene component of 17 shows the typical fine structure
in the range of 390 nm to 460 nm (Figure 2). An analogous
behavior can be observed in the UV/Vis spectra of 18 and the


Figure 2. UV/Vis absorption spectrum of 17 (CHCl3).


target molecule 4 (Figures 3 and 4). The spectrum of 18
exhibits the absorption of a naphthalenedicarboximide
(lmax� 340 nm), a dialkylperylene (lmax� 424 nm, 453 nm)
and a perylenedicarboximide derivative (lmax� 520 nm). Al-
though the absorptions of the dialkylperylene and the
perylenedicarboximide show some overlap, it is still possible
to distinguish the contributions of both molecules (Figure 3).


Figure 3. UV/Vis absorption spectrum of 18 (CHCl3); R� 4-tert-butyl-
phenoxy.


In comparison with the uncyclized molecule 18 the UV/Vis
spectrum of the bichromophore 4 (Figure 4) displays the
absorption only of the dialkylperylene and the terrylenedi-
imide unit. As a result of the extended p system the absorption
of the terrylene component in 4 (lmax� 665 nm) is batho-
chromically shifted compared with the perylenecarboximide
unit in 18 (lmax� 520 nm) (Figure 3) and shows only very weak
overlap with the dialkylperylene part (lmax� 452 nm) of the
bichromophore 4. The overall absorption spectrum of 4 can be
approximated by the sum of the spectra of the constituent
perylene and terrylene moieties. The only difference relates to
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Figure 4. UV/Vis absorption spectrum of 4 (CHCl3); R� 4-tert-butyl-
phenoxy.


the vibronic progressions, which are less resolved in the
bichromophoric molecule. A possible explanation invokes a
slightly hindered rotation between the two chromophores
which may result in low frequency torsional motions smearing
out the vibronic structure of the absorption spectrum.


In the next step we addressed the energy transfer between
the two chromophores. Inserting the overlap integral of the
fluorescence spectrum of the perylene unit and the absorption
spectrum of the terrylene unit into the standard formula given
in the literature we estimated the Förster radius R0 to be
approximately 33 � for the bichromophore 4.[1, 2, 5]


The Förster radius R0 denotes the donor ± acceptor distance
at which 50 % of the energy is transferred. k2 which is related
to the relative orientation between the transition dipoles was
set to 2�3 ; this accounts for a statistical distribution of the
dipoles. The hexanediyl chain linking the two chromophores is
clearly shorter than the Förster radius R0. Additionally,
because of the flexibility of the alkanediyl chain, numerous
configurations exist in solution with varying distances and
orientations of the interacting dipoles. For very short dis-
tances even exchange coupling may be possible. Based on
these arguments, we expect efficient energy transfer in the
bichromophore after selective excitation of the perylene
donor moiety.


A fluorescence spectrum recorded after excitation at lexc�
410 nm is shown in Figure 5. As expected, the spectrum
consists of perylene as well as terrylene emissions. If no
absorption of terrylene in the range of the excitation wave-
length is considered (see Figure 4), the only possible explan-
ation for the terrylene fluorescence is the occurrence of an
electronic energy transfer from the perylene to the terrylene
unit. The existence of an intense perylene emission indicates
that only part of the electronic excitation energy is transferred
which is probably related to orientational factors influencing
the transfer efficiency.[2] We also recorded emission spectra
with an excitation wavelength of lexc.� 665 nm. In this case
only terrylene emission was observed.


Figure 5. Fluorescence emission spectrum of 4 ; lexc.� 410 nm (CH2Cl2);
R� 4-tert-butylphenoxy.


The bichromophore 4 was further investigated by fluores-
cence excitation spectroscopy, which confirmed the transfer of
electronic energy. The shape of the excitation spectrum in
Figure 6 is very similar to that of the absorption spectrum of 4


Figure 6. Excitation spectrum of 4 (CH2Cl2); R� 4-tert-butylphenoxy.


(see Figure 4). The main difference between both spectra is
the relative intensity ratio of the perylene and terrylene parts.
To record an excitation spectrum, the fluorescence intensity
was measured at a fixed emission wavelength as a function of
the excitation wavelength. In the present case the emission
was detected at a wavelength of 780 nm. In this spectral region
no perylene emission is expected at all because it is restricted
to shorter wavelengths. Therefore, without interaction be-
tween the covalently linked chromophores no perylene
absorption could be monitored in the excitation spectrum
under the given conditions. The appearance of the perylene
part in the excitation spectrum in Figure 6 (370 ± 470 nm) is
again indicative of energy transfer between the two moieties
of the bichromophore. If the excitation energy would be
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transferred completely from perylene to terrylene the relative
spectral intensities of the chromophores should be similar in
the absorption and excitation spectra.


One possible explanation for the terrylene emission after
excitation of the perylene moiety is the trivial process of
reabsorption. The strongest evidence against this assumption
follows from the observation of single-pair energy transfer. In
these experiments extremely small sample volumes contain-
ing only a single bichromophore are investigated. Under these
conditions the only mechanism to create the terrylene
emission is the interaction between two transition dipoles in
their optical near-field.


Single-molecule experiments : After the electronic energy
transfer had been established by conventional excitation and
emission spectroscopy we proceeded to experiments at the
single-molecule level. For this purpose we prepared thin films
of polyvinylbutyral (PVB) by the spin-coating technique,
which were doped at very low concentration with the
bichromophore 4. The samples were mounted in a scanning-
confocal microscope operated at room temperature. The
details of the microscope can be found elsewhere.[18] The
sample was excited with a He-Cd-laser at 442 nm and the
emission light was detected with an avalanche photodiode
after it had been passed through a 442 nm notch-filter to reject
the excitation light and an RG 610 long-pass filter to reject
any emission from the perylene part of the bichromophore.
Consequently the perylene moiety was excited and only
terrylene emission was detected.


A fluorescence image of the dye-doped polymer film is
shown in Figure 7. The data was gathered by line scanning of
the sample from botton to top through the focus of the
microscope objective. Each of the bright spots corresponds to
the emission of a single bichromophore. Specifically, as we
excite the donor (perylene) part and detect the acceptor


Figure 7. Fluorescence image of single donor ± acceptor pairs of the
bichromophore 4 in PVB at room temperature. The data was gathered
by exciting the perylene moiety of the bichromophore at 422 nm and
detecting the terrylene fluorescence emission at wavelengths >610 nm.


(terrylene) emission, we observe only those bichromophores
where energy transfer takes place. As checked in separate
experiments, most of the molecules also emit in the blue.
However, this emission does not contribute to the signals in
Figure 7 as a result of filtering.


To prove that we are indeed looking at a single molecule,
common testing procedures were applied and these were
found to also be valid for the bichromophore investigated
here. First, the signal could be lowered to the background
level by rotating the polarization of the laser light. This
behavior is expected only for the observation of a single
molecule with a well-defined transition dipole. Second, after
prolonged irradiation the fluorescence signal at a given spot
ceased abruptly indicating discrete photo-bleaching. Accord-
ing to these observations, we have succeeded in utilizing
energy transfer to image single donor ± acceptor pairs of the
bichromophore 4. The intensity differences between the
various spots seen in Figure 7 may be caused by a number
of reasons which in terms of the energy transfer process
include variations in donor ± acceptor distance or their
relative orientation.


Conclusion


We have described the synthesis of a novel bichromophoric
molecule that is tailor-made to study electronic energy
transfer at the single-molecule level. The design of the
molecule was defined by the stringent requirements to
achieve single-molecule sensitivity under various experimen-
tal conditions. An appropriate solution was found by linking a
dialkylperylene and a terrylenetetracarboxdiimide with a
hexanediyl spacer. The assembly of the bichromophore 4
relied on recently developed novel synthetic approaches for
the modification of rylene chromophores.[10] The energy
transfer from the perylene donor to the terrylene acceptor
was observed unambiguously by fluorescence excitation and
emission spectroscopy. Subsequently, confocal microscopy at
room temperature was employed to image single donor ± ac-
ceptor couples through the energy transfer process.


The results presented in this paper indicate a number of
promising future research directions. With regard to the
bichromophore itself, synthetic efforts will focus on the
implementation of longer and more rigid spacers. On the
other hand some flexibility in the interconnecting chain is
quite desirable, because it will offer the possibility to study
changes in distance or orientation between the two chromo-
phores. Such alterations can be extracted from the relative
intensity changes of the perlyene and terrylene emission
spectra, respectively. Thus single-molecule donor ± acceptor
energy transfer experiments might allow to monitor
molecular motions in the nanometer range. Additionally,
since the chromophores were selected by their ability to
exhibit narrow zero-phonon lines at low temperature,
optical high resolution studies of the interacting pair will be
possible in the future.
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Experimental Section


All commercially available reagents and solvents were used without further
purification unless otherwise stated. THF, DMF, and piperidine were
purified and dried according to standard procedures.[19] The argon used was
passed through an oxygen scavenger (BTS catalyst, BASF AG), silica gel,
and then KOH pellets. Hydrogen gas was purchased from Linde and used
without further purification; hexynonitrile, 1-hexyne, bromine (Br2),
[Pd(PPh3)4], N-bromsuccinimide, palladium on charcoal (10 % palladium),
p-tert-butylphenol, hexabutylditin, and borane/THF complex (1m solution
stabilized with <0.005m NaBH4) were purchased from Aldrich and used
without further purification; 3-bromoperylene was prepared as described
in the literature;[11, 12] 1H NMR: Varian Gemini 200 (200 MHz), Bruker
AC300 (300 MHz), Bruker AMX 500 (500 MHz); 13C NMR: Varian
Gemini200 (50.32 MHz), Bruker AC 300 (75.48 MHz), Bruker AMX 500
(125.80 MHz); UV/Vis: Perkin ± Elmer Lambda 9, Perkin ± Elmer Lamb-
da15 (peak assignment: S� shoulder); FD-MS: ZAB2-SE-FPD (VG
Instruments); IR: Nicolet FT-IR 320; melting points (uncorrected): Büchi
melting point apparatus; thin-layer chromatography (TLC): ready-to-use
silica gel 60 F254 plates (Merck); column chromatography: silica gel,
particle size 70 ± 230 mesh (Merck, Geduran Si 60) and aluminum oxide
(Merck, Geduran AL 90) with the eluents indicated; elemental analyses
were performed by BASF AG and by the Department of Chemistry and
Pharmacy of the University of Mainz. 3-(1-Hexynyl)perylene (9), 3-hexyl-
perylene (10), 3-bromo-10(11)-hexylperylene (11), 3-(6-cyano-1-pentynyl)-
10(11)-hexylperylene (12), 3-(6-cyanopentyl)-10(11)-hexylperylene (13),
and 3-(7-aminohexyl)-10(11)-hexylperylene (5) were prepared as described
in the literature.[9]


N-(2,7-Diisopropylphenyl)-1,7,10-tribromoperylene-3,4-dicarboximide
(15): N-(2,6-Diisopropylphenyl)perylene-3,4-dicarboximide (14) (10 g,
21 mmol) was dissolved in chloroform (1.5 L), and bromine (60 mL) was
added under vigorous stirring and finally refluxed for 6 h. After completion
of the bromination the mixture was allowed to cool down to room
temperature and poured into a solution of water (2 L), KOH (15 g), and
sodium sulfite (10 g) under vigorous stirring. To destroy the remaining
bromine the addition of KOH and sodium sulfite was continued until the
color changed from dark red-brown to a strong orange. The organic layer
was dried over magnesium sulfate and the chloroform evaporated. The
orange product 15 (14.5 g, 96%) was used for further reactions without any
purifications. For characterization analytical amounts were purified by
column chromatography on silica gel (1� 17 cm, CH2Cl2). M.p. >300 8C;
1H NMR (500 MHz, CDCl3): d� 9.34 ± 9.32 (d, 1H, J� 7.5 Hz; Ar-H),
9.13 ± 9.10 (d, 1 H, J� 8 Hz; Ar-H), 8.94 (s, 1H; Ar-H), 8.93 (s, 1 H; Ar-H),
8.46 ± 8.44 (d, 1H, J� 8 Hz; Ar-H), 7.99 ± 7.97 (d, 1H, J� 8 Hz; Ar-H),
7.82 ± 7.79 (t, 1H, J� 8 Hz; Ar-H), 7.53 ± 7.50 (t, 1H, J� 7 Hz; Ph-H), 7.36 ±
7.34 (d, 2 H, J� 7 Hz; 2 Ph-H), 2.75 ± 2.71(m, 2H; 2CH(CH3)2), 1.21 ± 1.19
(d, 12H, J� 6 Hz; 2CH(CH3)2); 13C NMR (125 MHz, [D8]THF): d� 162.54
(C�O), 145.63, 135.37, 135.15, 134.56, 131.62, 130.92, 130.69, 130.33, 130.28,
129.82, 129.78, 129.58, 128.86, 128.75, 127.53, 126.94, 126.91, 126.74, 126.50,
124.14, 120.94, 120.89, 119.24, 119.02, 29.25, 23.98; UV/Vis (dioxane): lmax


(e)� 513 (33 013), 401 (3398), 379 nm (3116); MS (8 kV, FD): m/z (%):
719.0 (100) [M]� ; C34H24NO2Br3 (718.28): calcd C 56.85, H 3.37, N 1.95, Br
33.37; found C 56.56, H 3.50, N 1.92, Br 32.75.


N-(2,7-Diisopropylphenyl)-1,7-bis(4-tert-butylphenoxy)-10-bromopery-
lene-3,4-dicarboximide (16): Tribromoperylene 15 (15 g, 20.6 mmol), 4-tert-
butylphenol (6.2 g, 41.3 mmol), and K2CO3 (6.5 g, 46.9 mmol) were
dissolved in N-methyl-2-pyrrolidinone (NMP) (500 mL). After 6 h at
120 8C the reaction mixture was allowed to cool to room temperature and
then poured while stirring into aqueous HCl (2 L; pH 1). The precipitate
was filtered, washed with water, dried under vacuum, and purified by
column chromatography on silica gel (12� 120 cm, toluene). The product
was dissolved in CH2Cl2 and precipitated with MeOH. After filtering and
drying, the red product 16 (5.80 g, 32 %) was obtained. M.p. 297 8C;
1H NMR (500 MHz, CDCl3): d� 9.41 ± 9.40 (d, J� 8 Hz, 1H; Ar-H), 9.16 ±
9.15 (d, J� 8.5 Hz, 1 H; Ar-H), 8.36 ± 8.35 (d, J� 7.5 Hz, 1 H; Ar-H), 8.34 (s,
1H; Ar-H), 8.32 (s, 1H; Ar-H-5), 7.88 ± 7.86 (d, J� 8.5 Hz, 1 H; Ar-H),
7.70 ± 7.68 (t, J� 8 Hz, 1H; Ar-H), 7.50 ± 7.40 (m, 5H; 5 Ph-H), 7.30 ± 7.28 (d,
J� 7 Hz, 2 H; Ph-H), 7.10 ± 7.07 (m, 4 H; 4 Ph-H), 2.75 ± 2.72 (m, 2H;
2CH(CH3)2), 1.35 (s, 18H; 2 tButyl), 1.15 ± 1.13 (d, 12H, J� 6 Hz;
2CH(CH3)2; 13C NMR (125 MHz, [D8]THF) d� 163.14, 153.80, 153.69,
153.17, 153.10, 147.35, 147.33, 145.64, 132.00, 131.54, 131.01, 130.87, 130.67,


129.42, 129.32, 129.29, 128.68, 128.05, 127.83, 127.55, 127.18, 126.63, 126.54,
125.35, 124.36, 124.30, 123.91, 123.02, 121.89, 121.87, 118.43, 118.36, 34.43
(C(CH3)3), 31.45 (C(CH3)3), 29.09 (CH(CH3)2), 23.99 (CH(CH3)2); UV/Vis
(dioxane): lmax (e)� 513 (41 553), 420 (9949), 274 nm (40 081); MS (8 kV,
FD): m/z (%): 855.2 (100) [M]� ; C54H50NO4Br (856.90): calcd C 75.69, H
5.88, N 1.63, Br 9.32; found C 75.27, H 5.92, N 1.41, Br 8.69.


N-(2,7-Diisopropylphenyl)-1,7-bis(4-tert-butylphenoxy)-10-(tri-n-butyl-
tin)-perylene-3,4-dicarboximide (6): A solution of bromodiphenoxydicar-
boximide 16 (1 g, 1.7 mmol), hexabutylditin (1 g, 1.8 mmol), and
[Pd(PPh3)4] (7 mol %; 137 mg, 0.119 mmol) in toluene (100 mL) was
refluxed for 2 d in a Schlenk flask. After complete conversion of the
starting material the solvent was evaporated and the residue was dried in
vacuo, and finally purified by column chromatography (silica gel, 40�
7 cm, CH2Cl2) to yield the intensively red product 6 (1.32 g, 73%). M.p.
265 8C; 1H NMR (500 MHz, C2D2Cl4): d� 9.30 ± 9.28 (d, 1H, J� 7.7 Hz; Ar-
H), 9.19 ± 9.18 (d, 1H, J� 7.7 Hz; Ar-H), 8.20 (s, 1 H; Ar-H), 8.17 (s, 1H;
Ar-H), 7.80 ± 7.79 (d, 1 H, J� 7.5 Hz; Ar-H), 7.76 ± 7.75 (d, 1H, J� 7.7 Hz;
Ar-H), 7.62 ± 7.58 (t, 1 H, J� 8 Hz; Ar-H), 7.40 ± 7.37 (m, 4H; 4 Ar-H), 7.36 ±
7.33 (t, 1H, J� 8 Hz; Ar-H), 7.20 ± 7.19 (d, 1H, J� 7.8 Hz; Ar-H), 7.11 ± 7.07
(m, 4H; 4 Ar-H), 2.62 ± 2.57 (m, 2H; 2 CH(CH3)2), 1.56 ± 1.50 (m, 6H;
3CH2), 1.36 ± 1.26 (m, 6 H; 3 CH2), 1.29 (s, 18 H; 2 C(CH3)3), 1.21 ± 1.12 (m,
6H; 3CH2), 1.05 ± 1.04 (d, 12H, J� 7 Hz; 2 CH(CH3)2), 0.84 ± 0.81 (t, 9H,
J� 7 Hz; 3 CH3); 13C NMR (125 MHz, C2D2Cl4): d� 163.54, 163.50, 154.06,
153.74, 153.24, 153.17, 149.15, 147.85, 147.73, 145.67, 139.30, 137.07, 135.90,
132.13, 131.01, 129.84, 128.89, 128.41, 128.08, 127.86, 127.71, 127.43, 127.24,
127.21, 126.80, 124.79, 124.22, 123.86, 123.62, 122.90, 121.28, 121.17, 119.90,
119.69, 119.32, 119.11, 118.72, 118.54, 34.65, 32.16, 31.76, 31.37, 30.86, 29.92,
29.42, 29.27, 28.35, 27.93, 27.73, 27.62, 24.69, 24.34, 24.01, 14.02, 11.00, 10.29;
IR (KBr): nÄ � 2958, 2925, 1708 (C�O), 1597, 1506, 1334, 1282, 1210 cmÿ1;
UV/Vis (CHCl3): lmax (e)� 524 (33 985), 494 (23 611) S, 416 (7090), 276 nm
(27 767); MS (8 kV, FD): m/z (%): 1067.5 (100) [M]� ; C66H77NO4Sn
(1067.04): calcd C 74.29, H 7.27, N 1.31; found C 74.37 H 7.48, N 1.20.


3-(N-w-Hexyl-4-bromonaphthalene-1,9-dicarboximide)-10(11)-hexylpery-
lene (17): Glacial acetic acid (120 mg) and 3-hexyl-9(10)-(6-aminohexyl)-
perylene (5) (250 mg, 0.57 mmol) were added to a stirred solution of
4-bromonaphthalene-1,8-dicarboxanhydride (7) (100 mg, 0.36 mmol) in
NMP (100 mL). The reaction was stirred under argon at 85 8C for 6 h. After
cooling to room temperature the mixture was poured into ice-cold dilute
HCl, and extracted with CH2Cl2. The organic layer was dried over
magnesium sulfate, the solvent was evaporated, and the product purified
with column chromatography (20� 2 cm, CH2Cl2) to yield the orange
product 17 (315 mg, 80 %). M.p. 136 8C; 1H NMR (500 MHz, C2D2Cl4): d�
8.56 ± 8.54 (dd, 1H, J1� 7 Hz, J2� 1 Hz; Naph-H), 8.48 ± 8.46 (dd, 1H, J1�
7 Hz, J2� 1 Hz; Naph-H), 8.31 ± 8.29 (d, 1H, J� 8 Hz; Ar-H), 8.12 ± 8.08
(m, 2 H; 2 Per-H), 8.04 ± 7.99 (m, 2H; 2 Per-H), 7.98 ± 7.96 (d, 1 H, J� 8 Hz;
Naph-H), 7.82 ± 7.75 (m, 3 H; 2Per-H, 1Naph-H), 7.46 ± 7.43 (t, 2H, J�
8 Hz; 2Per-H), 7.28 ± 7.26 (m, 2H; 2Per-H), 4.10 ± 4.07 (t, 2 H, J� 7.5 Hz;
CH2-N), 2.96 ± 2.92 (m, 4 H; 2 CH2-Ar), 1.72 ± 1.67 (m, 2H; CH2-CH2-N),
1.48 ± 1.19 (m, 14H; 7 CH2), 0.87 ± 0.84 (t, 3 H, J� 7 Hz; CH3); 13C NMR
(125 MHz, C2D2Cl4): d� 163.93, 138.99, 138.72, 133.63, 133.24, 133.07,
132.94, 132.38, 132.17, 131.56, 131.51, 130.96, 130.92, 130.86, 130.67, 129.81,
129.76, 129.51, 129.26, 129.14, 129.01, 128.51, 127.87, 127.51, 127.35, 127.30,
127.15, 126.75, 126.70, 126.15, 124.80, 124.75, 124.40, 123.40, 122.50, 121.10,
121.04, 120.65, 120.46, 120.03, 119.88, 119.48, 40.96, 33.68, 33.57, 32.15,
30.89, 30.73, 29.92, 28.44, 27.44, 23.10, 15.10; UV (CHCl3): lmax (e)� 452
(35 587), 425 (27 745), 402 (12 675), 381 (4781) S, 359 (14 837), 344 (16 260),
328 (11 529) S, 299 (5798), 257 nm (33 370); MS (8 kV, FD): m/z (%): 693.4
(100) [M]� ; C44H40NO2Br (694.71): calcd C 76.07, H 5.80, N 2.02, Br 11.50;
found C 75.97, H 5.84, N 2.14, Br 11.73.


N-(2,7-Diisopropylphenyl)-1,6-di(4-tert-butylphenoxy)-10-{1-[N-w-hexyl-
(10(11)-hexyl-perylene-3-yl)]naphthalene-4,6-dicarboximide}perylene-
3,4-dicarboximide (18): A solution of 17 (100 mg, 0.14 mmol), stannyl-
monoimide 6 (180 mg, 0.168 mmol), and [Pd(PPh3)4] (13 mg, 0.01 mmol) in
toluene (20 mL) was refluxed for 4 d. The solvent was evaporated and the
residue purified by column chromatography on silica gel (20� 1 cm,
CH2Cl2) to yield 18 (87 mg, 45%) as a bright red solid. M.p 285 8C
(decomp); 1H NMR (500 MHz, C2D2Cl4, 90 8C): d� 9.48 ± 9.46 (d, 1H, J�
8 Hz; Per-H), 9.37 ± 9.36 (d, 1 H, J� 7 Hz; Per-H), 8.69 ± 8.68 (d, 1 H, J�
7 Hz; Ar-H), 8.59 ± 8.57 (d, 1 H, J� 7 Hz; Ar-H), 8.31 ± 8.29 (m, 2H; Ar-H),
8.16 ± 8.14 (m, 2 H; Ar-H), 8.06 ± 8.04 (m, 2H; Ar-H), 7.86 ± 7.80 (m, 3H; Ar-
H), 7.68 ± 7.10 (m, 20 H; Ar-H), 4.20 ± 4.16 (t, 2H, J� 6 Hz; -CH2-N), 3.03 ±
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3.00 (m, 4H; -CH2-Ar), 2.71 ± 2.69 (m, 2H; CH(CH3)2), 1.82 ± 1.26 (m, 34H;
-CH2-, -C(CH3)3), 1.12 ± 1.11 (m, 12H; -CH(CH3)2), 0.88 ± 0.86 (t, 3H, J�
7 H; -CH3); UV (CHCl3): lmax (e)� 520 (42 504), 488 (29 468), 453 (31 148),
424 (25 596), 403 (15 846) S, 356 (19 842), 342 (21 257), 327 (19 904), 274 nm
(45 081); MS (8 kV, FD): m/z (%): 1390.2 (100) [M]� ; C98H90N2O6


(1391.80): calcd. C 84.57, H 6.52, N 2.01; found C 84.92, H 6.16, N 1.81.


N-(2,7-Diisopropylphenyl)-N''-[w-hexyl-(10(11)-hexylperylene-3-yl)]-1,6-
di(4-tert-butyl-phenoxy)terrylene-3,4:12,13-tetracarboxdiimide (4): Com-
pound 18 (55 mg, 0.04 mmol), glucose (0.5 g), finely grounded KOH (2 g,
0.035 mol), and ethanol (6 mL) were mixed together in a round-bottom
flask. The flask was flooded with argon, equipped with a reflux condenser,
and heated to 60 8C. After 2 h, glucose (0.5 g) was added to the reaction
mixture and the temperature was increased to 90 8C for another 6 h. The
black melt was poured onto 2m HCl (80 mL), extracted with CH2Cl2,
washed twice with water and the organic layer dried over magnesium
sulfate. The solvent was evaporated and the residue purified by column
chromatography on silica gel (20� 1 cm, toluene). The purified material
was again subjected to a preparative thin-layer chromatography on silica
gel (20� 20 cm glass plate, toluene) to give the target compound 4 (22 mg,
40%) as a dark green to black solid. M.p.> 300 8C; 1H NMR (500 MHz,
C2D2Cl4): d� 9.52 ± 9.50 (d, 2H, J� 8.5 Hz; 2 Ar-H), 8.56 ± 8.55 (d, 4H, J�
7.5 Hz; 4 Ar-H), 8.44 ± 8.42 (d, 2H, J� 8 Hz; 2Ar-H), 8.32 (s, 2H; 2Ar-H),
8.10 ± 8.07 (m, 2H; 2Ar-H), 8.03 ± 7.98 (m, 2 H; 2 Ar-H), 7.83 ± 7.77 (m, 2H;
2Ar-H), 7.46 ± 7.36 (m, 3H; 3 Ar-H), 7.28 ± 7.23 (m, 4H; 4 Ar-H), 7.16 ± 7.15
(d, 4H, J� 8.5 Hz; 4 Ar-H), 4.21 ± 4.19 (t, 2 H, J� 7 Hz; CH2-NR2), 3.00 ±
2.93 (m, 4 H; 2 CH2-Ar), 2.71 ± 2.66 (m, 2H; 2CH(CH3)3), 1.82 ± 1.70 (m,
6H; 3CH2), 1.55 ± 1.22 (m, 2H; CH2, C(CH3)3), 0.86 ± 0.84 (t, 3H, J� 7 Hz;
CH3); 13C NMR (125 MHz, C2D2Cl4): d� 163.62, 163.28, 163.10, 154.98,
153.13, 148.23, 146.20, 145.58, 139.42, 138.75, 136.49, 133.61, 133.48, 132.42,
132.38, 131.64, 130.85, 130.45, 130.27, 130.15, 129.95, 129.75, 129.29, 129.19,
127.88, 127.34, 127.22, 127.18, 126.69, 126.58, 125.45, 124.70, 124.22, 123.92,
123.88, 123.79, 123.69, 123.58, 123.00, 122.53, 122.29, 121.55, 121.19, 120.43,
120.08, 119.88, 118.79, 107.04, 40.96, 34.61, 33.76, 33.59, 32.08, 31.56, 31.01,
30.78, 29.99, 29.31, 28.39, 27.51, 24.03, 23.01, 14.89; IR (KBr): nÄ � 3074, 3042,
3014, 3007, 2961, 2949, 2927, 2916, 2855, 2848, 1693 (C�O), 1657 (C�O),
1590, 1583, 1506, 1466, 1370, 1357, 1331, 1304, 1248, 1186, 842, 810, 751,
721 cmÿ1; UV (CHCl3): lmax (e)� 665 (41 746), 615 (23 052), 558 (6957) S,
452 (16 947), 425 (13 807), 403 (7497), 380 (4357) S, 257 nm (46 368);
MS (8 kV, FD): m/z (%): 1389.3 (100) [M]� , 694.7 (20) [M]2� ;
C98H88N2O6 (1389.78): calcd C 84.69, H 6.38, N 2.02; found C 84.08, H
6.22 N 1.94.
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Self-Condensation of [MoV
2O2S2]2� with Phosphate or Arsenate Ions by


Acid ± Base Processes in Aqueous Solution: Syntheses, Crystal Structures, and
Reactivity of [(HXO4)4Mo6S6O6(OH)3]5ÿ, X�P, As


Emmanuel Cadot, Anne Dolbecq, Bernadette Salignac, and Francis SeÂcheresse*


Abstract: The self-condensation of di-
thiocations [Mo2S2O2]2� in aqueous sol-
ution in the presence of arsenate or
phosphate ions as assembling groups led
at pH 4 ± 5 to hexanuclear [H7X4Mo6-
S6O25]5ÿ heteropolyoxothio anions 1
(X�P) and 2 (X�As). Both 1 and 2
were isolated in the solid state in good
yield as mixed cesium ± sodium salts and
were characterized unambiguously by
elemental analysis, IR and 31P NMR
spectroscopy, and single-crystal X-ray
structural analysis. Rb4Na1.75Cl0.75[H7P4-


Mo6S6O25] ´ 8 H2O (1 b) crystallizes in the
rhombohedral space group R3Å (a�
13.352(3), b� 13.352(3), c� 39.708(10) �)
and Rb3.5Na1.5[H7As4Mo6S6O25] ´ 11 H2O
(2 b) in the triclinic P1Å space group (a�


12.967(1), b� 13.271(1), c� 15.870(1) �,
a� 101.11(1)8, b� 91.81(1)8, g�
115.94(1)8). The anions in 1 b and 2 b
exhibit similar molecular structures,
which consist of three {Mo2O2S2} units
surrounding a single central XO4 group
and mutually connected by three hy-
droxo bridges and three peripheral
phosphate or arsenate groups. There is
an interesting possibility of substituting
the peripheral XO4 groups. A variable-
temperature 31P NMR study of 1 in
solution revealed a dynamic exchange


between peripheral phosphate groups
and uncoordinated phosphate ions. 31P
NMR also gave evidence of the succes-
sive replacement of arsenate by phos-
phate groups in 2. The apparent ex-
change constants that were calculated
were in agreement with a nearly pure
statistical exchange between arsenate
and phosphate groups. The substitution
of the phosphate by acetate ligands in 1
was also examined. 31P NMR spectra
agreed with the successive formation of
the mono-, di- and triacetato complexes.
The very good agreement between the
calculated and experimental distribution
of substituted compounds confirmed the
31P NMR assignments and the proposed
exchange scheme.


Keywords: molybdenum ´ NMR
spectroscopy ´ polyoxometalates ´
solid-state structure ´ sulfur


Introduction


Introduction of sulfur into the structure of polyoxometalates
(POMs) is expected to modify both the electronic properties
and the reactivity of these large species, but the direct
sulfurization of the POM generally results in the reduction of
metal atoms, together with the breakdown of the M ± O
skeleton; so far, only low-nuclearity thiometalates have been
obtained in this way.[1] To prevent the degradation of the
POM, we first developed a simple and convenient method
consisting of the stereospecific addition of the preformed
[MoV


2S2O2]2� thio fragment to the divacant g-[SiW10O36]8ÿ


and g-[PW10O36]7ÿ ions.[2] Then we extended this protocol to
the a-[PW11O39]7ÿ and a-[PW9O34]9ÿ polyvacant Keggin
precursors to prepare sandwich-type species.[3] All the com-


pounds obtained thus have a limited sulfur content imposed
by the number of sulfur atoms present in the thio precursor.
For this reason we have used a new synthetic route based on
the self-condensation of the [Mo2S2O2]2� building unit upon
addition of a base. The first example we reported was the
preparation and characterization of the cyclic neutral wheel
[Mo12S12O12(OH)12(H2O)6], obtained by direct addition of a
solution of potassium hydroxide to a solution of
[Mo2S2O2]2�.[4] This product can be described as a molecular
ring with a cavity about 11 � in diameter, resulting from the
cyclic condensation of six {Mo2S2O2} units with 12 hydroxo
groups. In the presence of molybdate ions acting as a
template, the condensation of [Mo2S2O2]2� leads to the
octameric ring {Mo8S8O8(OH)8} encapsulating a MoVI octa-
hedron.[5] We have now carried out the polycondensation
(based on the same idea) of the [Mo2S2O2]2� precursor in the
presence of phosphate or arsenate ions as assembling groups.
The thiomolybdophosphate system is expected to have a very
abundant and diverse membership, comparable with the
related oxomolybdophosphates, and to include discrete spe-
cies, one-dimensional (1D) polymers, two-dimensional (2D)
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layered materials and three-dimensional (3D) solids.[6] Most
of these solids are generally obtained through high-temper-
ature processes or hydrothermal syntheses and contain
anionic P ± M ± P frameworks based on the {Mo2O4} fragment
and PO4 tetrahedra, which occlude cations serving as 3D-
structure directing agents. So far, only a few compounds
illustrating the association of [Mo2S2O2]2� with assembling
groups are described in the literature,[7] and in none of them
are there direct connections between the [Mo2S2O2]2� units.
For example, the reaction between MoS4


2ÿ and As4S4, under
mild conditions, is reported to give molecular compounds
containing a [Mo2S2O2]2� core strapped by [AsV


4S12]4ÿ and
[AsIII


2S5]4ÿ chelates.[8] More recently, 1D polymeric (NMe4)2[-
Mo2O2As2S7] was obtained in hydrothermal conditions from
mixtures containing MoO3 and K3[AsS3],[9] the structure being
described as the 1D arrangement of {Mo2S2O2} fragments
linked by {As2S5} units. In this example, hydrothermal
conditions are required to promote the reduction of the
starting MoO3 to form the MoV dinuclear fragment. As
hydrothermal conditions can display some drawbacks, such as
limitations on characterizations in situ,[10] we carried out the
syntheses in solution, under mild conditions, starting from the
early-reduced MoV precursor [Mo2S2O2]2�. The syntheses and
complete structural characterizations of [H7X4Mo6S6O25]5ÿ


ions, X�P (1) or As (2), are reported here, together with a
study of their chemical reactivity.


Results and Discussion


Preparation of [H7X4Mo6S6O25]5ÿ (1, 2): The synthesis of the
anionic clusters is quite straightforward starting from an
aqueous solution of [Mo2S2O2]2� prepared by hydrolysis of
[Mo12S12O12(OH)12(H2O)6] in 4m HCl.[4] The anions 1 and 2
were isolated in good yield in the solid state as cesium salts 1 a
and 2 a. Both anions 1 and 2 are stable only in more highly
concentrated phosphate or arsenate solutions (>0.3m). The
poor stability of these anions in solution is related to the
lability of the peripheral XO4 groups as revealed by 31P NMR
studies (see below). With a lower phosphate concentration,
another polymeric anion was obtained, [(HPO4)2Mo12S12O12-
(OH)12(H2O)2]4ÿ,[11] described as an elliptical ring derived
structurally from the cyclic precursor [Mo12S12O12(OH)12-
(H2O)6][4] by the replacement of four inner water molecules by
two phosphate ions.


Molecular structure of Na1.75Rb4Cl0.75[H7P4Mo6S6O25] ´ 8 H2O
(1 b): The molecular structure of anion 1 b (Figure 1) is similar
to that of the analogous oxo system, widely described in the


Figure 1. a) Molecular representation and atom-labeling scheme for
[(HXO4)4Mo6S6O6(OH)3]5ÿ ions. In 2b (X�As), the asymmetric unit
consists of a whole polyanion, with three fragments labeled A, B, and C; in
1b (X�P), the anion has C3 symmetry and one fragment generates the
other two. b) Polyhedral representation showing the connectivity of the
building blocks. c) Side view of the anion showing the axial and equatorial
positions on the peripheral XO4 groups; in 1b the protonated oxygen atoms
of the peripheral XO4 groups occupy the axial positions whereas in 2 b they
occupy the equatorial positions.


literature.[12±15] Three equivalent {Mo2S2O2} units are mutually
connected by a peripheral phosphato ligand and by a hydroxo
group; the Mo ± O distances (2.111(5) ± 2.115(5) �) are in the
expected range for Mo ± OH ± Mo bonds.[4, 5, 13±16] The six
molybdenum atoms are coplanar and display alternating short
(approximately 2.8 �) Mo ± Mo bonds, within the {Mo2S2O2}
units, and longer (approximately 3.2 �) nonbonding contacts,
between the building blocks, a common feature among cyclic


Abstract in French: La polycondensation de l�entiteÂ dithioca-
tionique [Mo2S2O2]2� en preÂsence d�arseÂnate ou de phosphate
comme eÂleÂment assembleur conduit en milieu aqueux vers pH
4 ± 5 aux polyanions hexanucleÂaires [H7X4Mo6S6O25]5ÿ noteÂs 1
pour X�P et 2 pour X�As. Les deux anions sont isoleÂs aÁ
l�eÂtat solide avec un bon rendement sous la forme de sels mixtes
de ceÂsium et de sodium et ont eÂteÂ caracteÂriseÂs sans ambiguïteÂ
par leur analyse eÂleÂmentaire, les spectroscopies IR et RMN de
31P et par diffraction des rayons X sur monocristal. Rb4Na1.75-
Cl0.75[H7P4Mo6S6O25] ´ 8 H2O (1b) cristallise dans le groupe
d�espace rhomboeÂdrique R1Å (a� 13.352(3) �, b� 13.352 (3) �,
c� 39.708(10) �,) et Rb3.5Na1.5[H7As4Mo6S6O25] ´ 11 H2O (2b)
cristallise dans le groupe d�espace triclinique P1Å(a� 12.967(1),
b� 13.271(1), c� 15.870(1) �, a� 101.11(1)8, b� 91.81(1)8,
g� 115.94(1)8). Les anions 1 et 2 preÂsentent la meÃme structure
moleÂculaire : trois uniteÂs {Mo2S2O2} sont connecteÂes deux aÁ
deux autour d�un teÂtraeÁdre central XO4, par un pont hydroxo et
par un phosphate ou arsenate peÂripheÂrique. Ces composeÂs
preÂsentent une reÂactiviteÂ particulieÁre baseÂe sur la substitution
des ligands XO4 peÂripheÂriques. Une eÂtude par RMN aÁ
tempeÂrature variable sur des solutions de 1 et de phosphate a
montreÂ qu�un eÂchange dynamique existe entre les phosphates
peÂripheÂriques et les phosphates libres. D�autre part, la RMN de
31P a montreÂ que les arsenates peÂripheÂriques de 2 peuvent
s�eÂchanger avec des phosphates. Les constantes apparentes
correspondant aux eÂquilibres successifs ont eÂteÂ calculeÂes et
montrent que la distribution des groupes XO4 peÂripheÂriques est
quasiÿstatistique. La substitution des phosphates peÂripheÂriques
dans 1 par l�aceÂtate a aussi eÂteÂ eÂtudieÂe, illustrant la formation
successive des deÂriveÂs mono, di et tri aceÂtato. L�excellent accord
entre la distribution calculeÂe et expeÂrimentale confirme les
attributions des signaux RMN et la validiteÂ du processus
d�eÂchange.
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arrangements based on dinuclear {Mo2O2E2} (E�O, S)
units.[4, 5, 12±16] The connections between each building unit
are edge-sharing (Figure 1 b) and not face-sharing as observed
in [Mo12S12O12(OH)12(H2O)6],[4] [Mo9S8O12(OH)8(H2O)2]2ÿ,[5]


and [Mo8S8O8(OH)8(C2O4)]2ÿ.[16] The resulting hexanuclear
ring encapsulates a central phosphate group and is stabilized
by three peripheral phosphate ligands. The four PO4 groups
lie on the same side of the mean plane defined by the six
molybdenum atoms (Figure 1 c). Each peripheral phosphate
group exhibits a long P ± O separation (1.583(8) �), character-
istic of a protonated P-OH bond, and a shorter one
(1.498(8) �), attributed to a P�O bond. The central phos-
phate group is assumed to be protonated so that the polyanion
has an overall charge ofÿ5, in agreement with the presence of
5.75 alkali metal cations and 0.75 chloride anions, as
determined by elemental analysis. The corresponding
P1ÿO7 distance (1.508(10) �) in the central phosphate group
is quite short for a PÿOH bond. The locations of the protons
are in accordance with those observed for the related arsenato
compound 2 b (see below), which clearly displays a central
XÿOH bond. In summary, of the seven hydrogen atoms in the
[H7P4Mo6S6O25]5ÿ ion, three are located on the Mo ± O m-oxo
bridges, three on the peripheral PO4 groups and one on the
central PO4 group. On the basis of the structural analysis, the
detailed chemical formula of the anionic cluster in 1 b is thus
[(HPO4)4Mo6S6O6(OH)3]5ÿ. The location of three hydrogen
atoms on the Mo ± O m-oxo bridges is similar to that usually
observed for the comparable exclusively oxo compounds.[13±15]


However, depending on the synthesis conditions and the
nature of the counterions, the number and distribution of the
protons among the four phosphato groups have been shown to
vary.[14] In 1 b, the P�O bonds (P2 ± O9) of the peripheral PO4


groups and the P ± OH bond (P1 ± O7) of the central PO4


group are almost perpendicular to the Mo plane (axial
positions), while the protonated oxygen atoms (O8) occupy
the corresponding equatorial positions (Figure 1 c).


Three-dimensional structure of 1 b : Two rubidium atoms and
one Na� ion (Na1) were located unambiguously. Na2 was
found to be disordered and was assigned, after refinement, an
occupancy factor of 5�12. The chlorine atom Cl1 was placed at
the origin of the cell (the center of the octahedron defined by
six equivalent Rb1 atoms). An additional chlorine atom (Cl2)
was located in a general position, with an occupancy factor of
1�12, in agreement with the chemical analysis. The Rb1ÿCl1
distance ((3.257(1) �) in the ClRb6 octahedra is quite similar
to that reported for the close-packed arrangement of the ionic
solid RbCl (3.28 �). The 3D structure of 1 b can be viewed as
that of a multilayered solid (Figure 2). The Rb� ions ensure
the connections between [H7P4Mo6S6O25]5ÿ ions forming
planes parallel to the (0 0 1) plane. Each Rb� cation is directly
linked to [(HPO4)4Mo6S6O6(OH)3]5ÿ polyanions by oxygen or
sulfur atoms. The layers are interleaved alternately by sodium
cations and Cl1 anions.


Structure of Rb3.5Na1.5[H7As4Mo6S6O25] ´ 13 H2O (2 b): The
overall molecular arrangement of 2 b is quite similar to that of
1 b. The three peripheral arsenate groups exhibit short
(1.654(8) ± 1.675(8) �) AsÿO distances corresponding to


Figure 2. Polyhedral view of the [(HPO4)4Mo6S6O6(OH)3]5ÿ ions in 1b
showing the connection of anionic units by Na� ions and the multilayered
structure.


As�O bonds, and longer (1.728(8) ± 1.734(8) �) ones, attrib-
uted to AsÿOH bonds. The quite long As1ÿO7 distance
(1.720(7) �) between the central arsenate group and the
terminal oxygen atom indicates that this oxygen atom is
protonated. However, the proton distributions of 1 b and 2 b
appear to differ slightly. In 2 b, the three AsÿOH bonds are
perpendicular to the Mo plane (axial positions), while the
oxygen atoms of the As�O bonds (1.654(8) ± 1.675(8) �)
occupy the equatorial positions. Each [H7As4Mo6S6O25]5ÿ unit
is connected to three others, through strong As�O ´´´ H ± O ±
As hydrogen bonds involving the peripheral AsO4 groups
(Figure 3).


Figure 3. Hydrogen bonding pattern and the As�O ´´´ HO ± As distan-
ces [�] within the anionic layers in the structure of 2b.


31P NMR characterization of [H7P4Mo6S6O25]5ÿ (1): 31P NMR
measurements have shown that the formation of the phos-
phato anion is rapid. A typical spectrum (Figure 4) of a
synthesis solution at pH 4.80, recorded at 296 K, consists of
three lines: the resonance at d��1.10 is attributed to
uncoordinated phosphate and the two remaining lines to the
two nonequivalent types of phosphate present in the poly-
anion of C3v symmetry. From intensity considerations, the d�
�2.70 line (dp) is attributed to the three equivalent peripheral
phosphate groups, while the d��4.40 line (dc) is assigned to
the single central phosphate group. Variable-temperature
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Figure 4. Variable-temperature 31P NMR spectra of the synthesis solution
for [(HPO4)4Mo6S6O6(OH)3]5ÿ (1).


31P NMR experiments on the synthesis solution at pH 4.8
(Figure 4) showed that the two resonances attributed to
uncoordinated phosphate ions and to peripheral PO4 groups
are the most sensitive to an increase of temperature. Both
lines broaden in the 296 ± 366 K range and then overlap. At
366 K the spectrum consists of two resonances: the line
characteristic of the central phosphate group near d��4.0
and a broad line at d��2.0 corresponding to a rapid
exchange between peripheral and uncoordinated phosphate
groups. Both chemical shifts appear to be pH-dependent
(Figure 5). An increase in pH from 2 to 6 results in deshielding
of the central phosphorus nucleus, while a shielding effect is
observed for the peripheral phosphate groups.


Figure 5. pH dependence of the chemical shifts of the central (dc) and
peripheral (dp) phosphate lines in 1b.


The variation of dc with pH is that expected for phosphates
directly involved in a proton exchange. A pKa of 4.35 for the
corresponding equilibrium is obtained from the variation of dc


and dp with pH (Figure 5). The opposite shift observed for the
dp resonance was attributed to the variation of the charge on
the polyanion due to the loss of the proton on the central
phosphate group. Such behavior was reported previously for
the trisubstituted Keggin anion [PV3W9O40]6ÿ.[21] Because of
the protonation of an external oxygen atom, the central
encapsulated PO4 group is deshielded from d�ÿ12.16 to


ÿ11.38. The number of protons on 1 and 2 is dependent on the
pH value, and so, for clarity, except when necessary, protons
attached to the polyanions are omitted in the following
discussion; thus compounds 1 and 2 are denoted as P4Mo6 and
As4Mo6, respectively.


Arsenate ± phosphate exchange in [H7As4Mo6S6O25]5ÿ (2): As
revealed by variable-temperature 31P NMR experiments, PO4


groups in 1 are labile. We have examined the exchange of
arsenate groups in 2 a for phosphate groups, to build a model
for such exchange reactions. Solutions of As4Mo6 containing
variable amounts of H2PO4


ÿ and H2AsO4
ÿ ([HP] and [HAs],


respectively), at a fixed pH value (5.0), were prepared. Three
characteristic 31P NMR spectra are shown in Figure 6. Three


Figure 6. Arsenate ± phosphate exchange: 31P NMR spectra of solutions
with variable [P]/[As] ratios: a) [P]/[As]� 0.33; b) [P]/[As]� 1.00; c) [P]/
[As]� 4.00. The three high-frequency peaks have been attributed to
As3PMo6 (^), As2P2Mo6 (&), and AsP3Mo6 (*).


resonances are observed at d��3.43, �3.19, and �3.03 for
[HP]/[HAs]� 0.33. The chemical shifts of these three reso-
nances appear to be nearly independent of [HP]/[HAs] and
are only shifted by d��0.2 when [HP]/[HAs] increases from
0.33 to 4.00. However, the relative intensities of the three
peaks are highly dependent on [HP]/[HAs]. For low [HP]/
[HAs] ratios, the d��3.43 line is the most intense; its relative
intensity decreases as [HP]/[HAs] is raised. In concentrated
phosphate solutions ([H2PO4


ÿ]� 1m), the most intense peak
is thus observed at d � � 3.03, while two weaker lines are
observed at d��3.43 and �3.19. The chemical shifts of the
three resonances are close to that of dp, attributed above to
the three peripheral phosphate groups. Since no additional
line is observed in the range corresponding to the chemical
shift of the central phosphate group, the three resonances at
d��3.43, �3.19 and �3.03 are definitively attributed to
the products resulting from the successive substitutions of
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peripheral arsenate groups, namely As3PMo6, As2P2Mo6, and
AsP3Mo6, according to the simplified Equations (1) ± (3).


As4Mo6�HP>As3PMo6�HAs (1)


As3PMo6�HP>As2P2Mo6�HAs (2)


As2P2Mo6�HP>AsP3Mo6�HAs (3)


Determination of As ± P exchange constants : The related
exchange constants are given by Equations (4) ± (6). K1, K2 ,
and K3 are apparent constants calculated for a fixed pH value
(5.0) and a fixed ionic strength (1m).


K1�
�As3PMo6�
�As4Mo6�


�HAs�
�HP� (4)


K2�
�As2P2Mo6�
�As3PMo6�


�HAs�
�HP� (5)


K3�
�AsP3Mo6�
�As2P2Mo6�


�HAs�
�HP� (6)


Only the ratios [As2P2Mo6]/[As3PMo6] (r2) and [AsP3Mo6]/
[As2P2Mo6] (r3) can be calculated from 31P NMR integrated
intensities since the phosphate-free As4Mo6 compound cannot
be observed by 31P NMR spectroscopy. The [HAs]/[HP] ratios
were fixed by the initial conditions chosen for each experi-
ment. The variation of r2 and r3 as a function of [HP]/[HAs] is
linear (Figure 7). The values of K2 (1.0) and K3 (0.3) were


Figure 7. Dependence of r2 and r3 (see text) on [P]/[As]. The slopes of the
lines give the As ± P exchange constants K2� 1.0 and K3� 0.3.


deduced from the slopes of these two lines. A more
convenient specific thermodynamic constant, Ki', can be
obtained from the expression for Ki (i� 1, 2, or 3) by
introducing the concentrations of exchange sites (*As and *P)
per anion. Ki' is defined from the formal equilibrium (7).


*As�HP> *P�HAs (7)


For the first exchange, represented by Equation (1), the
As4Mo6 substrate displays three equivalent exchange sites for
phosphate ([*As]� 3 [As4Mo6]), whereas in the As3PMo6


product only one exchange site is available for arsenate
([*P]� [As3PMo6]). The corresponding specific constant K '1 is
given by Equation (8). Similarly, the specific constants K '2 and
K '3 [Eqs. (9) and (10)] are deduced from from K2 and K3 ,
respectively [Eqs. (2) and (3)].


K '1�
�As3PMo6�
3�As4Mo6�


�HAs�
�HP� �


K1


3
(8)


K '2�K2� 1 (9)


K '3�K3� 0.9 (10)


The closeness of K '2 and K '3 indicates that the affinity for the
exchange sites involved in Equations (2) and (3) is quite
independent of the substitution step; therefore the mean
value Ki'� 1 can be proposed for the three exchanges; this
means that As and P are distributed statistically over the three
peripheral sites and the distribution of As4Mo6, As3PMo6,
As2P2Mo6, and AsP3Mo6 depends only on the [HP]/[HAs]
ratio. Such a result is related to the very similar chemical
behavior of arsenate and phosphate (size, charge, and acidity
constant).


Phosphate ± acetate exchange in [H7P4Mo6S6O25]5ÿ (1): In
another set of experiments we studied the exchange of
phosphate (P) by acetate (Ac). Acetate was chosen for its
good chelating behavior and for its well-adapted pKa value
(corresponding to the stability domain of H2PO4


ÿ). Solutions
containing 1 a, variable amounts of acetate buffer (1m
CH3COOH, 1m CH3COONa) and 1m NaH2PO4 were exam-
ined at pH 4.65 by 31P NMR spectroscopy. The overall
variation in the spectra (Figure 8) was interpreted as resulting


Figure 8. Phosphate ± acetate exchange: 31P NMR spectra of solutions
containing P4Mo6 (&), P3AcMo6 (*), P2Ac2Mo6 (~), and PAc3Mo6 (^) in
solutions with variable [P]/[HAc] ratios: a) 1m phosphate solution; b) [P]/
[HAc]� 4.00; c) [P]/[HAc]� 2.33; d) [P]/[HAc]� 0.42; e) 2m acetate buf-
fer.


from successive exchange reactions leading to mixed acetate ±
phosphate compounds [Eqs. (11) ± (13)].


P4Mo6�HAc>P3AcMo6�HP (11)


P3AcMo6�HAc>P2Ac2Mo6�HP (12)


P2Ac2Mo6�HAc>PAc3Mo6�HP (13)
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At the same pH (about 4.65) all the compounds are
characterized by the resonances of the central phosphate
group in the d� 4.5 ± 3 range and by the resonances of the
peripheral phosphate groups at d< 3, as already observed for
the P4Mo6 precursor at the same pH (Figure 5). The relative
intensities Ic/Ip corresponding to the central (Ic) and periph-
eral phosphate groups (Ip) make it possible to characterize
unambiguously the compounds resulting from successive
substitutions of phosphate by acetate, P4Mo6 (Ic/Ip� 1:3),
P3AcMo6 (1:2), P2Ac2Mo6 (1:1), and PAc3Mo6 (no peripheral
phosphate group) (Figures 8 and 9). The proportions of each
substituted species were calculated from Ic and Ip at different
[HP]/[HAc] ratios. From the resulting distribution of the
different species in solution (Figure 10), the apparent con-
stants at pH 4.65 were calculated: K1� 5.85 [Eq. (11)], K2�
1.25 [Eq. (12)], and K3� 0.20 [Eq. (13)]. The very good
agreement between calculated and experimental distributions
confirms the proposed exchange scheme.


Figure 10. Phosphate ± acetate exchange: experimental (points) and cal-
culated (solid lines) species distribution diagram as a function of the ratio
[HAc]/([P]� [HAc]).


Conclusion


Two new mixed oxo ± thio [H7X4Mo6S6O25]5ÿ (X�P, As) ions
have been synthesized and fully characterized in aqueous
solution and by solid-state structure determinations. In


solution, 31P NMR spectroscopy has provided evidence that
the peripheral groups can be easily substituted; these results
illustrate the value of stereospecific substitution as a method
to prepare new functionalized polyanions. Preliminary experi-
ments confirm that reactions similar to those discussed here,
with dicarboxylate and diphosphonate in place of acetate and
phosphate, can be developed. Such bifunctional ligands could
induce multidimensional arrangements with covalently linked
{X4Mo6S6O25} building units. It is well known that the
condensation, under hydrothermal conditions, of the exclu-
sively oxo precursor [Mo2O4]2� gives solids that are structural
analogues of the thio compounds described here. These two
approaches merit being linked by a study of the condensation,
under mild conditions, of the preformed [Mo2O4]2� cation,
accompanied by a comparison of the possibilities of exchange
properties, which would highlight the role of sulfur in these
acid ± base reactions as well as in the reactivity of the
polyanions.


Experimental Section


Na4Cs4Cl2[H6P4Mo6S6O25] ´ 13H2O (1a): K2.6(NMe4)0.4I3[Mo12S12O12(OH)12-
(H2O)6] ´ 30H2O[4, 5] (1 g, 0.33 mmol) was dissolved in HCl solution (10 mL,
4m) and heated for 10 min at 508C for complete hydrolysis. Then NaH2PO4 ´
2H2O (1.6 g, 10 mmol) was added to the solution and the pH was adjusted to
5.0 by dropwise addition of a solution of NaOH (4m). 31P NMR measure-
ments confirmed that [H6P4Mo6S6O25]6ÿ was formed rapidly and represented
the only phosphate-containing species in the solution. Addition of cesium
chloride (1.5 g; 9 mmol) gave a red-orange precipitate (1.4 g; 95% based on
Mo), which was collected by filtration, washed with EtOH, and dried with
Et2O. IR (KBr pellets): nÄ� 1155 (m), 1129 (m), 1065 (s), 1019 (s), 934 (w),
911 (m), 873 (s), 656 (w), 594 (m), 546 (w), 505 (m), 451 (w), 343 (w) cmÿ1.
H32Cl2Cs4Mo6Na4O38P4S6: calcd. Cl 3.26, Cs 24.48, Mo 26.50 Na 4.23, P 5.70, S
8.80; found Cl 3.07, Cs 25.00, Mo 26.29, Na 4.44, P 6.30, S 8.30. The number of
water molecules was checked by thermogravimetric analysis (Perkin-
Elmer TGA7 Analyzer).


Na1.75Rb4Cl0.75[H7P4Mo6S6O25] ´ 8 H2O (1 b): The synthesis procedure was
similar to that for 1 a except that the pH of the solution was adjusted to 4.0
instead of 5.0. After addition of rubidium chloride (1.0 g, 8 mmol) the
solution was filtered and the filtrate was allowed to stand at room
temperature for crystallization. Red well-shaped hexagonal crystals,
suitable for X-ray structure determinations, were collected after several
days. H23Cl0.75Mo6Na1.75O33P4Rb4S6: calcd. Cl 1.43, Mo 31.10, Na 2.17, P 6.69,
Rb 18.46, S 10.39, found Cl 1.62, Mo 30.35, Na 1.86, P 6.70, Rb 18.68, S
10.18.


Figure 9. Polyhedral representation of P4Mo6 (&), P3AcMo6 (*), P2Ac2Mo6 (~), and PAc3Mo6 (^) with the corresponding 31P NMR chemical shifts of the
central and peripheral phosphate groups.
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Na1.5Cs4Cl0.5[H7As4Mo6S6O25 ´ 13 H2O (2a): K2.6(NMe4)0.4I3[Mo12S12O12-
(OH)12(H2O)6] ´ 30H2O[4, 5] (1 g, 0.33 mmol) was dissolved in HCl (10 mL,
4m) and heated for 10 min at 50 8C for hydrolysis. A concentrated solution
of H3AsO4 (1.0 mL, 11 mmol) was added; the resulting solution was filtered
and the pH was adjusted to 4.0 by addition of NaOH (4m). After addition
of cesium chloride (1.5 g, 9 mmol), the red-orange solid (1.4 g, 92% based
on Mo) formed was collected by filtration, washed with EtOH and dried
with Et2O. IR (KBr pellets): nÄ � 933 (s), 874 (w), 834 (s), 745 (m), 485 (s),
440 (w) cmÿ1. H33As4Cl0.5Cs4Mo6Na1.5O38S6: calcd. As 13.04, Cl 0.77, Cs
23.13, Mo 25.04, Na 1.50, S 8.34; found As 12.68, Cl 0.61, Cs 22.50, Mo 25.70,
Na 1.40, S 8.36. The number of water molecules was checked by TGA.


Rb3.5Na1.5[H7As4Mo6S6O25] ´ 13H2O (2b): The synthesis procedure was
similar to that of 2 a up to the precipitation step. Solid rubidium chloride
(1.0 g, 8 mmol) was added instead of cesium chloride. The solution was
filtered and the resulting filtrate was allowed to stand at room temperature
for crystallization. Red crystals of 2b, suitable for a complete X-ray
diffraction study, were collected after several days. H33As4Mo6-


Na1.5O38Rb3.5S6: calcd. As 14.67, Mo 28.19, Na 1.69, Rb 14.65, S 9.40; found
As 14.15, Mo 28.40, Na 1.37, Rb 15.68, S 8.73. The number of water
molecules was checked by TGA.


Spectroscopy : Infrared spectra were recorded on an IRFT Magna 550
Nicolet spectrophotometer at 0.5 cmÿ1 resolution, using the technique of
pressed KBr pellets.


31P NMR spectra were recorded on a Bruker AC-300 spectrometer
operating at 121.5 MHz with 5 mm tubes. 31P chemical shifts were
referenced to the usual external standard, H3PO4 (85 %). The pH depend-
ence of chemical shifts was studied at room temperature on solutions
containing phosphate buffer (1m) and 1 a (10ÿ2m). The arsenate ± phos-
phate exchange was studied on samples containing H2XO4


ÿ 1m (X�As, P)
and 2 a (10ÿ2m). Phosphate ± acetate exchange was studied on samples 1a
(10ÿ2m) containing variable ratios of acetate buffer (2m ; pH 4.65) and
NaH2PO4 (1m) solution.


Crystallography : Compound 2b rapidly loses water of crystallization,
leading to an amorphous solid. Single crystals of 2b were therefore
mounted in Lindeman tubes (0.3 mm diameter). Intensity data for 1b and
2b were collected at room temperature (293 K) with a Siemens SMART
three-circle diffractometer equipped with a CCD bidimensional detector
using MoKa monochromatized radiation (l� 0.71073 �). An empirical
absorption correction was applied (SADABS program[18] based on Bless-
ing�s method[19]). The structures were solved by direct methods and refined
by full-matrix least-squares procedures (SHELX-TL package[20]).


Crystallographic data are reported in Table 1 and selected bond lengths in
Table 2. Some of the alkali metal cations in 1 b and 2b and Cl2 in 1 b were
found to be disordered. The occupancy factors of these atoms were refined
and then set to 5�12 (Na2 in 1 b), 1�4 (Rb3A and Rb3B in 2 b), 1�2 (Na2 in 2b),
and 1�12 (Cl2 in 1b). A rubidium cation was missing in 2b, probably because
of a large disorder in the range of counterions and water molecules, as is
often observed for structures of such compounds.[21] For this reason, the
exact formula was determined by elemental analysis. All the disordered
atoms and the water molecules in 2 b were refined isotropically, the other
atoms anisotropically. The residual electron density (2.99 e�ÿ3 for 1 b and
3.74 e�ÿ3 for 2 b) is located in the vicinity of the disordered alkali cations.
Further details of the crystal structure investigations can be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopold-
shafen (Germany) (fax: (�49) 7247-808-666; e-mail : crysdata@fiz.karls-
ruhe.de) on quoting the depository numbers CSD-410688 for 1 b and CSD-
410687 for 2 b.
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Table 1. Crystallographic data for 1b and 2b.


1 b 2b


formula H19Cl0.75Mo6Na1.75O31P4Rb4S6 H33As4Mo6Na1.5O38Rb3.5S6


Mr 1815.7 2042.6
crystal size [mm] 0.05� 0.26� 0.36 0.24� 0.30� 0.60
crystal system rhombohedral triclinic
space group R3Å P1Å


a [�] 13.352(3) 12.967(1)
b [�] 13.352(3) 13.271(1)
c [�] 39.708(10) 15.870(1)
a [8] 90 101.11(1)
b [8] 90 91.81(1)
g [8] 120 115.94(1)
V [�3] 6131(2) 2389(1)
Z 6 2
1calc [g cmÿ3] 2.951 2.840
m [mmÿ1] 7.141 8.192
q range [8] 1.83 ± 29.77 1.32 ± 29.73
reflections measured 6211 16243
unique reflections (Rint) 3486 (0.044) 11573 (0.055)
observed (I> 2s(I)) 2803 7169
refined parameters 171 462
R1(F)[a] 0.055 0.069
wR2(F2)[b] 0.144 0.188


[a] R1�S jFo j ÿ jFc j /S jFc j . [b] wR2� (Sw(F 2
o ÿF 2


c )2/Sw(F 2
o )2)0.5 with 1/w�


s2F 2
o � (aP)2�bP, where P� (F 2


o � 2 F 2
c )/3, and a� 0.0717, b� 204.33 for 1b ;


a� 0.100, b� 0 for 2 b.


Table 2. Selected bond lengths [�] in 1 b and 2 b.


1 b
Mo1ÿO1 1.697(6) Mo2ÿO2 1.695(6)
Mo1ÿO5 2.111(5) Mo2ÿO3 2.094(6)
Mo1ÿO4 2.115(7) Mo2ÿO5 2.115(5)
Mo1ÿS2 2.308(2) Mo2ÿS2 2.308(2)
Mo1ÿS1 2.317(2) Mo2ÿS1 2.317(2)
Mo1ÿO6 2.335(6) Mo2ÿO6 2.333(6)
Mo1ÿMo2 2.8232(11)
P1ÿO7 1.508(10) P2ÿO4 1.502(7)
P1ÿO6 1.553(5) P2ÿO3 1.530(6)
P2ÿO9 1.498(8) P2ÿO8 1.583(8)


2 b
Mo1AÿO1A 1.689(9) Mo1CÿO4B 2.136(8)
Mo1AÿO4C 2.132(7) Mo1CÿS1C 2.322(3)
Mo1AÿO5C 2.132(7) Mo1CÿS2C 2.323(3)
Mo1AÿS2A 2.315(3) Mo1CÿO6B 2.385(7)
Mo1AÿS1A 2.321(3) Mo1CÿMo2C 2.8383(13)
Mo1AÿO6C 2.382(7) Mo2CÿO2C 1.670(7)
Mo1AÿMo2A 2.8351(12) Mo2CÿO3C 2.117(7)
Mo2AÿO2A 1.691(9) Mo2CÿO5C 2.120(8)
Mo2AÿO5A 2.127(7) Mo2CÿS2C 2.317(3)
Mo2AÿO3A 2.127(8) Mo2CÿS1C 2.322(3)
Mo2AÿS2A 2.321(3) Mo2CÿO6C 2.373(7)
Mo2AÿS1A 2.327(3) As1ÿO6B 1.675(7)
Mo2AÿO6A 2.335(7) As1ÿO6A 1.679(7)
Mo1BÿO1B 1.681(8) As1ÿO6C 1.690(6)
Mo1BÿO4A 2.133(8) As1ÿO7 1.720(7)
Mo1BÿO5A 2.153(8) As2AÿO4A 1.661(9)
Mo1BÿS1B 2.311(3) As2AÿO8A 1.675(8)
Mo1BÿS2B 2.319(3) As2AÿO3A 1.693(8)
Mo1BÿO6A 2.382(7) As2AÿO9A 1.728(8)
Mo1BÿMo2B 2.8441(14) As2BÿO8B 1.654(8)
Mo2BÿO2B 1.699(8) As2BÿO3B 1.652(7)
Mo2BÿO3B 2.109(8) As2BÿO4B 1.680(8)
Mo2BÿO5B 2.119(7) As2BÿO9B 1.729(9)
Mo2BÿS1B 2.313(3) As2CÿO8C 1.666(8)
Mo2BÿS2B 2.318(3) As2CÿO3C 1.678(8)
Mo2BÿO6B 2.401(7) As2CÿO4C 1.684(7)
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The Mechanism of the Photochemical Hydrogen Migration in
1,3,5-Cycloheptatriene: A Theoretical Study


Hans-Martin Steuhl, Christian Bornemann, and Martin Klessinger*[a]


Abstract: Based on CASSCF calcula-
tions for the reaction profile of the
photochemical [1,7]-sigmatropic hydro-
gen shift in 1,3,5-cycloheptatriene
(CHT), the detailed mechanism of the
excited-state reaction is discussed. The
results are in agreement with the ob-
served ultrafast rates for passage from
the initially-excited 1 A'' state by way of
the dark 2 A' state to the ground-state
(1 A') potential-energy surface. The ki-
netics and the selectivity of the reaction
are characterized by a small energy
barrier on the dark 2 A' state that
separates the excited-state minimum


from a conical intersection at pericyclic
geometries. This intersection is respon-
sible for efficient, excited-state deacti-
vation. At the CASSCF level the barrier
height is calculated to be 7.3 kcal molÿ1.
If dynamic correlation effects are taken
into account with the CASPT2 method,
the barrier is reduced to 3.8 kcal molÿ1.
The existence of an excited-state barrier


as the decisive mechanistic feature of
the hydrogen migration was verified by
considering 1-substituted CHT. The bar-
riers calculated for sigmatropic shifts
away from and toward the substituent
differ considerably. In agreement with
experimental observation, the smaller
barrier is found for migration away from
an acceptor and toward a donor sub-
stituent. The differences in barrier
height are in excellent agreement with
the experimentally observed product
distribution.


Keywords: ab initio calculations ´
1,3,5-cycloheptatriene ´ photochem-
ical selectivity ´ reaction mecha-
nisms ´ sigmatropic shift


Introduction


It has been known for some time that ground-state forbidden
pericyclic reactions proceed photochemically by way of a
totally symmetric dark state.[1, 2] Therefore, they must proceed
in two stages, with the first stage being the transition from the
spectroscopic 1 A'' state (in Cs symmetry) to the 2 A' state.
This transition has been shown to be very fast.[3] The measured
lifetimes of the spectroscopic states for the ring-opening
reactions of cyclobutene (CB)[4] and cyclohexadiene (CHD)[5]


are less than 30 fs, and for the
suprafacial sigmatropic [1,7]-H
shift in cyclohexatriene (CHT)
values between 35 and 70 fs
have been reported.[6] In the
second stage the ground-state


potential-energy surface (PES) of the product is reached.
Earlier investigations claimed that the time required for this
stage is 6 ps for CHD[5b] and 26 ps for the [1,7]-H shift in


CHT.[7] However, recent measurements suggest much shorter
times, less than 100 fs for the ground-state repopulation of
CHD[5c, 8] and CHT.[8, 9]


The short, excited-state lifetimes are known to be due to
conical intersections between the excited state and the
ground-state PES;[10] these have recently been found to be
quite common in nonadiabatic singlet photoreactions.[10, 11]


Passage through such a conical intersection is very fast and
occurs within one vibrational period.[12] Longer excited-state
lifetimes, for example, longer than 100 fs, indicate some
retardation of the motion on the excited-state PES toward the
conical intersection. In CHD, for instance, a sloped conical
intersection[13] was located about 1 kcal molÿ1 above the
excited state of the ring-opened product.[14] This is consistent
with the reported product appearance time.[8] More recent
calculations yield an excited-state minimum-energy path
toward an asymmetric stationary point, from which the
system can evolve along a path with virtually no energy
barrier toward the conical intersection.[15]


The appearance time for the [1,7]-H shift reaction in CHT
suggests that also in this case a conical intersection occurs that
might be somewhat less easily accessible than the one in CHD.
For a concerted reaction, such a conical intersection is to be
expected in the region of the pericyclic geometries with the
migrating hydrogen between the two carbons involved. For
unsubstituted CHT, reactant and product are the same and
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the paths of the forward and reverse reactions must be
equivalent. Therefore, when the molecule leaves the excited-
state PES for fast relaxation to the ground-state PES, the
hydrogen atom will have completed half its journey. On the
basis of the small mass of the migrating hydrogen, the
hydrogen-shift reaction in CHT would be expected to be
considerably faster than the ring-opening reaction of CHD.
The fact that this is not the case must be a result of some
excited-state energy barrier or energetically up-hill path
toward the conical intersection.


Two distinct models have been proposed to explain the
regioselectivity of the [1,7]-H shift in substituted CHT.
Paulick et al.[16] proposed a model according to which
excitation of CHT leads to a near-planar intermediate from
which the sigmatropic shift takes place as dictated by orbital
symmetry conservation. This is in agreement with detailed
resonance Raman studies of the [1,7]-sigmatropic shift as well
as the low fluorescence quantum yield of CHT. These studies
showed[6] that the hydrogen-shift reaction proceeds sequen-
tially with planarization of the ring occurring on the 1 A''
surface before rapid internal conversion to a lower-energy
surface upon which the sigmatropic shift occurs. Another
mechanism has been proposed by Tezuka et al.[17] which
accounts for the regioselectivity of the sigmatropic shift in
substituted CHT on the basis of sudden polarization[18] that
results from twisting one of the terminal ethylenic bonds.
However, it should be mentioned that Paulick[16] as well as
Tezuka et al.[17] considered only the spectroscopic state and
did not take into account the possibility that the hydrogen
shift might occur in the dark state.


In this paper we report the results of quantum-chemical
calculations for the [1,7]-hydrogen shift in CHT, 1-cyano-
cycloheptatriene (CNÿCHT), and 1-methylcycloheptatriene
(MeÿCHT) in order to discuss the effect of electron-acceptor
and -donor substituents on the regioselectivity. It has been
shown that in 1-cyanocycloheptatriene, the hydrogen atom
moves exclusively to the unsubstituted terminal carbon of the
heptatriene moiety, while in 1-methylcycloheptatriene only
2 % of the product exhibits this regiochemistry and 98 %
corresponds to a hydrogen shift toward the substituted carbon
(Scheme 1).[19]


Scheme 1. Representation of the effect of substituents on the [1,7]-
hydrogen shift in cycloheptatriene


In addition, the discussion of the [1,7]-H shift in CHT finally
confirms the hypothesis that the different photochemical
behavior of CHT and its derivatives on the one hand and


dibenzocycloheptatriene (sub-
erene, SUB) on the other is
due to the involvement of dif-
ferent electronic excited states
in the photoreactions of these


molecules.[20] SUB exhibits photodeprotonation, the photo-
chemical reactivity expected for the 1 A'' excited state.[21]


However, for CHT this reaction is not observed, owing to a
rapid depopulation from the initially-prepared 1 A'' excited
state into the 2 A' state, the characteristic reaction of which is
a very efficient [1,7]-sigmatropic hydrogen shift. In a previous
paper[22] we showed that the photodecarboxylation of cyclo-
heptatrienyl carboxylic anion, which yields the same inter-
mediate cycloheptatrienyl anion as the photodeprotonation
reaction,[23] is indeed the reaction of the 1 A'' state. In the
present paper we will show that the characteristic reaction of
the 2 A' state is the [1,7]-sigmatropic hydrogen shift and
discuss the fast deactivation of the 1 A'' state, which is the
reason why its reactivity is not observed.


Computational Methods


Quantum-chemical calculations on the mechanism of photoreactions are
rather demanding, since excited states can be described only by taking into
account a sufficient amount of configuration interaction (CI). Therefore as
in previous work on excited-state reactivity[22] we used the semiempirical
MNDOC-CI method (modified neglect of diatomic overlap parametrized
for taking into account correlation effects explicitly) to explore excited-
state geometries and potential-energy surfaces before using CASSCF
methods to obtain the final results.
The MNDOC-CI method[24] is based on spin-adapted CFSs (configuration
state functions) and includes single and double excitations with respect to
one or several reference configurations within a limited active space. For
the determination of the potential-energy surfaces, the active space was
chosen to comprise the three highest-occupied and the three lowest-
unoccupied MOs of the p system. The single and double excitations with
respect to the five reference configurations F0, FH!L, FH!L�1, FHÿ1!L, and
FH!L,H!L that dominate the three lowest singlet states (where H and L
denote the highest occupied and the lowest unoccupied MO, respectively)
yielded a total of 126 configurations.
For the CASSCF calculations[25] the two-step quasi-Newton method
included in the GAUSSIAN 94 package was used.[26] The active space
included the eight MOs that were primarily composed of carbon pp AOs
and the s orbital of the migrating hydrogen; with eight electrons in these
eight orbitals (8-in-8) a total of 1764 configurations resulted. Transition
states were located starting from the MNDOC-CI geometries with a 3-21G
basis set. The error associated with this choice was estimated by
reoptimizing some stationary points with the 6-31G** basis set. The
difference in the 6-31G** energies for these geometries was less than
0.5 kcal molÿ1. Conical intersections were optimized starting from the
MNDOC-CI geometry for the S1/S0 conical intersection, while the S2/S1


conical intersection was located starting from the planar ground-state
MNDOC-CI minimum geometry. In both cases the best convergence was
obtained by including only the p MOs in a reduced 6-in-6 active space with
the 6-31G* basis set. Increasing the active space to 8-in-8 did not
significantly change the geometries and energies. Vibrational analyses
were performed to verify all minima and transition structures both for the
MNDOC-CI and the CASSCF results. Excitation energies at the ab initio
CASPT2 level of theory[27, 28] were obtained with the MOLCAS 4.0
program[29] and the ANO basis set (C: 3s2p1d, H: 2s1p). For CHT initially
the same active space was used as in the CASSCF calculation. However,
calculations for the 1A', 2A', and 1 A'' states of CHT with six electrons in
six orbitals yielded excitation energies that differed from those obtained
with the larger active space by only 0.1 ± 0.2 eV; the same range has been
observed in other cases.[30] The CASSCF wavefunction that was used as the
reference function for the perturbational treatment was obtained by
averaging over the singlet states of interest and adequate symmetry, and
finally reoptimizing the state under consideration. Following the same
procedure, CASPT2 calculations were performed for all the characteristic
points of the reaction coordinate, especially to establish the validity of the
conical intersections. However, for the conical intersection calculations, a
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single-state CASSCF reference function optimized individually for each of
the two degenerate states was used.
Owing to the larger size of the substituted systems MeÿCHTand CNÿCHT,
the CASPT2/D method, as implemented in the MOLPRO 96.4 program
system[31] was employed with the 6-31G* basis set. As for CHT, a 6-in-6
active space was chosen, with 16 and 18 core orbitals. This yielded in all
cases 16 orbitals to be included in the perturbational treatment.


Results


As a first step in the discussion of the hydrogen shift reaction
in CHT, potential-energy surfaces of the two lowest singlet
states were calculated with the semiempirical MNDOC-CI
approach. The results are shown in Figure 1, in which the
energy is plotted against the distance R between the migrating
hydrogen Hm and the center of the C1ÿC7 bond, and the angle
q which describes the rotation about an axis through C4 and
the center of the C1ÿC7 bond (i.e. , in the molecular plane and
perpendicular to the C1ÿC7 bond). Subject to the condition
that all atoms except Hm, H1, and H7 are coplanar, the other
internal coordinates were optimized for the lowest excited
state S1 and for the ground state S0. The results are displayed
on the left (q� 308 ± 908) and the right (q� 908 ± 1508) hand
side of Figure 1, respectively. Consequently, the diagram does
not exhibit a plane of symmetry with respect to the transition
state for the ground-state reaction at q� 908. In this figure,
vertical excitation occurs at the planar ground-state structure
in the right half of the diagram. However, the photochem-
ical hydrogen-shift reaction starts on the S1 surface at the
relaxed excited-state minimum 4', then crosses a potential
energy barrier at the transition state 5' and reaches the
pericyclic geometry 6' where the two states S1 and S0 are
degenerate. This region thus corresponds to a conical
intersection, from which either the reactant or the product
may be reached. Energies of the characteristic points along
this reaction path calculated at fully optimized geometries are
collected in the first column of Table 1. Our calculations
showed that for these optimized structures,[32] the 1 A'' excited


Figure 1. MNDOC-CI potential-energy surfaces for the [1,7]-H shift
reaction of CHT. The definition of the coordinates R and q of the
migrating hydrogen Hm are shown on the top. Geometries were optimized
for the ground state (right half of the diagram) and for the first-excited,
singlet state (left half of the diagram).


state lies in the Franck ± Condon region 0.4 kcal molÿ1 below
the 2 A' state, but owing to interstate crossing, the minimum 4'
(2 A') on the totally symmetric potential-energy surface is
reached instead of the higher 2' (1 A'') minimum (however,
see below). The transition state 5' between the 2 A' minimum
and the pericyclic geometry 6' is calculated to be
23.3 kcal molÿ1 higher in energy.


The existence of an excited-state barrier on the 2 A' surface
would be in agreement with the observation that in solution
ground-state CHT appears only 26 ps after photolysis.[7]


However, very recent gas-phase experiments indicate an
appearance time of less than 100 fs.[9] Thus, the calculated


Table 1. Reaction coordinate of the [1,7]-H shift of cycloheptatriene. Absolute CASSCF and CASPT2 energies [a.u.] of S0, S1 and S2 at the geometries 1 ± 6,
MNDOC-CI and relative energies (in brackets) [kcal molÿ1].


Geometry MNDOC-CI CASSCF CASPT2
3-21G 6-31G* 6-31G ANO ANO


Ground state S0


1 (S0-min) 65.9 (0.0) ÿ 268.28214 (0.0) ÿ 269.76265 (0.0) ÿ 269.78256 (0.0) ÿ 269.80525 (0.0) ÿ 270.66516 (0.0)
2 (S2-min) 71.3 (5.5) ÿ 269.68872 (46.4) ÿ 269.73388 (45.1) ÿ 270.60521 (37.6)
3 (S2/S1-CI) ÿ 269.73344 (18.4) ÿ 269.70401 (18.7) ÿ 270.63992 (15.8)
4 (S1-min) 81.3 (15.5) ÿ 269.70973 (33.2) ÿ 269.74692 (36.6) ÿ 270.62391 (25.9)
5 (S1-TS) 124.2 (58.4) ÿ 269.67414 (55.5) ÿ 269.71342 (57.6) ÿ 270.59605 (43.3)
6 (S1/S0-CI) 146.0 (80.7) ÿ 268.11312 (106.0) ÿ 269.61503 (95.4) ÿ 269.63818 (90.5) ÿ 269.65511 (94.2) ÿ 270.54555 (75.1)


Excited state S1


1 (S0-min) 156.8 (21.8) ÿ 268.05879 (38.7) ÿ 269.54214 (39.9) ÿ 269.55706 (50.3) ÿ 269.58757 (38.6) ÿ 270.48260 (36.5)
2 (S2-min) 141.8 (6.8) ÿ 269.57313 (17.2) ÿ 269.60671 (19.2) ÿ 269.61668 (12.9) ÿ 270.50081 (25.1)
3 (S2/S1-CI) ÿ 269.56291 (26.8) ÿ 269.60753 (26.1) ÿ 270.52042 (12.8)
4 (S1-min) 135.0 (0.0) ÿ 268.11972 (0.0) ÿ 269.60570 (0.0) ÿ 269.63725 (0.0) ÿ 269.64917 (0.0) ÿ 270.54078 (0.0)
5 (S1-TS) 158.3 (23.3) ÿ 268.10371 (10.0) ÿ 269.58404 (13.6) ÿ 269.62562 (7.3) ÿ 269.62967 (12.7) ÿ 270.53470 (3.8)
6 (S1/S0-CI) 146.0 (11.0) ÿ 268.11312 (4.1) ÿ 269.61503 (3.0) ÿ 269.63818 (ÿ0.6) ÿ 269.65364 (12.8) ÿ 270.54664 (ÿ3.7)


Excited state S2


1 (S0-min) 157.2 (8.0) ÿ 268.01979 (31.3) ÿ 269.50231 (31.4) ÿ 269.53692 (33.9) ÿ 269.54930 (30.9) ÿ 270.47302 (27.8)
2 (S2-min) 149.2 (0.0) ÿ 268.06964 (0.0) ÿ 269.55233 (0.0) ÿ 269.59028 (0.0) ÿ 269.59854 (0.0) ÿ 270.51735 (0.0)
3 (S2/S1-CI) ÿ 269.56291 (ÿ6.6) ÿ 269.60760 (ÿ5.7) ÿ 270.52489 (ÿ4.7)
4 (S1-min) 155.2 (6.0)
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value of the barrier height is definitely much too high. In
agreement with experiment[6] planarization of the CHT ring
begins immediately after excitation. Even whilst the equili-
brium ground-state conformation is boatlike, the minimum 4',
the transition state 5', and the pericyclic structure 6' are all
calculated to be planar. The transition structure no longer
exhibits Cs symmetry, as the migrating hydrogen has moved
slightly towards C7 with distances of 1.23 � for r(C1ÿH) (as
compared with 1.12 � for the ground-state equilibrium
structure) and 1.56 � for r(C7ÿH). As a consequence of the
incipient hydrogen-shift reaction, the unsaturated carbons
become polarized and exhibit alternating charges, with the
accepting carbon being positively charged. Thus, an electron-
donating or electron-withdrawing substituent on the carbon
adjacent to the methylene group will stabilize or destabilize,
respectively, the transition state for migration of Hm to the
substituted carbon, in agreement with the experimentally
observed regioselectivity. Finally at the pericyclic geometry,
both the C1ÿH and C7ÿH lengths are equal to 1.41 �. Since
the excited state S1 and the ground state S0 are degenerate at
this geometry, a fast transition occurs to the ground-state
potential-energy surface, which slopes down steeply toward
the product or back to the reactant.


Although for the [1,7]-sigmatropic shift reaction of CHT
the semiempirical calculations yield a reaction mechanism
that is in good qualitative agreement with all the experimental
observations, the quantitative results, and in particular the
value of 23 kcal molÿ1 for the excited-state barrier, require
redetermination on the basis of more reliable ab initio
methods. We therefore performed CASSCF as well as
CASPT2 calculations for the characteristic points of this
reaction, starting from the MNDOC-CI results. The CASSCF-
optimized structures shown in Figure 2 are in most cases in
perfect agreement with the MNDOC-CI-optimized struc-
tures, the only exception being the S2 minimum (see below).
The calculated energies are collected in Table 1.


Although the MNDOC-CI- and CASSCF-optimized
ground-state geometries agree very well, the order of the
excited states at this geometry, that is, in the Franck ± Condon
region, is interchanged. At the CASSCF level the 2 A' state is
0.56 eV (13 kcal molÿ1) below the 1 A'' state. The calculated
excitation energies (Table 2) are much higher than the
experimental values. It is well-known that dynamic correla-


tion is required to obtain realistic values for the excitation
energies. We therefore performed CASPT2 calculations at the
CASSCF-optimized ground-state geometry with the ANO
basis set[29] and obtained an excitation energy for the
spectroscopically allowed 1 A'' state in fair agreement with
the experimental value[34±36] (cf. Table 2). The 2 A' state is still
0.27 eV (6.2 kcal molÿ1) below 1 A''. We thus conclude that
dynamic correlation affects both excited states such that their


Figure 2. a) CASSCF-optimized geometries at characteristic points
along the [1,7]-H shift reaction coordinate of CHT for the initial steps in
the second-excited singlet state S2 (1 A''): 1 Franck ± Condon geometry, 2 S2


minimum, 3 S2/S1 conical intersection. The upper part shows the ªtop viewº
and the lower part the ªside viewº. b) ªTop viewº (upper part) and ªside
viewº (lower part) of the CASSCF-optimized structures at characteristic
points along the [1,7]-H shift reaction coordinate of cycloheptatriene
(CHT) in the first-excited singlet state S1 (2A'): 4 S1 minimum, 5 S1


transition state, 6 S1/S0 conical intersection.


ordering is unchanged and that their relative energies are well
described by the CASSCF results.


If fast internal conversion from the initially-excited 1 A''
state into the lower 2 A' state is possible, the general
mechanism of the [1,7]-H shift in CHT derived from the
semiempirical results shown in Figure 1 remains unchanged.
Starting from the minimum at geometry 4 on the lower
excited-state surface (cf. Table 1), the conical intersection at
the pericyclic geometry 6Ð0.6 kcal molÿ1 lower in energyÐis
reached through an excited-state barrier. Both the semi-
empirical and ab initio methods give very similar results for
the geometry as well as the charge distribution in the
transition structure 5 (Figure 3), and the CASSCF value of
7.3 kcal molÿ1 for the barrier although still fairly high is much
more reasonable than the semiempirical result. CASPT2
calculations with the ANO basis set reduce this value to
3.8 kcal molÿ1, as shown in Table 1 (last column).


Thus it remains to be shown how the S1 minimum at the
geometry 4 is reached from the excited 1 A'' state. Following
the gradient in the Franck ± Condon region, a shallow S2


minimum at geometry 2 is reached. This relaxation to the S2


Table 2. Excitation energies [eV] of cycloheptatriene.


CASSCF CASPT2
MNDOC-CI 6-31G ANO[a] ANO[a] Exptl


2 1A' 3.97 6.14 5.92 4.96 (4.56)[b]


1 1A'' 3.95 6.69 6.97 5.23 4.85[c]


[a] ANO basis set C: 3s2p1d, H: 2s1p, cf. ref. [29]. [b] Estimated from
MCD spectrum.[33] [c] Ref. [34].







FULL PAPER M. Klessinger et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0508-2408 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 82408


Figure 3. Charge distribution in the excited-state transition state 5 (S1-TS)
for the [1,7]-H shift reaction in CHT.


state corresponds to a CÿC stretch mode, and is similar to the
initial S1 excited-state relaxation of all-trans-hexatriene and
related systems.[15] The geometric structure of the S2 minimum
2 (see Figure 2 a) corresponds to two allylic p systems in the
ring, the planes of which intersect at an angle of 528. The two
lowest vibrations at this geometry are deformation modes, the
combination of which leads to a planarization of the ring.
Following planarization, an S2/S1 conical intersection at 3 is
reached. This conical intersection is approximately
6 kcal molÿ1 lower in energy than the S2 minimum at 2, and
26.8 kcal molÿ1 higher than the S1 minimum at 4. The
corresponding CASPT2 values are 4.7 kcal molÿ1 and
12.8 kcal molÿ1, respectively (see Figure 4 and Table 1). This
explains the fast internal conversion from the initially-excited
1 A'' state to the S1 minimum at 4.


Figure 4. Total excited-state reaction path for the [1,7]-H shift reaction of
CHT. CASPT2 energies E in kcal molÿ1 are plotted relative to the energy of
the ground-state minimum 1.


The total excited-state reaction path for the [1,7]-hydrogen
shift is schematically summarized in Figure 4, where CASPT2
energies are given. The decisive features of the mechanism
described by this reaction path are the fast internal conversion
from the spectroscopic 1A'' state by way of an S2/S1 conical inter-
section and the existence of an excited-state barrier, which deter-
mines the kinetics as well as the selectivity of the reaction.


An important verification of this proposed mechanism
comes from a comparison of the nonequivalent barriers in
1-substituted CHT. As examples of electron-accepting and
-donating substituents we chose the methyl and cyano groups,
respectively. Excited-state minima of 1-cyanocyclohepta-
triene (CNÿCHT; 7) and of 1-methylcycloheptatriene


(MeÿCHT; 9), and transition structures 8 a ± 8 b (CNÿCHT)
and 10 a ± 10 b (MeÿCHT) were optimized; the results are
collected in Table 3. The barriers calculated for sigmatropic
shifts away from the substituent and toward the substituent


differ considerably. The CASSCF values with a 6-31G* basis
set are 4.2 kcal molÿ1 and 19.5 kcal molÿ1, respectively, for the
cyano-substituted and 12.7 kcal molÿ1 and 8.7 kcal molÿ1 for
the methyl-substituted CHT. CASPT2D calculations reduce
these values to 2.8 kcal molÿ1, 13.8 kcal molÿ1, 9.1 kcal molÿ1,
and 5.1 kcal molÿ1, respectively (see Figure 5). In agreement


Figure 5. Schematic plot of the barrier heights E in kcal molÿ1 for the
hydrogen shift toward (right side) and away from (left side) the substituent
in MeÿCHT (broken line) and CNÿCHT (dotted line). For CHT (solid
lines) the two barriers are equivalent.


with experimental observations the smaller barrier is found
for migration away from the acceptor and toward the donor
substituent. Moreover, the differences in barrier height, which
amount to 15.3 kcal molÿ1 (or 11.0 kcal molÿ1 on the CASPT2
level) for CN and 4.0 kcal molÿ1 for CH3 are in excellent
agreement with the experimentally observed product distri-
butions. According to the Arrhenius equation these corre-
spond to a distribution of 100:0 in the case of CN and 0.2:99.8
in the case of CH3 for products of a sigmatropic shift away
from and toward the substituent; these values compare well
with the experimental values of 100:0 and 2:98.[37] This very
good agreement confirms the importance of the excited-state
barrier and also confirms the mechanism for the [1,7]-
sigmatropic shift derived from the calculated potential-energy
surfaces shown in Figure 1.


Table 3. Energies E [a.u.] of the excited-state minima 4, 7, and 9 and the
transition states 5, 8a, 8 b, 10 a, and 10 b for the H-shift reaction in
cycloheptatriene (CHT), 1-cyanocycloheptatriene (CNÿCHT) and 1-meth-
ylcycloheptatriene (MeÿCHT). Barrier heights E are given in kcal molÿ1.


CASSCF CASPT2D CASPT2
6-31G 6-31G* ANO


E DE E DE E DE


CHT
4 (S1- min) ÿ 269.63752 0.0 ÿ 269.93536 0.0 ÿ 270.54075 0.0
5 (S1-TS) ÿ 269.62562 7.5 ÿ 269.92497 4.0 ÿ 270.53470 3.8
CNÿCHT
7 (S1-min) ÿ 361.38655 0.0 ÿ 361.80373 0.0
8a (S1-TS1) ÿ 361.35548 19.5 ÿ 361.78172 13.8
8b (S1-TS6) ÿ 361.37982 4.2 ÿ 361.79934 2.8
MeÿCHT
9 (S1-min) ÿ 308.68168 0.0 ÿ 309.04565 0.0
10a (S1-TS1) ÿ 308.66784 8.7 ÿ 309.03752 5.1
10b (S1-TS6) ÿ 308.66141 12.7 ÿ 309.03109 9.1
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Discussion


The important features of the mechanism for the [1,7]-
hydrogen shift reaction of CHT are the fast internal con-
version of the initially prepared excited 1 A'' state to the lower
energy surface of the dark 2 A' state, the existence of an
excited-state energy barrier on the 2 A' surface, and the
occurrence of a conical intersection region located halfway
along the reaction coordinate and at a lower energy than the
2 A' minimum.


In a very recent experimental investigation by Fuû et al.[9]


three consecutive phases of the excited-state reaction could
be distinguished. The first 10 fs and subsequent 60 fs were
assigned to the times required to travel through two regions of
the initially-excited 1 A'' state, and the final period of 70 fs to
the sojourn on the lower S1 surface and departure to the
ground state. This assignment is strongly supported by our
results. Although we could not identify the minimum-energy
path from the Franck ± Condon region to the S2/S1 conical
intersection, two regions can be clearly distinguished for the
reaction on the 1 A'' surface. The first corresponds to a very
steep descent from the Franck ± Condon region to the S2


minimum, which is approximately 30 kcal molÿ1 lower in
energy (33.9 kcal molÿ1 at the CASSCF and 27.8 kcal molÿ1 at
the CASPT2 level). Only comparatively small geometry
changes are involved that correspond to a CÿC stretch mode
combined with planarization of the ring and some rotational
motion about the C3�C4 double bond (see Figure 2a). The
second region extends from the S2 minimum to the S2/S1


conical intersection and is rather flat with a barrier smaller
than 1 kcal molÿ1. The total energy decrease is 6.6 kcal molÿ1


at the CASSCF and 4.7 kcal molÿ1 at the CASPT2 level. At the
S2/S1 conical intersection the ring is planar, and the two CÿH
bonds of the CH2 group that is perpendicular to the ring are
still equivalent. This seems to contradict the conclusions of
Fuû et al. ,[9] who interpreted the isotope effect in region 2 by
assuming a displacement along the hydrogen-shift coordinate.
However, from the optimized geometries shown in Figure 2a
we conclude that the isotope effect may be due to a
symmetrical CÿH stretch motion, which changes the CÿH
bond lengths from 1.08 � at the S2 minimum to 1.11 � at the
S2/S1 conical intersection.


The gradient difference vector x1 and the nonadiabatic
coupling vector x2 at the S2/S1 conical intersection 3, which
span the branching space, are shown in Figure 6. They
correspond to an antisymmetric deformation of the ring
system and a symmetric CÿC bond stretch motion, respec-


Figure 6. Gradient difference vector x1 (left) and nonadiabatic coupling
vector x2 (right) at the S2/S1 conical intersection 3 for the [1,7]-H shift
reaction of CHT.


tively. A comparison of the geometry at 3 (Figure 2 a) with
that of the S1 minimum 4 (Figure 2 b) reveals that these are
just the geometry changes (bond alternation and deformation
of the planar ring) that open a reaction path to the S1


minimum 4. From the geometry at the S2/S1 conical inter-
section it follows that the [1,7]-hydrogen shift motion takes
place only on the lower S1 (2 A') potential-energy surface.
Since for practically all nonadiabatic, singlet photoreactions
studied during the last ten years or so a conical intersection
has been identified as the point of return to the ground-state
surface, it is not surprising that such a characteristic was also
located for the reaction under consideration. However, it is
known that passage through a conical intersection in general
occurs within one vibrational cycle.[12] This implies that the
longer appearance time of the product as compared with
CHD must be due to the existence of an excited-state energy
barrier on the 2 A' surface. In view of the literature value of
26 ps for the ground-state recovery of photoexcited CHT,[6]


the barrier should be appreciable. However, the recent
experimental value of less than 100 fs,[9] suggests a barrier
similar to or somewhat larger than that in CHD, as for the
same barrier height the small mass of the migrating hydrogen
in CHT would imply a higher speed and therefore a shorter
appearance time than for CHD. In comparison with CHD, for
which a barrier height of the order of 1 kcal molÿ1 has been
calculated,[14] the CASPT2 value of 3.8 kcal molÿ1 appears to
support our interpretation of the recent measurements[9] and
is in good agreement with the photophysics observed for
CHD[5] and CHT.[7, 9]


In order to establish the origin of this excited-state barrier,
we first consider the geometry changes in going from the S1


minimum at 4 to the transition state at 5. Apart from a more
or less complete planarization of the ring, which has also been
inferred from resonance Raman measurements,[6] the CÿHm


bond is elongated from 1.12 � to 1.24 �, and the CÿC bond
length between the CH2 group and the carbon not involved in
the hydrogen shift decreases from 1.50 � to 1.42 �. These
geometry changes are connected with appreciable charge
reorganization, leading to major changes in the wave function
that are due to an increasing contribution from the FH!L


configuration (cf. Table 4). Initially, this configuration dom-


Table 4. Dominating configurations (CI coefficients in brackets) of the
wavefunction of the electronic ground-state S0 and the first two excited
singlet states S1 and S2 at geometries along the reaction profile.


Geometry Ground State S0 Excited State S1 Excited State S2


1 (S0-min) F0 (�0.94) F0 (ÿ0.55) FH!L (�0.57)
FH!L,H!L (ÿ0.13) FH!L,H!L (�0.37)


FHÿ1!L (�0.26)
FH!L�1 (�0.24)


2 (S2-min) F0 (ÿ0.42) F0 (ÿ0.47) F0 (�0.13)
FH!L,H!L (�0.43) FH!L (�0.16) FH!L (�0.55)


3 (S2/S1-CI) F0 (�0.13) FH!L (�0.68) F0 (�0.76)
FH!L, H!L (ÿ0.93)


4 (S1-min) F0 (ÿ0.86) F0 (ÿ0.25)
FH!L,H!L (�0.33) FH!L,H!L (ÿ0.54)


FH!L (�0.18)
5 (S1-TS) F0 (ÿ0.86) F0 (ÿ0.03)


FH!L,H!L (�0.35) FH!L (�0.52)
FH!L,H!L (ÿ0.42)


6 (S1/S0-CI) F0 (�0.93) FH!L (�0.92)
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inates the S2 state of A'' symmetry and mixing becomes
possible only when the symmetry is reduced. At the pericyclic
geometry 6, S1 is dominated by FH!L and S0 by F0 . This
verifies the existence of an avoided crossing as the origin of
the energy barrier.


The situation can be clarified further by considering the
MOs involved. In Figure 7 the natural frontier orbitals
obtained from the CASSCF wavefunction of the S1 state are
shown together with their occupation numbers. At the
excited-state transition structure 5, these orbitals are similar
to the HOMO and LUMO of hexatriene, while at the
pericyclic geometry 6 they resemble the pair of nonbonding
cyclooctatetraene p MOs. Three features are important:
1) The occupation numbers indicate that at the spectroscopic


minimum as well as at the pericyclic geometry, the
wavefunction has a strong biradical character, while near
the transition state the LUMO is nearly doubly occupied,
indicating a closed-shell structure.


2) In 5 a nodal plane passes through C7 and the center of the
C3ÿC4 bond, and in 6 through C4 and the center of the
C1ÿC4 bond. This change in the direction of the nodal
plane clearly demonstrates the difference between the
sigmatropic shift reaction and pericyclic reactions, for
which the principle of orbital symmetry conservation
applies and is the principle reason for an avoided crossing
that yields the excited-state barrier.


3) The development of the frontier orbitals along the reaction
coordinate is best understood by considering the reverse
reaction from 6 to 5. In order to minimize the bonding or
antibonding interaction during the hydrogen shift, the MO
becomes polarized. This together with the closed-shell
structure at 5 explains the development of alternating
charges.


Figure 8 depicts the vectors x1 and x2 for the S1/S0 conical
intersection 6. As it is in general not justified to attribute any
significance to these vectors individually, since only the plane


Figure 8. Orthogonalized gradient difference and nonadiabatic coupling
vectors x1 (left) and x2 (right) at the S1/S0 conical intersection 6 for the
[1,7]-H shift reaction of CHT.


spanned by these vectors has a meaning,[38] we present the
orthogonalized vectors that exhibit the motions involved
more clearly: x1 corresponds to a symmetrical CÿC bond
stretch and x2 describes the motion of the migrating hydrogen
Hm. The resemblance of the frontier orbitals at the S1/S0


conical intersection to the cyclooctatetraene p MOs suggests
a similarity of these vectors to those expected at the conical
intersection for the photorearrangement of cyclooctatetraene
to semibullvalene (SB) . The
analogy becomes particularly
apparent from a comparison
of x1 with the structural formu-
la of SB.


From our results it is quite clear that the [1,7]-H shift
reaction in CHT proceeds in the 2 A' state, that is to say, that
the sigmatropic shift is the characteristic reaction of this


totally symmetric state, which
is the lowest excited state
nearly all the way along the
reaction coordinate. Excita-
tion of the spectroscopic 1 A''
state is followed by fast con-
version to the reactive dark
state through the S2/S1 conical
intersection at geometry 3.
This is exactly the general
behavior that was proposed
for pericyclic reactions nearly
30 years ago. However, sigma-
tropic shift reactions differ
from electrocyclic or cyclo-
addition reactions in that no
Woodward ± Hoffmann orbi-
tal correlation diagram based
on orbital symmetry conser-
vation or on nodal plane con-
servation can be constructed.
While for electrocyclic or cy-
cloaddition reactions the to-
tally symmetric dark state de-
scends steeply from the high-
energy doubly excited state


Figure 7. Contour diagram of the natural frontier orbitals and their occupation numbers at the S1 minimum 4, the
S1 transition state 5, and the S1/S0 conical intersection 6 plotted in a plane 0.38 au above the molecular plane.
Dotted lines refer to nodal planes.
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and drops below the HOMO ± LUMO excited state, these two
states are more or less degenerate for the sigmatropic shift
reaction. Even for the ground-state equilibrium geometry, the
2 A' state is energetically quite close to the 1 A'' state.


Stabilization of the HOMO!LUMO excited state by
fusion of two benzene rings to the CHT system ensures that
the 1 A'' state will be the lowest excited state at all geometries
of interest and will therefore be the reactive state.[20] The
characteristic reaction of this state is photodeprotonation to
form the cycloheptatrienyl anion,[21] as has been shown
explicitly for the analogous photodecarboxylation reaction.[22]


This confirms our earlier suggestion that the different photo-
chemical behavior of CHT and its derivatives on the one hand
and SUB on the other is simply due to the fact that excited
states of a different nature are involved in the photoreactions
of these molecules.[20]


As to the mechanism of the sigmatropic [1,7]-H shift
reaction in CHT, our results are in very good agreement with
the resonance Raman measurements,[6] according to which
only a fraction of the atomic movement necessary to achieve
planar geometry occurs on the 1 A'' surface, while the majority
of the rearrangement takes place on the 2 A' surface. In
contrast with the concerted rearrangement proposed by
Woodward and Hoffmann[39] it has been suggested by Paulick
et al.[16] that the photochemical sigmatropic shift proceeds
sequentially through a biradical intermediate. Although the
biradical nature of the 2 A' excited-state minimum at 4 and the
barrier separating this minimum from the pericyclic geometry
6 seem to support this suggestion, the biradical structure at 4
differs considerably from the proposed structure, which
consists of a pentadienyl radical segment and a three-center
bond at the saturated end of the ring. Furthermore, this
minimum is very flat and the barriers separating it from the S2/
S1 conical intersection are much too low to correspond to a
real intermediate. As the reactive geometry, at which the
transition from the excited state to the ground state occurs, is
symmetric with the migrating hydrogen just halfway between
the initial and the final position, this reaction should rather be
classified as concerted.


Ter Borg et al.[19] explained the selectivities for the sigma-
tropic shift in 1-substituted CHT by assuming that charge
localization occurs during the rearrangement. This assump-
tion is substantiated by our results for the transition structure,
and it is this charge distribution which explains the substituent
effect on the excited-state barrier that is responsible for
selectivity. However, a tropylium-type intermediate stabilized
by aromatic character as postulated by Ried et al.[6a] cannot be
reconciled with our results. Also the sudden polarization
model proposed by Tezuka et al.[17] is not compatible with the
transition structure determined in the present work.


The height of the excited-state barrier is decisive for the
course of the reaction, that is, for the regioselectivity of the
[1,7]-sigmatropic shift and of the periselectivity of the electro-
cyclization. The calculated charges indicate the most favor-
able transition states and may therefore be used as a basis for
a simple, predictive model. Although electrocyclization was
not considered in this work, it may be concluded from the
present data together with the experimental results of
Ter Borg et al.[19] that the excited-state energy barrier for the


[1,7]-sigmatropic shift increases with increasing donor
strength of the substituent. This favors electrocyclization to
form bicyclo[3.2.0]heptadienes. This suggests that electro-
cyclization may occur through a different conical intersection
separated from the S1 minimum by a different excited-state
barrier. The barrier should be higher or lower than that on the
sigmatropic-shift reaction path if the CHT ring is substituted
in the 1-position by acceptor or donor substituents, respec-
tively.


Conclusions


Semiempirical as well as ab initio CASSCF calculations
demonstrate that the mechanism of the photochemical [1,7]-
hydrogen shift in CHT can be characterized as follows:
Excitation into the 1 A'' p,p* excited state is followed by a fast
transition through a conical intersection into a dark state,
which at the ground-state geometry corresponds to the 2 A'
state. Hydrogen motion starts only in this state and is
characterized by a small barrier due to an avoided crossing;
this separates the excited-state minimum from a conical
intersection at the pericyclic geometry through which ultrafast
return to the ground state occurs. Substituents in the
1-position affect the excited-state barrier such that hydrogen
migration away from an acceptor substituent and toward a
donor substituent is favored. More concisely the selectivity of
the sigmatropic [1,7]-shift in CHT originates in a substituent-
dependent excited-state barrier.


Therefore, neither sudden polarization effects nor biradical
intermediates are necessary to explain the regioselectivity.
However, as the barrier is due to an avoided crossing and the
concomitant change in the wavefunction, a charge distribu-
tion similar to the model of TerBorg et al.[19] results. This
enables the substituent effects on the excited-state barrier to
be rationalized.
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Oxygen as Oxidant in Palladium-Catalyzed Inter- and Intramolecular
Coupling Reactions
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Abstract: Facile palladium-catalyzed cyclizations of arylaminoquinones giving bio-
logically important carbazoloquinones in high yields have been performed with
oxygen as the single oxidant. By a slight modification of the catalyst, diphenylamine,
diphenyl ether, and related compounds can be cyclized. The system could also be
used in intermolecular couplings between naphthoquinones and benzene or
naphthalene.


Keywords: alkaloids ´ CÿH activa-
tion ´ catalysis ´ cyclizations ´
palladium


Introduction


Aromatic compounds may be oxidatively coupled inter- or
intramolecularly to biaryls, polyaryls, or ring-closed com-
pounds with stoichiometric amounts of palladium.[1±3] Differ-
ently substituted carbazoles (2) may be prepared from
diphenylamine derivatives (1) with palladium acetate
(1.0 equiv) in refluxing acetic acid (Scheme 1).[2, 4]


Procedures for the facile synthesis of carbazole and
carbazoloquinones are of interest since a number of bio-
logically active alkaloids contain these units.[5] The synthesis
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Scheme 1. Cyclization of aryl amines, aryl ethers, and benzanilide.


of ellipticine, a compound with promising activity against
some forms of cancer, is an example where palladium-
mediated cyclization of diphenylamine structures is a crucial
step.[6] Use of this type of cyclization also leads to a
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simple route for the preparation of carbazoloquinones (4)
(Scheme 2) such as different kinamycins[7] and murrayaqui-
nones,[8] which exhibit interesting biological activity.[9]


However, as these reactions use stoichiometric amounts of
palladium, a catalytic system would be highly desirable.[4]


Although such systems have been developed with copper
acetate[10] or tert-butyl hydroperoxide[11] as oxidants, oxygen
would clearly be preferred.[12] The well-known Wacker
industrial process uses a PdCl2/CuCl2/O2 catalytic system for
the oxidation of ethylene to acetaldehyde or acetic anhy-
dride,[13] but in aromatic coupling reactions chloride ions
effectively poison the catalyst. An alternative catalyst, con-
sisting of palladium trifluoroacetate in combination with a bis-
pyrazole ligand, has recently been used in catalytic Wacker
type reactions with a combination of benzoquinone and
oxygen as the oxidant.[14] However, the presence of nitrogen
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Scheme 2. Cyclization of 2-arylamino-1,4-quinones.


ligands also effectively inhibits the cyclization reactions. A
system for aromatic coupling has been reported that uses neat
palladium acetate as the catalyst and a mixture of nitrogen
and oxygen (1:1) as the oxidant at a pressure of 50 kg cmÿ2.[15]


This reaction produced a 1:1 mixture of dibenzofuran and
dimers of diphenyl ether from intra- and intermolecular
coupling, respectively. Addition of 2,4-pentanedione reduced
the amount of dimerized product, but it was still significant.[16]


Furthermore, transition metal-catalyzed reactions with oxy-
gen at high pressure are hazardous, and explosions have been
reported in reactions related to aromatic coupling.[1c, 17] We
would therefore like to report a procedure that uses oxygen at
atmospheric pressure.


Results and Discussion


We have shown earlier that 2-arylamino-1,4-quinones (3) can
be cyclized to carbazoloquinones (4) (Scheme 2) in good-to-
fair yields with palladium(ii) acetate as catalyst and tert-butyl
hydroperoxide as oxidant.[11] Hydrogen peroxide can also be
used as oxidant in these reactions, but the yields are lower. A
hydrogen peroxide and benzoquinone system did not improve
the yields, perhaps because this system is not stable under the
reaction conditions. The use of a Wacker type oxidation
system, Pd(OAc)2/Cu(OAc)2/O2, gave lower yields than those
obtained with tert-butyl hydroperoxide. We have now found
that efficient cyclization of carbazoloquinones is possible
under similar conditions with molecular oxygen at atmos-
pheric pressure as the oxidant (entries 8 ± 10, Table 1). In fact,
the yields were distinctly higher with oxygen as oxidant. For
instance, the yields of 4 a and 4 c were higher than 85 % with
oxygen, but only around 65 % with tert-butyl hydroperox-
ide.[11] With H2O2 as oxidant, the yield was even lower at
about 30 %.


The successful use of oxygen in the oxidative aromatic
cyclizations of 2-arylamino-1,4-quinones prompted us to test
whether this simple oxidation system could be applied to
other related reactions. Although carbazole (2 a) could be
obtained in decent yield (61 %) from diphenylamine, diphenyl
ether could not be cyclized to dibenzofuran (2 b). One major
problem in the reaction of diphenyl ether seemed to be the
formation of metallic palladium. It has been reported


previously that addition of cocatalysts such as tin(ii) acetate,
Sn(OAc)2, increases the yields in palladium(ii)-catalyzed
reactions.[18] Addition of Sn(OAc)2 together with the use of
a more electrophilic catalyst, palladium trifluoroacetate
(Pd(OTFA)2), was found to effect cyclization of diphenyl
ether to dibenzofuran in reasonable yield (60 %, entry 3,
Table 1). This dramatic increase in activity in going from
Pd(OAc)2 to Pd(OTFA)2 was the first indication that
the reaction is very sensitive to the conditions. Because of
problems with reproducibility in the formation of dibenzo-
furan, we decided to investigate this reaction in more
detail.


For diphenyl ether, the yield increased with increasing
temperature. With the more reactive substrates, such as the
substituted diphenylamines and the 2-arylamino-1,4-qui-
nones, lower temperatures were necessary to avoid intermo-
lecular side reactions. Addition of activated charcoal to
disperse the precipitated palladium(00)[18] had a positive effect
on the reaction, but this was not enough to assure reprodu-
cibility. Most interestingly, addition of a small amount of
diphenylamine to the reaction of diphenyl ether improved the
yield of dibenzofuran, while addition of carbazole or amines
such as pyrrolidine or diisopropylamine did not have any
effect. This indicates that diphenylamine has a special ability
to promote cyclizations, perhaps by keeping the palladium(00)
from being precipitated in these systems, by formation of
arylpalladium species.[19]


The high yields in the reactions of 2-arylamino-1,4-quinones
may be because of the quinone moiety. Benzoquinone is
known to coordinate to palladium(00),[20] and is therefore
expected to prevent the formation of metallic palladium.
Furthermore, the coordination of a quinone moiety to
palladium(ii) activates the catalyst and may facilitate the
reoxidation of palladium(00).[21, 22] However, addition of ben-
zoquinone to the reaction of diphenyl ether did not improve
the results.


Acetic acid seems to be the best solvent, but propionic acid
can also be used. Ethanol, ethyl acetate, and dimethyl
sulfoxide were also tried, but in these solvents no ring closure
was observed. The quality of the acetic acid is of primary
importance, but the reason for this is not known. The reaction
was not very sensitive to small differences in water concen-


Table 1. Palladium-catalyzed oxidative aromatic ring closure.


Entry Product Catalyst system[a] T [8C] Yield [%][b] t/h


1 2a A 90 61 14
2 2a B 87 66 14
3 2b B 116 60 48
4 2c B 116 80 50
5 2d B 85 30 12
6 2e B 25 -[c] 10
7 2 f B 116 60 60
8 4a A 95 89 48
9 4b A 95 87 48


10 4c A 95 86 48
11 5 B 80 54 12


[a] Catalyst system: A) 5 mol % Pd(OAc)2 in acetic acid under oxygen
atmosphere. B) 5 mol % Pd(OTFA)2 and 10 mol % Sn(OAc)2 in acetic acid
under oxygen atmosphere. [b] Yields of isolated product. [c] The product
was unstable under these conditions.
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tration, but acetic anhydride had a negative influence on the
reactivity. One explanation may be that acetic acid generally
contains some anhydride, but addition of a small amount of
water to hydrolyze any anhydride present did not improve the
efficiency of the reaction. Halide ions also have an adverse
effect on the cyclization reaction. In order to remove any
small amount of halide that might be present as residues from
the manufacturing process of acetic acid, silver acetate was
added but this also failed to improve the efficiency of the
reaction. Addition of trifluoroacetic acid resulted in a more
reactive catalytic system and led not only to faster reactions,
but also to intermolecularly coupled by-products unless the
concentration was lowered. With a 1:10 ratio of trifluoroacetic
acid and acetic acid the concentration had to be decreased by
one half to minimize the intermolecular side reactions.


With the more effective Pd(OTFA)2/Sn(OAc)2/O2 system it
was possible to effect ring closure of some substrates related
to diphenylamine (Scheme 1; entries 4 ± 7, Table 1). The sub-
strate 1 e reacted very rapidly, but the product 2 e was further
oxidized under the given conditions and no product could be
isolated (entry 6). The ring closure of benzanilide (1 f, entry 7)
shows that it is possible to prepare six-membered rings by this
procedure.


In order to study whether selective intermolecular coupling
would be possible, the reaction between naphthoquinone and
naphthalene or benzene was also investigated. The reaction
with naphthalene turned out to be quite complicated, perhaps
because of the high reactivity of naphthalene, and a complex
mixture of products was obtained. Mass spectrometry showed
that two major products were formed, both in low yields. One
was the desired product from the coupling of naphthalene
with one molecule of naphthoquinone. The other came from
coupling with two molecules of naphthoquinone. In contrast,
benzene (Scheme 3) gave the anticipated product 5 in
reasonable yield (entry 11, Table 1).


O


O


O


O


+


5


Scheme 3. Intermolecular coupling of naphthoquinone and benzene.


Conclusion


Aromatic systems can be efficiently coupled, inter- and
intramolecularly, with palladium(ii) as the catalyst and oxygen
(1 atm) as the oxidant. Intramolecular coupling yields both
five- and six-membered rings. The cyclization of very reactive
systems, such as diphenylamine, requires only palladium
acetate as the catalyst, while a more electrophilic catalyst,
such as palladium trifluoroacetate together with tin acetate, is
necessary for less reactive systems like diphenyl ether and
benzanilide. The positive effect of additives such as tin acetate
and diphenylamine shows that minor modifications can lead
to substantial improvements in the efficiency of the reaction.


This suggests that the palladium-catalyzed coupling has
potential for even wider application than described in the
present work and further studies are in progress.


Efficient catalytic methods have recently been developed
for the preparation of unsymmetric diarylamines and diaryl
ethers.[23] In combination with these methods, the palladium-
catalyzed coupling described here by us offers a facile route to
condensed aromatic heterocyclic systems.


Experimental Section


All solvents and reagents were purchased from Aldrich. Pd(OAc)2 was
recrystallized from acetic acid before use. Pd(OTFA)2 was prepared from
Pd(OAc)2 by a literature procedure.[24] Purification by medium-pressure
liquid chromatography (MPLC) was performed as described by Baeck-
ström et al.[25] The gel used was Merck Silica gel 60. TLC analyses were
performed on Merck aluminum plates coated with silica; UV light and
phosphomolybdic acid in ethanol (5%) were used for visualization.
1H NMR and 13C NMR spectra were recorded on 400 MHz (Bruker
Model AM 400) and 250 MHz (Bruker Model ACF 250) spectrometers.
1H NMR chemical shifts are reported in d (ppm) relative to Me4Si as the
internal standard. 13C chemical shifts are given in d values relative to the
solvent (CDCl3 77.00 ppm or [D6]DMSO 128.0 ppm). The abbreviation
app� apparent is used in descriptions of NMR multiplicities. 1H NMR
integrations are reported as the relative number of hydrogens (H).
GLC analyses were performed on a Varian 3700 instrument fitted
with a BP-1 (methylsilicone, 25m) capillary column. C8 ± C16 n-alkanes
were used as internal standards for GLC analyses. The Analytische
Laboratorien, Engelskirchen, Germany performed all the elemental
analyses.


Procedure for oxidative coupling with oxygen as oxidant : The substrate
(1 ± 5 mmol, 100 mol %) together with Pd(OAc)2, or Pd(OTFA)2,
(5 mol %) and Sn(OAc)2 (10 mol %) were dissolved in acetic acid (5 ±
25 mL). The atmosphere was changed to oxygen and the mixture was
stirred at the reported temperature for the time stated. When the reaction
was complete the acetic acid was removed under reduced pressure, and the
residue was purified by MPLC. Optimizations were achieved by following
the reactions by TLC until no starting material could be detected or by
capillary GLC with internal standards. The 1H NMR spectra of 2a and 2b
were in accordance with those of commercially available samples. The
13C NMR spectra obtained for 2c and 2d[26] and the 1H NMR spectrum for
2 f[27] were as reported in the literature.


Preparation of compound 5 : Naphthoquinone (3 mmol) was dissolved in
benzene (5 mL); reaction time 12 h, temperature 80 8C; yield: 54%.
1H NMR (400 MHz, CDCl3): d� 8.18 (m, 1H), 8.11 (m, 1H), 7.77 (m, 2H),
7.57 (m, 2H), 7.47 (m, 3 H), 7.07 (s, 1H); 13C NMR (400 MHz, CDCl3): d�
185.2, 184.4, 148.2, 135.3, 134.0, 133.9, 133.4, 132.5, 132.1, 130.1, 129.5, 128.5,
127.1, 126.0. C16H10O2: calcd C 82.04, H 4.30; found C 81.92, H 4.44.


Preparation of 2-arylamino-1,4-quinones : The 2-arylamino-1,4-quinones
3a ± c were prepared according to a literature procedure.[28]


Compound 3a : yield: 60%; 1H NMR (250 MHz, CDCl3): d� 8.12 (dd,
3J(H,H)� 7.5 Hz, 3J(H,H)� 1.3 Hz, 1H), 8.10 (dd, 3J(H,H)� 7.5 Hz,
3J(H,H)� 1.3 Hz, 1 H), 7.76 (app dt, 3J(H,H)� 7.5 Hz, 3J(H,H)� 1.3 Hz,
1H), 7.66 (app dt, 3J(H,H)� 7.5 Hz, 3J(H,H)� 1.3 Hz, 1H), 7.43 (br s, 1H),
7.20 (AB app d, 3J(H,H)� 8.9 Hz, 2H), 6.95 (AB app d, 3J(H,H)� 9.0 Hz,
2H), 6.23 (s, 1 H), 3.84 (s, 3H); 13C NMR (400 MHz, [D6]DMSO): d�
182.1, 181.6, 156.9, 146.8, 134.8, 132.7, 132.4, 130.5, 130.3, 126.0, 125.5, 125.2,
114.4, 101.0, 55.2. C17H13NO3: calcd C 73.11, H 4.69; found C 73.22, H 4.78.


Compound 3b : yield: 59%; 1H NMR (250 MHz, CDCl3): d� 8.13 (dd,
3J(H,H)� 7.4 Hz, 3J(H,H)� 1.5 Hz, 1H), 8.11 (dd, 3J(H,H)� 7.5 Hz,
3J(H,H)� 1.5 Hz, 1 H), 7.90 (br s, 1 H), 7.76 (app dt, 3J(H,H)� 7.5 Hz,
3J(H,H)� 1.5 Hz, 1 H), 7.67 (app dt, 3J(H,H)� 7.5 Hz, 3J(H,H)� 1.5 Hz,
1H), 7.44 (dd, 3J(H,H)� 7.8 Hz, 3J(H,H)� 1.6 Hz, 1H), 7.15 (app dt,
3J(H,H)� 7.9 Hz, 3J(H,H)� 1.6 Hz, 1 H), 7.03 (dd, 3J(H,H)� 7.7 Hz,
3J(H,H)� 1.5 Hz, 1H), 6.97 (dd, 3J(H,H)� 8.1 Hz, 3J(H,H)� 1.3 Hz, 1H),
6.50 (s, 1H), 3.92 (s, 3H); 13C NMR (400 MHz, CDCl3): d� 184.0, 182.2,
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151.2, 144.0, 134.8, 133.3, 132.3, 130.6, 127.0, 126.6, 125.5, 121.1, 120.9, 111.2,
103.6, 55.8. C17H13NO3: calcd C 73.11, H 4.69; found C 73.16, H 4.80.


Compound 3c : yield: 60%; The 1H NMR spectrum was in full accordance
with that reported in reference [28].


Cyclization of 2-aryl-1,4-quinones
Compound 4 a : The substrate (2 mmol, 100 mol %) and Pd(OAc)2


(22.4 mg, 0.1 mmol) were dissolved in glacial acetic acid (25 mL) and the
atmosphere was changed to oxygen. The mixture was stirred at 95 8C until
no starting material could be detected by TLC (approximately after 48 h).
Then the acetic acid was removed under reduced pressure and the residue
was purified by MPLC to give an 89% yield. The 1H NMR spectrum of 4a
was in full agreement with that reported in the literature.[29]


Compound 4b : Compound 4 b was prepared according to the procedure
described above for 4a. 87% yield; 1H NMR (250 MHz, CDCl3): d� 9.49
(br s, 1 H), 8.26 (dd, 3J(H,H)� 7.4 Hz, 3J(H,H)� 1.4 Hz, 1H), 8.20 (dd,
3J(H,H)� 7.4 Hz, 3J(H,H) �1.4 Hz, 1H), 7.96 (d, 3J(H,H)� 8.0 Hz, 1H),
7.76 (td, 3J(H,H)� 7.4 Hz, 3J(H,H)� 1.4 Hz, 1H), 7.70 (td, 3J(H,H)�
7.4 Hz, 3J(H,H)� 1.4 Hz, 1 H),7.31 (d, 3J(H,H)� 8.0 Hz, 1H), 6.86 (d,
3J(H,H)� 8.2 Hz, 1H), 4.02 (s, 3 H); 13C NMR (400 MHz, [D6]DMSO): d�
180.4, 177.1, 147.4, 136.9, 134.0, 133.9, 133.1, 132.7, 129.1, 125.9, 125.9, 125.4,
124.9, 117.8, 114.2, 106.6, 55.5. C17H11NO3: calcd C 73.64, H 4.00; found C
73.45, H 4.15.
Compound 4 c : The same procedure was used as for compound 4a, such
that 86% of 4 c was isolated. The 1H NMR spectrum was in full accordance
with that reported in reference [28].
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Supported Iridium Cluster Catalysts for Propene Hydrogenation:
Identification by X-Ray Absorption Spectra Measured During Catalysis


Ghansham Panjabi, Andrew M. Argo, and Bruce C. Gates*[a]


Abstract: Supported metal carbonyl clusters, [Ir4(CO)12]/g-Al2O3, [Ir6(CO)15]2ÿ/g-
Al2O3, and [HIr4(CO)11]ÿ/MgO, were treated in He to prepare supported metal
clusters modeled as Ir4/g-Al2O3, Ir6/g-Al2O3, and Ir4/MgO. The samples were
characterized by infrared and extended X-ray absorption fine structure (EXAFS)
spectroscopy, with the EXAFS data obtained for samples at liquid nitrogen
temperature under vacuum and at 298 K in a flow-through cell in the presence of
a) N2, b) H2, c) propene, and d) H2� propene mixtures; the mixtures underwent
catalytic hydrogenation during the measurements. The results indicate that the
cluster frames were essentially unchanged under the various conditions. The Ir4 and
Ir6 clusters are identified as the catalytically active species.


Keywords: catalysts ´ clusters ´
EXAFS spectroscopy ´ hydrogen-
ations ´ iridium


Introduction


The metals in practical noble-metal catalysts are almost
always clusters or particles dispersed on surfaces of porous
metal oxide supports. As the clusters or particles are both
extremely small and nonuniform, it is difficult to identify the
structures responsible for catalysis. Consequently, attempts
have been made to synthesize nearly uniform supported metal
clusters from precursor metal carbonyl clusters by deposition
or surface-mediated formation of the precursors, for example,
[Ir4(CO)12] or [Ir6(CO)15]2ÿ, followed by decarbonylation with
retention of the metal frame.[1, 2]


Open questions have to do with how the structures of the
cluster frames depend on adsorbed reactant ligands and how
these structures may change during catalysis. Because the
structures of supported metal clustersÐprovided they are
nearly uniformÐmay be determined relatively precisely by
extended X-ray absorption fine structure (EXAFS) spectros-
copy,[1, 3] and because this technique is well-suited to inves-
tigation of catalysts in the working state,[4] provided that the
temperature is not too high, we have now applied it to
characterize supported metal clusters, approximated as Ir4


and Ir6 on the supports g-Al2O3 and MgO, in the presence of
H2, propene, and mixtures of H2� propene undergoing
catalytic hydrogenation. The data lead to the identification
of Ir4 and Ir6 as catalytically active species and give evidence
of the stability of the clusters under mild reaction conditions
(298 K and 1 bar).


Results


Synthesis and decarbonylation of supported metal clusters :
The precursors, [Ir4(CO)12] and [Ir(CO)2(acac)], and the
supports, g-Al2O3 and MgO, were used to synthesize the
following supported metal carbonyl clusters, which are
catalyst precursors: [Ir4(CO)12]/g-Al2O3, [HIr4(CO)11]ÿ/MgO,
and [Ir6(CO)15]2ÿ/g-Al2O3. These samples were decarbon-
ylated by heating in flowing He to form the supported clusters
approximated as Ir4/g-Al2O3, Ir4/MgO, and Ir6/g-Al2O3. The
preparation and characterization by infrared and EXAFS
spectroscopy are summarized below.


Infrared spectra of supported metal carbonyl clusters :
[Ir4(CO)12]/g-Al2O3 and [HIr4(CO)11]ÿ/MgO were prepared
by bringing solutions of [Ir4(CO)12] in contact with each of the
calcined (673 K) metal oxide powders in an n-pentane slurry,
followed by overnight stirring, and removal of the solvent by
evacuation. Infrared spectra of the resulting solids match
those reported,[1, 5, 6] which are consistent with the formation
of [Ir4(CO)12]/g-Al2O3 and [HIr4(CO)11]ÿ/MgO. Treatment in
He at 573 K for 2 h led to removal of the nCO bands, indicating
complete decarbonylation.
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[Ir6(CO)15]2ÿ/g-Al2O3 was prepared by surface-mediated
organometallic synthesis.[7] After adsorption of [Ir(CO)2-
(acac)] on uncalcined g-Al2O3, the sample was treated in
flowing CO at 1 bar and 373 K for 10 h, with the final infrared
spectrum matching that of [Ir6(CO)15]ÿ2/g-Al2O3, the product
of reductive carbonylation; details are presented elsewhere.[2]


Treatment in He at 573 K for 2 h led to complete decarbon-
ylation, as shown by removal of the nCO bands; the results
match those reported.[2]


EXAFS spectra : The EXAFS data, collected with the samples
under vacuum (1.3� 10ÿ5 mbar) at approximately liquid
nitrogen temperature, were analyzed on the basis of data
characterizing reference compounds (Table 1). Details of the
analysis are presented in Table 1 and in the section below
entitled EXAFS data analysis.


The EXAFS parameters characterizing [Ir4(CO)12]/
g-Al2O3, [HIr4(CO)11]ÿ/MgO, and [Ir6(CO)15]2ÿ/g-Al2O3 are
summarized in Table 2. For example, the structural parame-
ters characterizing [Ir4(CO)12]/g-Al2O3 include a first-shell


IrÿIr coordination number of 3.2 with an IrÿIr distance of
2.66 �, nearly matching the corresponding values for crystal-
line [Ir4(CO)12] (3.0 and 2.69 �, respectively[10]). The EXAFS
data also indicate several Ir-low-Z scatterer contributions,
including IrÿCO, with approximately 3 CO groups per Ir
atom.


Similarly, the EXAFS data are consistent with the presence
of [HIr4(CO)11]ÿ on MgO[11] and [Ir6(CO)15]2ÿ on g-Al2O3.[12]


The data characterizing [Ir6(CO)15]2ÿ/g-Al2O3 indicate both
bridging and terminal CO ligands.[2]


EXAFS results characterizing the decarbonylated metal
clusters are summarized in Table 3 for the samples repre-
sented as Ir4/g-Al2O3, Ir4/MgO, and Ir6/g-Al2O3. The data are
consistent with the full removal of the carbonyl ligands as a
result of the decarbonylation treatments,[1, 2, 6] with retention
of the metal frames, as indicated by the virtually unchanged
IrÿIr coordination numbers.


Table 1. Crystallographic data characterizing the reference compounds
and Fourier transform ranges used in the EXAFS data analysis.[a]


Crystallographic data Fourier transform
Shell N R [�] Dk [�ÿ1] Dr [�] n


Pt foil PtÿPt 12 2.77 1.9 ± 19.8 1.9 ± 3.0 3
Na2Pt(OH)6 PtÿO 6 2.05 1.4 ± 17.7 0.5 ± 2.0 3
[Ir4(CO)12] IrÿC 3 1.87 2.8 ± 16.5 1.1 ± 2.0 3


IrÿO* 3 3.01 2.8 ± 16.5 2.0 ± 3.3 3
IrAl alloy IrÿAl[b] 8 2.58 2.7 ± 12.0 1.0 ± 3.0 3


[a] Notation: N, coordination number characterizing absorber-backscat-
terer pair; R, distance; Dk, limits used for forward Fourier transformation
(k is the wave vector); Dr, limits used for shell isolation (r is distance); n,
power of k used for Fourier transformation. [b] After subtraction of IrÿIr
contributions: N� 6, r� 2.98 �, Ds2�ÿ0.001 �2 (Ds2 is the Debye-
Waller factor), DE0�ÿ3.3 eV (DE0 is the inner potential correction). A
theoretical IrÿAl EXAFS function was calculated with the FEFF
program[8] and adjusted to agree with limited IrÿAl reference data
obtained as described above for use of a larger interval in k space for
fitting the iridium data.[9]


Table 2. EXAFS results at the Ir LIII edge characterizing metal carbonyl clusters
formed from organometallic precursors on metal oxides at liquid nitrogen
temperature and 1.3� 10ÿ5 mbar.[a]


Supported metal catalyst EXAFS parameters
Precursor Support Shell N R


[�]
103�Ds2


[�2]
DE0


[eV]
EXAFS


metal carbonyl reference


[Ir4(CO)12] g-Al2O3 IrÿIr 3.2 2.66 4.2 0.9 PtÿPt
IrÿCO


IrÿC 2.9 1.86 3.2 3.3 IrÿC*
IrÿO* 3.0 2.89 1.8 7.1 IrÿO*


IrÿOsupport 0.7 2.29 3.5 2.7 PtÿO*
[Ir(CO)2(acac)] g-Al2O3 IrÿIr 4.2 2.74 2.4 0.2 PtÿPt


IrÿCO
IrÿCb 1.0 2.06 ÿ 1.5 ÿ 1.8 IrÿC*
IrÿCt 2.1 1.85 1.5 5.1 IrÿC*
IrÿO* 1.8 3.24 ÿ 0.7 ÿ 5.3 IrÿO*


IrÿAl 0.2 1.47 5.6 19.1 IrÿAl
[Ir4(CO)12] MgO IrÿIr 3.0 2.69 5.2 14.3 PtÿPt


IrÿCO
IrÿC 2.87 1.89 9.2 ÿ 2.7 IrÿC*
IrÿO* 2.35 2.95 5.4 3.6 IrÿO*


IrÿOsupport 0.24 2.13 ÿ 5.3 5.2 PtÿO


[a] Notation: N, coordination number; R, distance between absorber and
backscatterer atom; Ds2, Debye-Waller factor; DE0, inner potential correction;
O*� carbonyl oxygen; subscripts b and t, bridging and terminal.


Table 3. EXAFS results at the Ir LIII edge characterizing decarbonylated supported metal clusters at liquid nitrogen temperature and 1.3� 10ÿ5 mbar.[a]


Catalyst EXAFS parameters
Cluster/support Precursor/support Shell N R [�] 103�Ds2 [�2] DE0 [eV] EXAFS
modeled as � treatment reference


Ir4/g-Al2O3 Ir4(CO)12/g-Al2O3 � IrÿIr 3.3 2.67 4.2 ÿ 0.6 PtÿPt
He, 573 K, 2 h IrÿOsupport


IrÿOs 1.1 2.17 1.0 ÿ 15.2 PtÿO
IrÿOl 0.7 2.69 ÿ 2.7 ÿ 9.9 PtÿO
IrÿAl 0.3 1.78 5.0 5.5 IrÿAl


Ir6/g-Al2O3 Ir(CO)2(acac)/g-Al2O3 � IrÿIr 4.0 2.68 3.3 0.9 PtÿPt
He, 573 K, 2 h IrÿOsupport


IrÿOs 0.5 2.18 ÿ 3.2 ÿ 6.3 PtÿO
IrÿOl 1.3 2.66 3.3 ÿ 4.7 PtÿO
IrÿAl 0.2 1.53 ÿ 3.9 ÿ 4.9 IrÿAl


Ir4/MgO Ir4(CO)12/MgO � IrÿIr 3.0 2.67 4.2 ÿ 0.6 PtÿPt
He, 573 K, 2 h IrÿOsupport


IrÿOs 1.3 2.15 1.0 15.2 PtÿO
IrÿOl 0.5 2.69 5.0 ÿ 9.9 PtÿO


[a] Notation as in Table 2. IrÿOs� short and IrÿOl� long IrÿO contribution.
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EXAFS spectra characterizing catalysts in the presence of
adsorbates : EXAFS spectroscopy was used to assess the
effects of adsorbates on the structures of the metal cluster
frames after they had been decarbonylated. N2, H2, or
propene flowed through and around the catalyst loaded in
the EXAFS cell at 298 K and 1 bar, while EXAFS spectra
were recorded. Representative data, showing the goodness of
the fits, are presented in Figures 1 ± 3. The EXAFS parame-
ters characterizing the catalysts in N2 at 298 K and 1 bar
(Table 4a) are in excellent agreement with those characteriz-
ing the decarbonylated samples at liquid nitrogen temper-
ature and under vacuum (Table 2). These results show that the
samples were stable at room temperature and had not been
oxidized by adventitious air in the handling.


The EXAFS parameters characterizing the samples in H2


and in propene (Tables 4b, 4c) also show essentially un-
changed metal frames, as indicated by the IrÿIr coordination


Figure 1. Results of analysis of Ir LIII edge EXAFS data obtained with the
best calculated coordination parameters characterizing the g-Al2O3-
supported Ir4 under N2 flow at 298 K: a) experimental EXAFS function
(solid line) and sum of the calculated IrÿIr� IrÿOs� IrÿOl� IrÿAl
contributions (dashed line); b) imaginary part and magnitude of uncor-
rected Fourier transform (k0 weighted) of experimental EXAFS (solid line)
and sum of the calculated IrÿIr� IrÿOs� IrÿOl� IrÿAl contributions
(dashed line; IrÿOs� short and IrÿOl� long IrÿO contribution).


Figure 2. Results of analysis of Ir LIII edge EXAFS data obtained with the
best calculated coordination parameters characterizing the g-Al2O3-
supported Ir6 under N2 flow at 298 K: a) experimental EXAFS function
(solid line) and sum of the calculated IrÿIr� IrÿOs� IrÿOl� IrÿAl
contributions (dashed line); b) imaginary part and magnitude of uncor-
rected Fourier transform (k0 weighted) of experimental EXAFS (solid line)
and sum of the calculated IrÿIr� IrÿOs� IrÿOl� IrÿAl contributions
(dashed line).


numbers and distances, but there is a suggestion that the IrÿIr
distances of the Ir4 clusters in H2 might have increased slightly
relative to the values for the clusters in N2; however, the
apparent changes in this distance are not distinguishable from
the experimental uncertainty, which is estimated to be
�0.05 �.


The data characterizing the metal-support interfaces in
these samples do not show the same consistency as those
characterizing the metal frames, and this result is expected,
being an indication of the relatively large experimental un-
certainty in these parameters; the errors in the metal-oxygen
coordination numbers are estimated to be roughly �50 %.[13]


EXAFS spectra of working catalysts : When propene and H2


flowed together through the cell containing each of the
catalysts, catalytic hydrogenation occurred as shown by
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Figure 3. Results of analysis of Ir LIII edge EXAFS data obtained with the
best calculated coordination parameters characterizing the MgO-support-
ed Ir4 under N2 flow at 298 K: a) experimental EXAFS function (solid line)
and sum of the calculated IrÿIr� IrÿOs� IrÿOl contributions (dashed
line); b) imaginary part and magnitude of uncorrected Fourier transform
(k0 weighted) of experimental EXAFS (solid line) and sum of the
calculated IrÿIr� IrÿOs� IrÿOl contributions (dashed line).


product analyses, which indicated the presence of propane
(Table 5). Steady-state operation was obtained after 2 h on
stream in the flow reactor, and propene conversions ranged
from 28 to 52 %. These data show that the EXAFS parameters
provide evidence of the structures of working catalysts in
atmospheres predominantly containing the reactants H2 and
propene. The EXAFS data (Table 6, see page 2422) show that
the metal frames of the working catalysts were not signifi-
cantly different from those characterizing the catalysts in N2,
H2, or propene.


Discussion


Identification of the supported clusters as catalytically active
species : The EXAFS data show that each of the metal-oxide-
supported clusters investigated here was the only detected
noble-metal species present in inert N2, in H2, in propene, and
in mixtures of H2 and propene undergoing catalytic hydro-
genation. Thus, the clusters themselves, on more than one
kind of support (Ir4/g-Al2O3, Ir6/g-Al2O3, and Ir4/MgO), are
inferred to be stable in the various atmospheres at 298 K and
to be the catalytically active species for propene hydro-
genation.


One might question whether these results could be
explained instead in terms of catalysis by some small minority
species in the catalysts, such as larger clusters or particles of
iridium. We tend to rule out this explanation in view of the
mild conditions of the experiments, carried out at much lower
temperatures than those at which substantial sintering of the
iridium has been observed,[1] and in view of the systematic
trend towards increased catalytic activity of the iridium for
toluene hydrogenation when similar samples were treated at
successively higher temperatures in H2 to cause various
degrees of sintering;[14±16] the results show that there was a
smooth increase in catalytic activity with increasing average
cluster or particle size in the catalysts consisting of aggregated
iridium.[16] Thus, the data confirm the implicit assumption of
earlier work[15] in which conclusions were drawn about the
effects of cluster size[16] and support[17] on the catalytic activity
for toluene hydrogenation. Suggestions have been made


Table 4a. EXAFS results characterizing structural parameters of supported metal clusters during varying conditions at 298 K and 1 bar.[a]


Catalyst Conditions during scan EXAFS parameters
modeled as ppropene phydrogen pnitrogen Shell N R [�] 103�Ds2 [�2] DE0 [eV] EXAFS


[bar] [bar] [bar] reference


Ir4/g-Al2O3 0 0 1.00 IrÿIr 3.2 2.67 4.5 ÿ 0.9 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.17 3.5 ÿ 15.0 PtÿO
IrÿOl 0.5 2.69 ÿ 4.6 ÿ 11.2 PtÿO
IrÿAl 0.3 1.78 8.2 7.2 IrÿAl


Ir6/g-Al2O3 0 0 1.00 IrÿIr 3.9 2.70 4.4 ÿ 3.8 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.26 4.2 ÿ 20.0 PtÿO
IrÿOl 0.8 2.72 ÿ 4.2 ÿ 13.1 PtÿO
IrÿAl 0.1 1.46 ÿ 5.2 12.7 IrÿAl


Ir4/MgO 0 0 1.00 IrÿIr 3.0 2.67 4.5 ÿ 0.9 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.15 3.5 ÿ 15.0 PtÿO
IrÿOl 0.5 2.69 ÿ 4.6 ÿ 11.2 PtÿO


[a] Notation as in Tables 2 and 3.
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elsewhere[15, 18] about the possible causes of the cluster size
effect on the activity, and the issues are unresolved.


The lack of significant changes in the cluster frames
(approximated as tetrahedral Ir4 and octahedral Ir6) in the


presence of reactants alone or in combination confirms the
robustness of these metal frames. We infer that the reactants
provided ligands that were adsorbed on the clusters; the
evidence is as follows: the metal ± metal distances in the


Table 4b. EXAFS results characterizing structural parameters of supported metal clusters during varying conditions at 298 K and 1 bar.[a]


Catalyst Conditions during scan EXAFS parameters
modeled as ppropene phydrogen pnitrogen Shell N R [�] 103�Ds2 [�2] DE0 [eV] EXAFS


[bar] [bar] [bar] reference


Ir4/g-Al2O3 0 1.00 0 IrÿIr 3.2 2.71 2.4 ÿ 2.4 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.17 3.5 ÿ 15.6 PtÿO
IrÿOl 0.5 2.70 ÿ 6.8 ÿ 10.9 PtÿO
IrÿAl 0.3 1.79 5.1 7.6 IrÿAl


Ir6/g-Al2O3 0 1.00 0 IrÿIr 4.0 2.71 5.3 ÿ 3.2 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.23 1.2 ÿ 18.3 PtÿO
IrÿOl 0.5 2.72 ÿ 5.2 ÿ 13.0 PtÿO
IrÿAl 0.1 1.51 ÿ 0.8 3.7 IrÿAl


Ir4/MgO 0 1.00 0 IrÿIr 2.9 2.70 1.4 ÿ 1.2 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.15 2.0 ÿ 12.7 PtÿO
IrÿOl 0.5 2.69 ÿ 6.3 ÿ 9.9 PtÿO


[a] Notation as in Tables 2 and 3.


Table 4c. EXAFS results characterizing structural parameters of supported metal clusters during varying conditions at 298 K and 1 bar.[a]


Catalyst Conditions during scan EXAFS parameters
modeled as ppropene phydrogen pnitrogen Shell N R [�] 103�Ds2 [�2] DE0 [eV] EXAFS


[bar] [bar] [bar] reference


Ir4/g-Al2O3 1.00 0 0 IrÿIr 3.1 2.70 2.6 ÿ 2.8 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.17 3.5 ÿ 15.6 PtÿO
IrÿOl 0.5 2.70 ÿ 6.8 ÿ 10.9 PtÿO
IrÿAl 0.2 1.73 4.5 9.2 IrÿAl


Ir6/g-Al2O3 1.00 0 0 IrÿIr 4.1 2.70 4.5 ÿ 0.8 PtÿPt
IrÿOsupport


IrÿOs 1.0 2.21 ÿ 1.0 ÿ 10.4 PtÿO
IrÿOl 0.8 2.70 ÿ 2.2 ÿ 15.3 PtÿO
IrÿAl 0.3 1.59 15.0 ÿ 14.0 IrÿAl


Ir4/MgO 1.00 0 0 IrÿIr 3.2 2.71 2.9 ÿ 2.8 PtÿPt
IrÿOsupport


IrÿOs 1.5 2.15 2.0 ÿ 9.8 PtÿO
IrÿOl 0.5 2.69 ÿ 6.3 ÿ 9.9 PtÿO


[a] Notation as in Tables 2 and 3.


Table 5. EXAFS structural parameters of supported metal clusters during propene hydrogenation catalysis at 298 K and 1 bar.[a]


Catalyst Conditions during scan EXAFS parameters
modeled as ppropene phydrogen pnitrogen Shell N R [�] 103�Ds2 [�2] DE0 [eV] EXAFS


[bar] [bar] [bar] reference


Ir4/g-Al2O3 0.50 0.50 0 IrÿIr 3.2 2.71 2.4 ÿ 3.2 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.17 3.5 ÿ 15.6 PtÿO
IrÿOl 0.5 2.70 ÿ 6.8 ÿ 10.9 PtÿO
IrÿAl 0.3 1.77 9.3 2.6 IrÿAl


Ir6/g-Al2O3 0.50 0.50 0 IrÿIr 4.0 2.71 ÿ 5.3 ÿ 3.2 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.23 1.2 ÿ 18.3 PtÿO
IrÿOl 0.5 2.72 5.2 ÿ 13.0 PtÿO
IrÿAl 0.1 1.51 0.6 ÿ 3.7 IrÿAl


Ir4/MgO 0.50 0.50 0 IrÿIr 3.0 2.72 1.5 ÿ 2.5 PtÿPt
IrÿOsupport


IrÿOs 1.3 2.15 2.0 ÿ 12.7 PtÿO
IrÿOl 0.5 2.69 ÿ 6.3 ÿ 9.9 PtÿO


[a] Notation as in Tables 2 and 3.
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supported clusters measured by EXAFS spectroscopy in the
presence of H2, propene, and mixtures of H2� propene are all
within the range of 2.67 to 2.72 � (Table 4). These IrÿIr
distances are indistinguishable within the experimental un-
certainty from those of (crystalline) iridium clusters saturated
with ligands, for example, [Ir4(CO)12] (2.69 �) and [Ir6(CO)16]
(2.77 �); the former value was determined both by X-ray
diffraction[10] and by EXAFS spectroscopy,[1] as was the
latter.[19, 20]


The implication of the comparison is that the clusters in the
presence of H2, propene, and mixtures of H2� propene had a
substantial number of coordinated ligands. However, theo-
retical calculations by density functional methods have shown
that Ir4 clusters supported on zeolite NaY have essentially this
same distance when only a single carbon or hydrogen ligand is
present in addition to the support.[18] Thus, the IrÿIr distances
observed in the present work are in accord with related
reports indicating the presence of ligands on the clusters, but
they are not sufficient to determine how many ligands were
present or whether the supported clusters were coordinatively
saturated. (The EXAFS parameters characterizing the Ir-low-
Z contributions do not shed additional light on the ligands
because of the relatively large uncertainties in the metal-low-
Z coordination numbers and the inability of the EXAFS
spectroscopy to distinguish between low-Z scatterers such as
oxygen and carbon.)


The theoretically determined IrÿIr distance in free Ir4 is
only about 2.5 �.[18] This result, combined with the theoretical
result that the effect of the zeolite support, modeled as a six-
ring, is to increase the IrÿIr distance by only a few hundredths
of an �ngstrom unit, leads to a question about the IrÿIr
distances of the supported clusters under vacuum (Table 3);
these are 2.67 and 2.68 � and are much closer to the values
characterizing the ligated clusters than to the theoretical value
characterizing the clusters without ligands other than the
zeolite support. We suggest that a possible explanation for the
apparent discrepancy is that the clusters formed by decarbon-
ylation from the precursor metal carbonyls were not entirely
free of ligands besides the support; for example, carbon might
have remained on the metal, as has been suggested before.[14]


These results are contrasted with those of Vaarkamp
et al. ,[21] who investigated platinum clusters or particles in
zeolite HLTL. The clusters or particles had a distribution of
sizes, with an average of about 13 atoms per cluster or
particle; they were prepared from a metal salt, not a metal
carbonyl. EXAFS data show that the chemisorption of
hydrogen caused the average PtÿPt distance to increase from
2.66 �, for the sample under vacuum, to 2.74 �, for the
sample in H2. The pattern of an increase in metal ± metal
distance upon treatment of an evacuated sample with H2 is not


in agreement with our data. A key difference between
Vaarkamp�s samples and ours (besides the difference in the
metal) may be the temperature of sample treatment; treat-
ment at a relatively high temperature in H2, such as was done
by Vaarkamp et al., would be expected to remove carbon
ligands (remaining from CO ligands), whereas our relatively
low-temperature treatments may not have removed these
ligands. Thus, we postulate that our samples were not entirely
ligand free.


There is a tradeoff here; the higher temperature treatment
may produce cleaner samples, but it does so at the expense of
structural uniformity (as the high-temperature treatments
lead to aggregation of the metal).


Experimental Section


Methods and materials : All syntheses and sample transfers were performed
with exclusion of air and moisture on a double-manifold Schlenk line and in
a N2-filled glovebox (AMO-2032, Vacuum Atmospheres). N2, He, C3H6,
and H2 (Matheson, 99.999 %) were purified by passage through traps
containing particles of Cu and activated zeolite to remove traces of O2 and
moisture, respectively. n-Pentane (Aldrich), used as a solvent, was refluxed
under N2 in the presence of Na/benzophenone ketyl to remove traces of
water and deoxygenated by sparging with dry N2 prior to use. [Ir4(CO)12]
(Strem, 99%) and [Ir(CO)2(acac)] (dicarbonylacetylacetonato iridium(i),
Strem, 99%) were used as received. The g-Al2O3 support was prepared by
first forming a paste of porous g-Al2O3 (Degussa, Aluminum Oxide C) and
deionized water, followed by overnight drying at 393 K, calcination at
673 K in flowing O2 (Matheson Extra Dry Grade) for 2 h, and evacuation at
10ÿ3 Torr and the final temperature for 14 h. The BET surface area of the
resultant material was measured to be about 100 m2 gÿ1. MgO (E.M.
Science, 60 m2 gÿ1) was also calcined at 673 K followed by evacuation.


Synthesis of supported metal clusters : The g-Al2O3- and MgO-supported
samples were prepared by slurrying [Ir4(CO)12] with the respective powder
support in n-pentane under N2 for 12 h at room temperature followed by
overnight evacuation at 298 K to remove the solvent. [Ir4(CO)12] was added
in an amount sufficient to give samples containing 1 wt % Ir. Experimental
details are as described by Alexeev et al.[1] and Maloney et al.[6] .


The g-Al2O3-supported [Ir6(CO)15]2ÿ was prepared by adsorbing [Ir-
(CO)2(acac)] on the g-Al2O3 support followed by room-temperature
evacuation and the ensuing reductive carbonylation in CO at 373 K for
10 h. Details are described by Zhao et al.[2] . Room-temperature infrared
spectra were recorded with samples in flowing He.


Decarbonylation of supported metal clusters : The samples were decar-
bonylated by treatment in flowing He as the temperature was ramped
(3 Kminÿ1) from 25 K to the desired temperature and then held at that
temperature for 2 h. Infrared spectra were recorded after the samples had
been cooled to room temperature.


Infrared spectroscopy : Spectra were recorded with a Bruker IFS-66V
spectrometer with a spectral resolution of 4 cmÿ1. Samples were pressed
into self-supporting wafers and mounted in the cell in the drybox.


EXAFS spectroscopy : EXAFS experiments were performed at X-ray
beamline X-11A at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory, Upton, NY (USA). The storage ring at
SSRL operated with an electron energy of 2.5 GeV; the ring current was
140 ± 240 mA. All of the supported metal clusters were characterized by
EXAFS spectroscopy after synthesis of the organometallic compounds and
the decarbonylated counterparts. Experimental details are given else-
where.[22]


A cell allowing flow through a packed bed of sample was constructed for in
situ EXAFS experiments, allowing air-sensitive powder samples to be
packed in a sealed cell and the X-ray beam to be transmitted through
KaptonR -sealed windows. During in situ EXAFS experiments, gases (N2,
C3H6, and/or H2) passed through the cell mounted in the beamline. The
EXAFS data were recorded under various conditions of flow, while the
temperature was maintained at 298 K.


Table 6. Propene hydrogenation catalyzed by supported metal clusters at
298 K and 1 bar.


Catalyst ppropene phydrogen Propene
modeled as [bar] [bar] conversion


Ir4/g-Al2O3 0.50 0.50 0.45
Ir6/g-Al2O3 0.50 0.50 0.54
Ir4/MgO 0.50 0.50 0.28
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EXAFS reference data : The EXAFS reference data were determined with
materials of known structure. The IrÿIr and IrÿOsupport interactions were
analyzed with phase shifts and backscattering amplitudes obtained from
EXAFS data characterizing platinum foil and Na2Pt(OH)6, respectively.
The IrÿC and IrÿO* contributions (O* is carbonyl oxygen) were analyzed
with phase shifts and backscattering amplitudes obtained from EXAFS
data characterizing crystalline [Ir4(CO)12], which has only terminal CO
ligands. The parameters used to extract these results from the EXAFS data
are summarized in Table 1.


Propene hydrogenation catalysis : Data characterizing the hydrogenation
of propene catalyzed by the supported metal clusters were obtained at the
University of California in the same EXAFS cell that was used for the in
situ EXAFS measurements at the synchrotron. The temperature was
298 K, and the pressure atmospheric; the adsorbate partial pressures were
varied. The effluent gas mixture was analyzed with an on-line Hewlett ±
Packard gas chromatograph (HP-5890, Series II) equipped with a DB-624
capillary column (J. and W. Scientific) and flame ionization detector.


EXAFS data analysis : The EXAFS data were extracted from the spectra
with the XDAP software.[23] The EXAFS function characterizing each
sample was obtained from the X-ray absorption spectrum, as before.[24] The
normalized EXAFS function characterizing each sample is the average of
four scans. The main contributions to the spectra were isolated by inverse
Fourier transformation of the final EXAFS function. The analysis was done
with the Fourier-filtered data. The parameters characterizing both low-Z
(Ir-O, Ir-C) and high-Z (IrÿIr) contributions were determined by multiple-
shell fitting in r space (where r is the distance from the absorbing atom, Ir)
and in k space (k is the wave vector) with application of k1 and k3 weighting
in the Fourier transformations. The raw EXAFS data at the Ir LIII edge
were first Fourier transformed with a k3 weighting over the range 2.75<
k< 14.5 �ÿ1 without any phase correction. The Fourier transformed data
were then inverse transformed in the range 0.1< r< 3.5 � to isolate the
main-shell contributions from low-frequency noise. With a difference file
technique,[25] the IrÿIr contributions in each sample, the largest in the
EXAFS spectra, were first estimated and subsequently subtracted from the
raw data. The difference file was expected to represent IrÿOsupport and
IrÿCO* contributions. After optimizing the parameters for these two
contributions, the first-guess IrÿIr contributions were then added and
compared with the raw data. The final parameters representing the high-Z
(IrÿIr) and low-Z (IrÿO and IrÿC) contributions were determined by
multiple-shell fitting in r space and in k space with application of k1 and k3


weighting[13] over the range 3.6< k< 14.5 �ÿ1 and 0.1< r< 3.5 �. The
maximum number of free parameters used to fit the main-shell contribu-
tions was 20. The statistically justified number of free parameters (n),
estimated from the Nyquist theorem,[24] n� (2DkDr/p)� 1, where Dk and
Dr are the k and r ranges used to fit the data, was approximately 25.
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d-Altritol Nucleic Acids (ANA): Hybridisation Properties, Stability, and
Initial Structural Analysis
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Abstract: Oligonucleotides composed of a phosphorylated d-altritol backbone with
nucleobases introduced in the 2'-position, hybridise strongly and sequence-selec-
tively with RNA in an antiparallel way. The order of hybridisation strength is:
dsANA>ANA:RNA>ANA:DNA. Complexes between ANA and RNA or DNA
are more stable than between HNA and natural oligonucleotides. The dsANA hybrid
is extremely stable. When compared with an identical dsDNA sequence, the DTm per
modification is �10.2 8C for a hexamer. CD spectral analysis indicates that ANA
complexes are very similar to the A-form dsRNA duplex. ANA are stable in alkaline
medium up to pH 12 and, likewise, are not degraded in human serum.


Keywords: altritol nucleic acids ´
antisense agents ´ hexitol nucleic
acids ´ oligonucleotides ´ thermal
stability data


Introduction


Control of translation processes is a continuously growing
research area, and the use of antisense oligonucleotides
reflects one of the possibilities enabling such control. This
relies mainly on the degradation of the mRNA target through
the assistance of RNase H, which becomes activated by
recognition of the mixed DNA:RNA duplex. Oligonucleo-
tides that do not activate RNase H after hybridisation with
complementary RNA have to rely on a strong association
within the duplex to obtain an antisense effect. If oligomers
can be obtained that are able to induce strand displacement in
double-stranded RNA structures, targeting of RNA becomes
independent of the secondary and tertiary structure of the
mRNA, and the number of possible RNA targets will increase


considerably. One way to approach this problem is to
synthesise carbohydrate-modified oligonucleotides, exempli-
fied by hexitol nucleic acids,[1±3] 2'-O-(2-methoxy)ethyl oligo-
nucleotides[4] and bicyclic oligonucleotides,[5] with the com-
pounds of the Wengel group[6] showing the strongest affinity
for RNA. The strong hybridisation characteristics between
these structures and complementary RNA are generally
attributed[7] to the formation of a preorganized conformation,
which fits the A-form of dsRNA, good stacking interactions
between the bases, which interact in a Watson ± Crick type
geometry with their complement, and efficient hydration of
the double-stranded helix.


Hexitol nucleic acids (HNA) are composed of phosphory-
lated 2,3-dideoxy-d-arabino-hexitol units with a nucleobase
situated in the 2-(S)-position. They hybridise sequence-
selectively with RNA in an antiparallel way. The observed
increase in Tm per modification of an HNA:RNA duplex
versus duplexes of natural nucleic acids is sequence and length
dependent and varies from �0.9 8C per modification[3] to
�5.8 8C per modification.[2] HNA is an efficient steric-block-
ing agent, as observed during investigations of HNA in cell-
free translation experiments (giving IC50 values of 50 nm as
inhibitors of Ha-ras mRNA translation).[8]


An interesting observation made during hybridisation
experiments is that the HNA:RNA duplex is invariably more
stable than the HNA:DNA duplex. Molecular-dynamics
simulation of HNA:RNA and HNA:DNA hybrids revealed
that minor-groove solvation contributes to this difference in
duplex stability.[9] In order to increase minor-groove hydration
further, in an effort to influence hybridisation in a beneficial
way, we synthesised d-altritol nucleic acids (ANA). d-Altritol
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nucleic acids consist of a phos-
phorylated d-altritol backbone
with nucleobases inserted in the
2'-position of the carbohydrate
moiety (Figure 1). They differ
structurally from HNA[1, 3] by
the presence of a supplementa-
ry hydroxy group in the 3'-a-
position, this means that the 3'-
carbon of the altritol moiety


adopts the (S)-configuration. Inversion of configuration,
giving the 3'-(R)-form, gives d-mannitol nucleic acids
(MNA), which lack hybridisation capabilities with natural
nucleic acids.[10]


The introduction of an additional hydroxy group in the 2'-
position of natural furanose nucleosides or in the 3'-position
of 1,5-anhydrohexitol nucleosides might influence hybridisa-
tion owing to one or more of the following effects: a) influence
on the conformation of the nucleoside itself, which might
become locked in one of the extreme furanose conformations,
b) influence on the polarity of the solvent-accessible surface
and c) stabilisation of a particular oligonucleotide conforma-
tion because of the formation of hydrogen bonds and/or steric
effects. Six-membered nucleosides are generally conforma-
tionally more pure than five-membered nucleosides,[11, 12]


therefore, in these cases, the influence of a) is of less
importance and the effects of b) and c) are easier to study.
Unfortunately only very weak hybridisation was noticed for
MNA[10] with complementary RNA sequences. This is due to
conformational restriction of single-stranded MNA in a
partially unwound form by formation of intrastrand hydrogen
bonds between the 3'-hydroxy and the 6'-O of the phosphate
of the next nucleotide (point c). This hydrogen bond, how-
ever, cannot be formed with 2-deoxy-1,5-anhydro-d-altritol
nucleosides as the repeating unit in the backbone structure
(ANA). The 3'-hydroxy group of this nucleoside analogue
points into the minor groove of the ANA:RNA duplex and
might positively influence hybridisation, either by increasing
hydration of the groove or by further stabilisation of a
preorganized single-stranded structure. The d-altritol nucleo-
side analogue with a uracil-base moiety has been synthesised
before[13] as an unprotected compound and was shown to
adopt the C1 conformation as found in the building units of
HNA.


Results and Discussion


Synthesis and analysis of dd-altritol nucleic acids : The pro-
tected d-altritol nucleosides were synthesised by the cleavage
of the 2,3-epoxide of 4,6-benzylidine-1,5-anhydro-d-
allitol with the sodium salt of nucleobases, followed by a
general protecting ± deprotecting strategy resulting in 3-O-
benzoyl-2-deoxy-4-O-[N,N-diisopropyl(2-cyanoethyl)]phos-
phoramidite-6-O-monomethoxytrityl-d-altritol building blocks
(Scheme 1).[14]


The dimethylformamidine group was selected for protec-
tion of the 2-NH2 function of the guanine base instead of the
more (basic) stable isobutyryl group, which proved difficult to
introduce selectively. The obtained phosphoramidites were
used to synthesise oligonucleotides on a 1 mmol scale follow-
ing standard protocol (concentration phosphoramidites
0.12m), except for a prolonged coupling time of 10 min to
ensure adequate coupling yields (comparable with standard
RNA synthesis) and a prolonged acid treatment (2 min) to
fully deprotect the monomethoxytrityl group. The solid
support was functionalised with a 1,3-propanediol moiety to
avoid the formation of the corresponding succinylated d-
altritol nucleosides.[1±3] Deprotection was initially carried out
in a two-step procedure. In order to avoid a migration
reaction, the cyanoethyl protecting group was first removed
with piperidine/dioxane (1:4) followed by ammonolysis of the
benzoyl groups with concentrated ammonia at 55 8C. How-
ever, it was later demonstrated that this procedure is not
needed. Therefore, deprotection was carried out with only
concentrated ammonia for the second series of ANA oligo-
nucleotides. Purification by ion exchange chromatography
followed published procedures.[15] Deconvoluted electrospray
ionisation mass spectrometric analysis showed the obtained
oligonucleotides to be of correct molecular weight.


Thermal stability studies of dd-altritol nucleic acids : For
comparison of data with the previously obtained HNA
sequences, we synthesised the hexamer 6'-AGGAGA-4' and
the dodecamer 6'-AGGGAGAGGAGA-4'. Table 1 summa-
rises the results of the Tm determinations, which were
generally measured in 0.1m NaCl, 20 mm KH2PO4, pH 7.5
and 0.1 mm EDTA. In order to allow comparison with the
DNA complexes of the hexamer, Tms of the latter were
determined in NaCl (1m), as otherwise no dsDNA duplex
could be obtained. For the HNA:DNA oligopurine hexamer
an increase in Tm (at 1m NaCl) of 21 8C was obtained relative
to that of dsDNA. This DTm further increases to 29 8C for the
ANA:DNA duplex, resulting in a DTm per modification of
�3.5 8C and �4.8 8C, respectively.


An increase in Tm with RNA as the complement was also
observed, resulting in extremely stable ANA:RNA duplexes,
at 1m NaCl approaching 60 8C. This observation was con-
firmed by the use of the dodecamer. The DTm per modifica-
tion for HNA:DNA and ANA:DNA relative to dsDNA is
�1.3 8C and �2.0 8C, respectively. With RNA as a comple-
ment, the DTm per modification increases to �3.0 8C and
�3.3 8C. The difference in stability of ANA:RNA complexes
relative to ANA:DNA hybrids confirms the previously
observed RNA selectivity for hexitol nucleic acids.[2, 3] When


Abstract in Dutch: Oligonucleotiden opgebouwd uit een
gefosforyleerde d-altritol ruggegraat met nucleobasen in de
2'-positie, hybridizeren sterk en sequentieselectief met RNA in
antiparallelle richting. De volgorde van hybridizatiesterkte is:
dsANA>ANA:RNA>ANA:DNA. Complexen gevormd tus-
sen ANA en RNA of DNA zijn stabieler dan tussen HNA en
natuurlijke oligonucleotiden. Het dsANA hybride is uitzon-
derlijk stabiel; vergeleken met eenzelfde dsDNA sequentie
bedraagt de DTm per modificatie �10.2 8C voor een zesmeer.
Analyse door middel van CD spectrometrie geeft een aanwij-
zing dat ANA-complexen sterk gelijken op de A-vorm van een
dsRNA duplex. ANA zijn stabiel in alkalisch milieu tot pH 12
en worden niet afgebroken in menselijk serum.


Figure 1. Structure of d-altritol
nucleic acids (ANA).
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compared with HNA, the ANAs invariably demonstrate
increased duplex stability. Figure 2 shows the melting profiles
of the hexamer sequences of HNA and ANA with their
respective RNA complements.


Figure 2 and Table 1 clearly show the hybridising potential
of HNA and ANA, where the stability of a hexamer duplex
approaches the affinity of a DNA dodecamer for their
respective RNA complementary sequences. In summary,
duplex stability decreases in the order ANA:RNA>


HNA:RNA > ANA:DNA>HNA:DNA > dsDNA>DNA:
RNA. Table 1 also provides information about the orientation
of both strands in the duplex. In all cases studied, the Tms of
the parallel-oriented strands are considerably lower than the
Tms of the antiparallel strands. The Tm found for the parallel


Figure 2. Melting profiles for the HNA and ANA hexamer 6'-AGGAGA-
4' in 0.1m NaCl buffer at 4mm with their RNA complement [HNA:RNA
(- - - -); ANA:RNA (± ±±)], in comparison with the melting profile for a
DNA dodecamer 5'-AGGGAGAGGAGA-3' with its RNA complement
(ÐÐ); all the profiles are normalized.


sequences (Table 1) most probably reflects antiparallel pair-
ing of the 8 bases at the 3'(4')-terminal end of the oligopurine
sequence with the 8 bases at the 3'-end of the oligopyrimidine
complement. ANA thus represents an antiparallel Watson ±
Crick pairing system as observed for HNA.


Table 2 summarises investigations on the fidelity of the
Watson ± Crick pairing system between ANA (purine base)
and DNA (pyrimidine base) in comparison with the results
obtained with HNA. A G ± G, G ± A or G ± T mismatch results
in a decrease of the Tm of ÿ11 8C to ÿ14 8C for the dsDNA
duplex and a decrease of ÿ10 8C to ÿ17 8C for the HNA:
DNA duplex. In accordance with the latter observation, a
single mismatch in the ANA:DNA duplex leads to a DTm


of ÿ10 8C to ÿ17 8C. Similar results are obtained upon
introduction of A ± G, A ± A or A ± C mismatches. The


Scheme 1. General scheme for the synthesis of the modified nucleosides, exemplified by the synthesis of the building block with the adenine base moiety.[14]


Table 1. Melting temperatures [8C, at 260 nm] of fully modified hexamers
and dodecamers (1,5-anhydrohexitol oligomers prefix h, altrohexitol
oligomers prefix a) determined in 0.1m NaCl, 20mm KH2PO4 pH 7.5,
0.1mm EDTA with a concentration of 4mm of each oligonucleotide.
Duplexes were formed with the complementary sequences 5'-TCTCCT, 5'-
TCTCCTCTCCCT (antiparallel) and 5'-TCCCTCTCCTCT (parallel) as
the respective DNA complements; and 5'-TT-r(UCUCCU)-TT, 5'-TT-
r(UCUCCUCUCCCU)-TT (antiparallel) and TT-r(UCCCUCUCCUCU)-
TT (parallel) as the respective RNA complements.


Sequence Tm Tm


DNA complement RNA complement


6'-h(AGGAGA) 31.2[a] 44.8
6'-a(AGGAGA) 39.2[a] 48.9 (59.7[a])
5'-AGGAGA 10.0[a] ND[b]


6'-h(AGGGAGAGGAGA) 64.8 84.0
6'-a(AGGGAGAGGAGA) 73.5 88.1
5'-AGGGAGAGGAGA 49.0 47.6


6'-h(AGGGAGAGGAGA) 52.4 (parallel) 69.7 (parallel)
6'-a(AGGGAGAGGAGA) 60.1 (parallel) 72.7 (parallel)
5'-AGGGAGAGGAGA 31.4 (parallel) 26.8 (parallel)


[a] Determined at 1m NaCl as otherwise no dsDNA could be detected.
[b] ND: not determined owing to the low melting temperature.
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decrease in Tm for an A ± A mismatch is similar for
the dsDNA, HNA:DNA and ANA:DNA duplexes
(ÿ11 8C). The A ± G mismatch gives a more
profound decrease in Tm when considering
ANA:DNA and HNA:DNA duplexes rather than
dsDNA. The opposite is observed for A ± C mis-
matches. In summary, the experiment with the
polypurine sequence demonstrates the sequence
selectivity of the Watson ± Crick ANA base-pairing
system.


In a second set of experiments, we evaluated the
thermal stability of ANA-containing complexes that
contain all four natural nucleobases. The previously
observed order of stability [ANA:RNA>


HNA:RNA> dsRNA] was confirmed, though the
DTm per modification with dsRNA as a reference is
lower (DTm per modification��1.5 8C for ANA and
DTm per modification��0.85 8C for HNA) than
with dsDNA or DNA:RNA as a reference (as used in
Table 1). For the evaluation of these compounds as potential
RNA-strand displacement agents, a comparison with the
thermal stability of dsRNA is important. One also has to take
into account that in the ANA sequence, uracil is the replace-
ment nucleobase for thymine; this results in a slight drop in
affinity. The actual influence of the extra 3'-hydroxy group
might be slightly higher than reflected by the DTm here. The
synthesis of the mixed sequence also allows us to evaluate the
destabilisation of duplexes for all mismatches. As can be
observed in Table 3, the DTm per mismatch ranges from
ÿ11 8C (G ± U) to ÿ30 8C (G ± A) for the RNA:ANA duplex
and the given sequence. This difference is similar to the
destabilisation observed when introducing mismatches in
dsRNA and HNA:RNA [except for a G ± U mismatch in
dsRNA with a DTm of ÿ4 8C (Table 3, entry 5), but the U ± G
mismatch in position 3 (Table 3, entry 9) yields a DTm of
ÿ12 8C]. Even in a completely mixed ANA sequence, the
selectivity of the Watson ± Crick base pairing could be
observed.


This sequence, however, does not allow a comparison
between the stability of ANA:RNA and ANA:DNA duplexes
at the level of mixed A,U,G,C sequences, because the DNA
sequence 5'-GCGTAGCG-3' appears as an unusual
hairpin structure.[16] Therefore, we repeated the Tm measure-
ment for another mixed sequence (Table 4). The expected


order of stability [ANA:RNA>HNA:RNA>ANA:DNA>


HNA:DNA] was confirmed. The difference in stability
between ANA:RNA and ANA:DNA is very large
(ÿ2.55 8C per base). Therefore, in completely mixed systems
ANA is like HNA, an RNA-selective oligomer.


The complex formed between the polypurine ANA
[6'-a(AG2AGA)] and its polypyrimidine RNA complement
is considerably more stable than the reverse complex formed
between the polypyrimidine ANA sequence [6'-a(UCUC2U]
and its polypurine RNA complement (Tables 1 and 4). The Tm


in 1.0m NaCl buffer of 6'-a(AG2AGA) ± 3'-r(UC2UCU) is


Table 2. Influence of mismatches versus G* and A* on the melting temperature [8C, at 260 nm] of HNA:DNA and ANA:DNA duplexes determined in 0.1m
NaCl, 20 mm KH2PO4 pH 7.5, 0.1 mm EDTA with a concentration of 4 mm of each oligonucleotide.


HNA:DNA ANA:DNA DNA:DNA
6'-(AGG GAG AGG AGA)* 6'-(AGG GAG AGG AGA)* 5'-AGG GAG AGG AGA-3'
3'- TCC CTC TCC TCT-5'[a] 3'- TCC CTC TCC TCT-5'[a] 3'-TCC CTC TCC TCT-5'[a]


x y Tm [8C] DTm [8C] Tm [8C] DTm [8C] Tm [8C] DTm [8C]


Control 64.8 73.5 49.0
1�G 49.8 ÿ 15.0 57.0 ÿ 16.5 37.0 ÿ 12.0
1�A 47.9 ÿ 16.9 56.2 ÿ 17.3 37.8 ÿ 11.2
1�T 55.0 ÿ 9.8 62.9 ÿ 10.6 35.4 ÿ 13.6


1�G 44.9 ÿ 19.9 53.0 ÿ 20.5 35.9 ÿ 13.1
1�A 54.3 ÿ 10.5 61.6 ÿ 11.9 38.0 ÿ 11.0
1�C 56.2 ÿ 8.6 62.9 ÿ 10.6 34.3 ÿ 14.7


[a] C indicates position x and T indicates position y.


Table 3. Influence of mismatches on the melting temperatures [8C, at 260 nm] of a
mixed HNA 8-mer and its DNA and RNA analogues with their RNA complement
containing one mismatch (bold and underlined), determined in 0.1m NaCl, 20 mm
KH2PO4 pH 7.5, 0.1 mm EDTA with a concentration of 4 mm of each oligonucleotide.


6'-GCGUAGCG-4' 6'-GCGTAGCG-4' 5'-GCGUAGCG-3'
ANA HNA RNA


RNA Tm DTm Tm DTm Tm DTm


1 3'-CGCAUCGC-5' 59.6 54.4 47.6
2 3'-CGCAACGC-5' 40.2 ÿ 19.4 32.7 ÿ 21.7 27.3 ÿ 20.3
3 3'-CGCAGCGC-5' 41.0 ÿ 18.6 37.0 ÿ 17.4 32.9 ÿ 14.7
4 3'-CGCACCGC-5' 47.3 ÿ 12.3 40.8 ÿ 13.6 30.5 ÿ 17.1
5 3'-CGCGUCGC-5' 48.8 ÿ 10.8 41.5 ÿ 12.9 43.7 ÿ 3.9
6 3'-CGCCUCGC-5' 42.2 ÿ 17.4 31.0 ÿ 23.4 30.1 ÿ 17.5
7 3'-CGCUUCGC-5' 43.4 ÿ 16.2 33.8 ÿ 20.6 30.1 ÿ 17.5
8 3'-CGAAUCGC-5' 29.5 ÿ 30.1 16.2 ÿ 38.2 19.7 ÿ 27.9
9 3'-CGUAUCGC-5' 45.2 ÿ 14.4 40.8 ÿ 13.6 35.0 ÿ 12.6


10 3'-CGGAUCGC-5' 38.7 ÿ 20.9 30.6 ÿ 23.8 28.1 ÿ 19.5
11 3'-CCCAUCGC-5' 41.9 ÿ 17.7 36.2 ÿ 18.2 36.5 ÿ 11.1
12 3'-CACAUCGC-5' 44.8 ÿ 14.8 41.6 ÿ 12.8 38.5 ÿ 9.1
13 3'-CUCAUCGC-5' 42.2 ÿ 17.4 37.4 ÿ 17 35.8 ÿ 11.8


Table 4. Melting temperatures [8C, at 260 nm] of fully modified hexamers
and decamers determined in 0.1m NaCl, 20mm KH2PO4 pH 7.5, 0.1 mm
EDTA with a concentration of 4mm of each oligonucleotide. Duplexes were
formed with the complementary sequences 6'-a(AGGAGA), 5'-TT-r(AG-
GACA)-TT, 5'Tr(GGCAUUACGG)-T and 5'-GGCATTACGG.


Tm Tm Tm


RNA
complement


ANA
complement


DNA
complement


6'-a(UCUCCU) 38.4 (47.6[a]) 61.8 (71.2[a]) ±[c]


6'-h(UCUCCU) 30.5 (40[a]) 50.8[b] (61.2[a,b]) ±[c]


6'-a(CCGUAAUGCC) 64.0 ND[d] 38.5
6'-h(CCGTAATGCC) 59.4 ND[d] 31.6
5'-CCGTAATGCC 44.5 ND[d] 46.5


[a] Determined at 1m NaCl. [b] HNA complement h(AGGAGA). [c] No
Tm detected. [d] ND: not determined.
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59.7 8C, while the Tm of 4'-a(UC2UCU) ± 5'-r(AG2AGA) is
47.6 8C. The same difference is observed in 0.1m NaCl (48.9 8C
and 38.4 8C, respectively). This may be a result of a
combination of a) higher conformational stress of d-altritol
pyrimidine nucleosides versus d-altritol purine nucleosides
when incorporated in oligonucleotides and b) differences in
stacking energy within both complexes.


A last observation from Tm measurements is that self-
complementary ANAs are extremely stable and exceed the
stability of all other complexes. While the Tm for the dsDNA
sequence 5'-d(AG2AGA) ± 3'-d(TC2TCT) is only 10 8C with
1m NaCl, the Tm for the same dsANA sequence (with uracil
bases) is 61.8 8C with 0.1m NaCl and 71.2 8C with 1m NaCl, this
means a DTm per base pair of �10.2 8C. For this same
sequence the difference in stability between dsANA and
ANA:RNA is 11.5 8C for 1m NaCl (�1.9 8C per modification)
with the purine sequence as ANA, and 23.6 8C (4 8C per
modification) if the pyrimidine strand makes up the ANA
part.


Thermodynamic calculations were performed for the mixed
sequence octamers (Table 5) with the methods developed by
Gralla and Crothers[17] (see the Experimental Section).
However, it seems preliminary to make definitive conclusions
with respect to the effects on enthalpy and entropy changes
caused by the different backbone changes. First of all we have
to bear in mind that the HNA sequence contains a thymine
base as a replacement for uracil in the ANA and RNA
sequence. Recent results confirm that for HNA, replacement
of a thymine base with a uracil base results in an increase in Tm


of approximately 1.5 8C.[18]


Notwithstanding the presence of uracil in the ANA


sequence, a clearly higher gain in enthalpy is noticed for
duplex formation of the latter with RNA relative to the
HNA:RNA duplex. This is partially compensated by a slightly
higher loss in entropy for the ANA:RNA duplex formation.
The gain in enthalpy for the mixed sequence octamers was
comparable for both duplexes HNA:RNA and RNA:RNA.
Owing to the slightly higher loss in entropy, RNA:RNA
duplex formation is still accompanied with a lower gain in free
energy.


Overall, however, one might conclude that the extra
hydroxy groups of the ANA sequence generate an enthalpic
advantage over HNA for duplex formation. This preliminary
observation is more in favour of the increased hydration
hypothesis than the increased preorganization hypothesis,


when trying to explain the higher stability of ANA:RNA over
HNA:RNA duplexes.


CD spectral analysis : CD spectroscopy is a useful technique to
identify the general shape of nucleic acid complexes. The
difference between an A-type duplex (i.e., dsRNA) and a
B-type duplex (i.e., dsDNA) can be easily distinguished by
means of this technique. We determined the CD spectrum of
the single-stranded ANA sequence 6'-a(C2GUA2UGC2), of
the complex formed with its RNA complement and of the
corresponding dsRNA in 0.1m NaCl, 0.02m KH2PO4 at pH 7.5
(Figure 3). The CD spectrum of the ssANA (A) shows a band


Figure 3. CD spectrum of: A) the single-stranded ANA sequence 6'-
a(C2GUA2UGC2), B) the complex with its RNA complement and C) the
corresponding dsRNA sequence in 0.1m NaCl, 0.02m KH2PO4 at pH 7.5.


at 270 nm. The signals below 250 nm are very weak. For the
ANA:RNA complex (B), the positive Cotton effect is situated
around 258 nm and the negative band at 212 nm. This last
spectrum corresponds well with the CD spectra for dsRNA
(C) and HNA:RNA.[3] The hydroxy group in the 3'-position
does not influence the general shape of ANA complexes,
which resemble the structure of A-like dsRNA duplexes.


Stability of dd-altritol nucleic acids in alkaline buffer and in
serum : The structural difference between a d-altritol nucleo-
side and the previously described d-anhydrohexitol nucleo-
sides is the presence of a hydroxy group in the 3'-position. This
is similar to the difference between a ribonucleoside and a
deoxyribonucleoside. Because of this difference, RNA is more
labile in basic medium than DNA with the 2'-hydroxy group
assisting the phosphodiester cleavage reaction. As ribonu-
cleases are more ubiquitous than deoxyribonucleases, RNA is
degraded much faster in a biological environment than DNA.
Also the presence of a six-membered carbohydrate ring in
ANA with an equatorially oriented phosphate group at C-4'
and an axial hydroxy group at C-3', led us to expect ANA to
be somewhat more base stable than RNA. However, this had
to be experimentally verified, together with the enzymatic
stability of ANA. An increase in both chemical and enzymatic
stability, when compared with RNA, would provide ANA
with more interesting antisense properties.


The ANA sequences evaluated all have a propanediol at
the 3'-end (see legend of Figure 4) to aid synthesis. To


Table 5. Thermodynamic data calculated for the duplexes formed between
the mixed HNA 8 mer 6'-GCGTAGCG-4'and its DNA and RNA analogues
with their RNA complement 3'CGCAUCGC-5'. See Experimental Section
for conditions.


hybridization of the RNA complement with
ANA HNA RNA


Tm [8C] 59.6 54.4 47.6
ÿDH [kcal molÿ1] 67.7 58.5 58.9
ÿDS [cal Kÿ1 molÿ1] 178 153 158
ÿDG25 8C [kcal molÿ1] 14.6 12.8 11.8
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circumvent the loading of the solid support with four different
nucleoside analogues, we prefer to use a more universal
propanediol-functionalized solid support.[1, 3] This propane-
diol may increase the stability of the oligonucleotide against
exonuclease degradation even though it does not interfere
with the hybridisation strength. As the propanediol is present
in all the oligonucleotides subjected to biological evaluation,
and as we would like to evaluate the potential of our new
oligomers to function as antisense oligonucleotide in vitro and
in vivo, the investigation of the stability of propanediol-
modified ANA seems to us to be at least as relevant as the
investigation of naked ANA. The RNA, used as reference
oligomer, was protected at both ends with two thymidine
units, increasing somewhat its enzymatic stability. For the
study of the stability in basic medium one polypurine and one
polypyrimidine oligomer was selected (Figure 4). A mixed


Figure 4. Oligonucleotide sequences which were subjected to enzymatic
and base catalysed degradation reactions: A) 6'-a(AGGACA)-propane-
diol, B) TT-r(AGGAGA)-TT, C) 6'-a(UCUCCU)-propanediol, D)
TT-r(UCUCCU)-TT, E) 6'-a(CCGUAAUGCC)-propanediol, F)
T-r(GGCAUUACGG)-T. Electropherogram of oligo A analysed after 0
and 4 hours of degradation at pH 13. See Experimental Section for SFC
conditions.


sequence was used to carry out the enzymatic degradation
study. Oligomers A and C (see legend of Figure 4) were first
evaluated at pH 8, 10 and 12. Both compounds were
completely stable for at least 24 hours. No traces of shorter
length degradation products could be detected. When the
RNA analogue was incubated at pH 12, 10 % degradation was
noticed after 20 hours. Oligomer (oligo) A and its RNA


analogue (oligo B) were then subjected to degradation at
pH 13. At this pH, oligo A was degraded with a t1/2 of
3.5 hours. Figure 4 shows such an electropherogram after 0
and 4 hours at pH 13. The RNA analogue, however, was
degraded at least twice as fast as ANA. The observed t1/2 at
pH 13 is 1.6 hours. The sensitivity of the technique allows the
exclusion of extensive 4'-O to 3'-O migration of the phospho-
diester group.


When incubated in serum, oligo E showed no degradation
when analysed after a 24 hours incubation. On the other hand,
its RNA analogue (oligo F) showed extensive degradation
after 1 hour of incubation. These preliminary degradation
experiments suggest that a) the propanediol-labelled ANA is
sufficiently stable to survive conditions of biological media
and b) the increased alkaline stability allows us to use basic
conditions, similar to those used for RNA synthesis, during the
deprotection of oligomers after solid-phase synthesis.


Conclusions


The introduction of a C-3'-hydroxy group in the hexitol
moiety of HNA, giving a 3'-chiral centre in the (R)-config-
uration, leads to oligonucleotides (MNA) that form unstable
duplexes with RNA owing to unfavourable preorganiza-
tion.[10] Inversion of stereochemistry at the 3'-position (3'-(S)-
configuration) to afford d-altritol nucleic acids results in an
oligonucleotide with superior hybridisation properties. Sim-
ilar studies have been carried out in the past in investigations
on the self-pairing of allo-pyranosyl nucleic acids, altro-
pyranosyl nucleic acids and gluco-pyranosyl nucleic acids.[19, 20]


The allo-pyranosyl oligonucleotides do not display Watson ±
Crick purine ± pyrimidine pairing, but they show weak re-
verse-Hoogsteen purine ± purine pairing. The reason for the
weak pairing is the steric hindrance between the equatorially
oriented C-2'-hydroxy group and the neighbouring base pair
in the 4'-direction.[19, 20] Likewise, self-complementary altro-
pyranosyl oligonucleotides demonstrate extremely weak
Watson ± Crick pairing, this time because of restricted con-
formational flexibility of the base moiety owing to the
presence of the axial C-2'-hydroxy group. Base pairing in
the gluco-pyranosyl system is prohibited by unfavourable
steric effects because of the equatorial positioning of both the
C-2'-hydroxy group and the C-3' hydroxy group.[19, 20] These
systems (hexitol and pyranose), however, cannot be compared
as the geometry of the complexes are fundamentally different.
Pyranose nucleic acids form quasi-linear structures,[19, 20] while
hexitol nucleic acids adopt A-form helical conforma-
tions.[7, 9, 21] The former oligomers do not hybridise with
natural nucleic acids, while the latter oligonucleotides have
the potential to do so. The influence of supplementary
hydroxy groups introduced on the six-membered carbohy-
drate moiety is, therefore, different in both systems. Steric
effects and hydrogen bonding might play a role in explaining
the weak hybridisation properties of MNA.[10] This is not so
for ANA, in which there is no steric hindrance to prevent self-
pairing or hybridisation with natural nucleic acids. In this
study we demonstrate the higher thermal stability for
ANA:RNA relative to HNA:RNA duplexes. Complexes
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formed between ANA and natural nucleic acids are, likewise,
more stable than complexes between two natural nucleic acid
strands. Moreover, the ANA complexes retain their sequence
selectivity in both polypurine sequences and completely
mixed sequences. Self-complementary ANAs are extremely
stable associations. The structure of ANA complexes resem-
bles the A-form helix. Single-stranded ANAs are stable in
alkaline conditions up to pH 12. The increased duplex
stability of ANA complexes may be due to a more efficient
involvement of the 3'-hydroxy group in duplex hydration than
in hydration of the isolated single-stranded ANA and/or the
formation of a preorganized helical single-stranded ANA,
which fits the shape of a dsRNA hybrid better than HNA
itself. The present investigations allow us to suggest that the
balance inclines in the direction of the former explanation.
The CD spectra of single-stranded HNA and ANA of the
same sequence are identical, suggesting similar preorganiza-
tion. Preliminary, thermodynamic calculations indicate an
important advantageous enthalpic factor on stabilisation of an
ANA:RNA duplex (relative to HNA:RNA). Because of the
presence of a methylene function in the 3'-position of the
hexitol ring, both flanks of the minor groove of HNA:RNA
duplexes have a different polarity. One part (RNA) is
considerably more polar than the other part (HNA). The
hydroxy group in the 3'-a-position of ANA is expected to be
situated in the minor groove pointing in the direction of the
solvent. Consequently, the polarity of the hexitol flank of the
minor groove increases. Therefore, the solvent-accessible
surface of ANA:RNA should be more hydrophilic than the
solvent-accessible surface of HNA:RNA. Additionally the
3'-hydroxy group may further restrict the conformational
freedom of the backbone (torsion angle z), and this effect may
contribute to a higher preorganisation of ANA The hybridisa-
tion properties together with the strong serum stability make
this new oligomer a potential new antisense candidate.


Experimental Section


Oligonucleotide synthesis : The synthesis of the protected monomers will be
described elsewhere.[14] Analytical details for the phosphoramidite building
blocks are as follows. 2-(N6-Benzoyl-adenin-9-yl)-3-O-benzoyl-2-deoxy-4-
O-[N,N-diisopropyl(2-cyanoethyl)]phosphoramidite-6-O-monomethoxy-
trityl-d-altritol: Rf (hexane/acetone/TEA 59:40:1) 0.28; LSI-MS (Thgly-
NaOAc) m/z (%): 984 (50) [M�Na]� , 273 (100) [MMTr]; 31P NMR: d�
151.64, 149.54. 2-(N2-Dimethylformamidino-guanin-9-yl)-3-O-benzoyl-2-
deoxy-4-O-[N,N-diisopropyl(2-cyanoethyl)]phosphoramidite-6-O-mono-
methoxytrityl-d-altritol: Rf (hexane/acetone/TEA 20:79:1) 0.38; LSI-MS
(NPOE) m/z (%): 929 (2) [M�H]� ; 31P NMR: d� 151.49, 149.97. 2-(N6-
Benzoyl-cytosin-1-yl)-3-O-benzoyl-2-deoxy-4-O-[N,N-diisopropyl(2-cyano-
ethyl)]phosphoramidite-6-O-monomethoxytrityl-d-altritol: Rf (hexane/
acetone/TEA 59:40:1) 0.33; LSI-MS (Thgly-NaOAc) m/z (%): 960 (30)
[M�Na]� , 273 (100) [MMTr]; 31P NMR: d� 151.54, 150.07. 2-(Uracil-1-yl)-
3-O-benzoyl-2-deoxy-4-O-[N,N-diisopropyl(2-cyanoethyl)]phosphorami-
dite-6-O-monomethoxytrityl-d-altritol : Rf (hexane/acetone/TEA 59:40:1)
0.24; LSI-MS (Thgly-NaOAc) m/z (%): 857 (12) [M�Na]� , 273 (100)
[MMTr]; 31P NMR: d� 151.16, 150.21.


Oligonucleotide synthesis was carried out on an automated DNA
synthesiser with the phosphoramidite approach, model ABI 381 A (Ap-
plied Biosystems). Condensations were run at 0.12m of the respective
modified building block for 10 min to ensure adequate coupling yields. The
obtained sequences were deprotected and cleaved from the solid support
by treatment with concentrated ammonia at 55 8C for 16 hours. After a first


purification on a NAP-10R column (Sephadex G-25-DNA grade), a Mono-
QHR 10/10 anion exchange column/Pharmacia) was used with the
following gradient system: A) NaOH, pH 12.0 (10 mm), NaCl (0.1m); B)
NaOH, pH 12.0 (10 mm), NaCl (0.9m). The low-pressure liquid chroma-
tography system consisted of a Merck-Hitachi L6200A Intelligent pump, a
Mono-Q HR 10/10 column, a Uvicord SII 2138 UV detector (Pharmacia-
LKB) and a recorder. Product-containing fractions were immediately
neutralised by addition of aqueous ammonium acetate. Following concen-
tration, the eluent was desalted on a NAP 10 column and lyophilised.


UV-melting experiments and thermodynamic data : UV-melting experi-
ments were recorded with a Uvikon 940 spectrophotometer. Samples were
dissolved in a buffer solution containing NaCl (0.1 or 1m), potassium
phosphate (0.02m, pH 7.5) and EDTA (0.1 mm). The oligomer concen-
tration was determined by measuring the absorbance at 80 8C and assuming
extinction coefficients in the denatured state as used for natural DNA. The
concentration in all experiments was 4 mm of each strand. Cuvettes were
kept at a constant temperature with water circulating through the cuvette
holder and with a thermistor immersed directly in the cuvette. For the
melting experiments, temperature control and data acquisitions were
carried out automatically with an IBM/PC AT-compatible computer. The
samples were heated and cooled at a rate of 0.2 8C minÿ1 with data sampling
every 30 seconds. Tm values were determined from the maximum of the
first-derivative curve. The thermodynamic data DH and DS (Table 5) were
calculated from the melting curves by means of an all or none two-state
model for helix-coil transitions developed by Gralla and Crothers.[17] The
derivative at each point on the curve was determined by fitting a regression
line to the point in a dynamically specified window containing 40 points
(4 8C). The transition enthalpy (cal molÿ1) can be calculated from the
Equation (1). The free energy at T1/2 associated with the melting transition
and concomitantly the entropy are further calculated as described by
Loakes and Brown.[22]


DH�ÿ4.37(1/T1/2ÿ 1/T3/4) (1)


CD spectra : CD spectra were measured at 10 8C with a Jasco 600
spectropolarimeter in thermostatically controlled 1 cm cuvettes corrected
with a Lauda RCS 6 bath. The oligomers were dissolved and analysed in
buffer containing NaCl (0.1m), potassium phosphate (0.2m, pH 7.5) and
EDTA (0.1 mm) and at a concentration of 4mm of each strand.


Mass spectrometric analysis of oligonucleotides : The appropriate oligonu-
cleotide (20 nmol) was taken up in triethylammonium bicarbonate (TEAB,
0.2m, pH 8, 0.5 mL) and loaded on a C18 cartridge (Waters) preequilibrated
with aqueous TEAB. After washing the cartridge with TEAB solution
(2 mL), the oligomer was eluted with MeOH/TEAB (0.2m, 1:1) and the
eluate was lyophilised. Immediately before use, the samples were dissolved
in a mixture of acetonitrile/ammonium acetate (0.01m, 1:1, 300 mL; final
concentration of the oligonucleotide about 16 pmol mLÿ1). Electrospray
ionisation mass spectra were recorded in negative mode on a VG
Platform II mass spectrometer (Micromass, Manchester, UK) equipped
with a Mass Lynx data system. The sample spray flow was set to
10 mLminÿ1. Five spectra were acquired and summed in MCA mode in
the m/z range 500 to 1500. The molecular weights were determined by
application of the maximum entropy algorithm.


Degradation studies of oligonucleotides : All oligomers were dissolved in
Milli-Q water except for sample 393 028, which was dissolved in NaCl
(0.1m) and KH2PO4 (0.02m). Stock solutions had concentrations between
33 and 45 OD mLÿ1. Phosphate buffers of pH 8, 10 and 12 were prepared by
mixing appropriate volumes of K2HPO4 (0.05m) and K3PO4. For pH 13
buffer, K3PO4 (0.05m) was adjusted to pH 13.0 with KOH solution (1m).


Oligomers A-D (Figure 4) were evaluated for stability in alkaline solutions.
A 10 ml sample solution was mixed with 60 ml of phosphate buffer (50 mm,
pH 8, 10, 12 and 13), kept at room temperature (25 8C) and analysed by
micellar electrokinetic capillary chromatography (MECC). Oligomers E
and F (Figure 4) were evaluated for their serum stability in 90% of human
serum. Oligomer (dA)21 was used as internal standard. After incubation at
37 8C, serum samples were extracted by anion-exchange centrifugal
membranes, desalted by drop analysis and analysed by MECC.[23]


Conditions for micellar electrokinetic capillary chromatography are as
follows; Electrolyte: TAPS (N-tris(hydroxymethyl)methyl-3-aminopro-
pane sulfonic acid, 20mm), sodium dodecyl sulfate (70 mm), urea (7m)
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[pH 7.7 with TRIS (tris(hydroxymethyl)aminomethane)]; Capillary: fused
silica (50 mm ID� 44 cm total length Lÿ1 and 36 cm length to detector Lÿ1);
Temperature: 25 8C; Voltage: 23 kV; Injection: hydrodynamic (2 s);
Detection: UV (260 nm).
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Synthesis of a Structurally Defined Antigen ± Immunostimulant Combination
for Use in Cancer Vaccines


Wulf Dullenkopf,[a] Gerd Ritter,[b] Sheila R. Fortunato,[b]


Lloyd J. Old,[b] and Richard R. Schmidt[a]


Abstract: Ganglioside GM2 expressed
on the cell surface of human cancers is a
promising target for immunotherapy
because GM2 antibodies are cytotoxic
in vitro and GM2 antibody formation
can be induced upon vaccination in
cancer patients. We recently reported
on the efficient chemical synthesis of
GM2; clinical trials with these synthetic
GM2 conjugated to a purified carrier
protein (KLH) are currently under way.
In our efforts to generate a totally
synthetic GM2 cancer vaccine, we have
now synthesized GM2 neoglycolipid 1,


which consists of the GM2-tetrasacchar-
ide epitope that is linked through a
spacer to the B-cell stimulatory glyco-
lipid 4. Target compound 1 was con-
structed from the GM2 tetrasaccharide
donor 2, the 9-hydroxynonanoate 3
spacer, and the 6-amino-6-deoxy deriv-
ative (5) of compound 4. Building block
5 was obtained from Z-protected 6-azi-


do-6-deoxy-N-leucyl-glucosamine deriv-
ative 12, which was available from
glucosamine by two different ap-
proaches; the route with the Z-protect-
ed derivative of 4 (10) as intermediate
gave the best yields. The neoglycolipid 1
reacted with a number of different GM2-
reactive antibodies. Vaccination of rab-
bits with 1 resulted in induction of
antibodies against GM2, thus confirming
the viability of this novel concept for the
construction of a totally synthetic vac-
cine.


Keywords: antigens ´ gangliosides ´
glycolipids ´ immunostimulants ´
synthesis


Introduction


Ganglioside GM2 has been considered an attractive target for
vaccine-based therapy of GM2-expressing cancers,[1] because
a) GM2 is expressed in a large number of different cancer
types including melanoma, glioma, seminoma, lung cancer,
colon cancer, renal cancer, and prostate cancer;[2] b) GM2-
reactive antibodies are cytotoxic for GM2


� tumor cells;[3, 4]


c) GM2 is immunogenic in humans as indicated by the
presence of naturally occurring serum antibodies to GM2,[4]


the relative ease of isolating GM2 monoclonal antibodies from
humans,[5, 6] and the induction of GM2 antibodies in melanoma
patients following vaccination with GM2-containing vac-
cines;[6, 8] d) melanoma patients with GM2 antibodies, either
induced by vaccination or naturally occurring, appear to have
more favorable prognosis;[4] and e) no deleterious effects are
associated with an immune response to GM2.[4]


We have recently developed a practical chemical synthesis
of ample quantities of the building blocks that consist of GM2-
oligosaccharides and GM2 itself for use in cancer vaccine
studies.[9] A first clinical vaccine trial in melanoma patients
with synthetic GM2 conjugated to the biological carrier
protein keyhole limpet hemocyanin (KLH) has been started.
In our efforts to develop a totally synthetic GM2 cancer
vaccine, we have designed a novel conjugate molecule in
which a carbohydrate cancer epitope is linked through a
spacer to an immunostimulant as shown in Scheme 1. We
prepared neoglycolipid 1 by ligating GM2-tetrasaccharide and
the artifical B-cell stimulatory glycolipid BAY R 1005
(Scheme 1, 4) through the w-hydroxynonanoate spacer.
BAY R 1005 has been reported to amplify the proliferation
of B lymphocytes in response to stimulation with anti-
gens.[10, 11] We report here on the synthesis of 1 and on its
serological characterization.


Results and Discussion


Synthesis of target molecule 1: The retrosynthesis of target
molecule 1 (shown in Scheme 1) disintegrates the molecule
into known GM2-tetrasaccharide donor 2,[9] the spacer 3,[12]


and the 6-amino-6-deoxy derivative 5 of BAY R 1005 (4); the
6-amino group in 5 is introduced in order to provide a
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convenient linkage between the spacer and the adjuvant. For
the synthesis of 5, glucosamine was transformed into the
6-azido derivative 6 by the use of previously published
procedures (Scheme 2).[13] Attachment of the N-benzyloxy-
carbonyl (Z)-protected leucyl residue to the 2-amino group
was performed with commercially available Z-Leu-OH in the
presence of water-soluble carbodiimide (WSC) N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide hydrochloride as con-
densing agent, this leads to N-leucyl-glucosamine derivative
7 in good yield. Removal of all O-acetyl groups was carried
out in methanol in the presence of 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU) as base; after addition of acetic acid the O-
deprotected compound 9 was isolated. Treatment of 9 with


Scheme 2. Synthesis of building block 14.


Abstract in German: Gangliosid GM2, das auf menschlichen
Krebszellen exprimiert wird, stellt ein interessantes Ziel für die
Immunotherapie dar, weil Antikörper gegen GM2 cytotoxisch
sind und somit die Antikörperproduktion durch Impfung von
Krebspatienten induziert werden kann. Klinische Studien mit
synthetischem GM2, über dessen effiziente chemische Synthese
wir kürzlich berichtet haben, das an ein Carrierprotein (KLH)
konjugiert wurde, wurden bereits aufgenommen. In unserem
Bemühen um einen totalsynthetischen GM2-Krebsimpfstoff
haben wir jetzt das GM2-Neoglycolipid 1 aus einem GM2-
Epitop bestehend hergestellt, das über einen Spacer an das
B-Zellen stimulierende Glycolipid 4 gebunden ist. Das Neo-
glycolipid 1 reagiert mit verschiedenen GM2-reaktiven Anti-
körpern. Die Immunisierung von Kaninchen mit 1 führte zur
Induktion von Antikörpern gegen GM2. Auf diese Weise
konnte der Erfolg dieses neuen Konzeptes zur Darstellung von
totalsynthetischen Impfstoffen bestätigt werden.


Scheme 1. Retrosynthesis of neoglycolipid 1.
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octadecylamine and then with lauryl chloride in the presence
of triethylamine afforded the desired neoglycolipid 12, but
only in 37 % yield. Therefore, an alternative approach for the
synthesis of 10 was investigated. To this end, by the use of
literature procedures glucosamine was first transformed into
Z-protected N-leucyl-glucosamine 8, which was then con-
verted into Z-protected N-leucyl BAY R 1005 (10).[10, 14] Re-
gioselective 6-O-tosylation of 10 could be carried out with
tosyl chloride in pyridine at ÿ10 8C in good yield (!11);
ensuing treatment with sodium azide in DMF afforded the
desired neoglycolipid 12 in very good overall yield. Reduction
of the azido group in 12 to the amino group with propane-
dithiol in pyridine/water[15] afforded building block 5. For
future adjuvant activity studies, 5 was transformed into the
deprotected N-acetyl derivative 14 ; N-acetylation of 5 with
acetic anhydride provided 6-acetylamino derivative 13 and
ensuing hydrogenolysis of the Z group afforded 14. For both
compounds, 1H NMR indicated the presence of two rotamers
at room temperature.


For the ligation of building blocks 2, 3, and 5, tetraglycosyl
donor 2[9, 16] was first coupled to the benzyl ester of w-
hydroxynonanoate (3 a) in the presence of trimethylsilyl
trifluoromethanesulfonate (TMSOTf) as catalyst; thus,
spacer-linked GM2 derivative 15 a was obtained in good yield
(Scheme 3).


Hydrogenolysis of the carboxylate benzyl group afforded
acid 16, which was fully O-acyl protected. Reaction with 5 in
the presence of WSC as condensing agent afforded the
protected target molecule (l)-17, which could be fully assigned
by the 1H NMR data. However, removal of the O-acyl groups
under ZempleÂn conditions[17] and ensuing hydrolysis of the


methylester moiety led to racemisation of the leucyl residue to
give (d,l)-18 as a mixture of diastereomers. Therefore, O-
deacylation and ester hydrolysis in the spacer-linked GM2-
tetrasaccharide moiety had to be performed prior to attach-
ment of 5 ; this leads to the generation of an intermediate, in
which for the condensation with the amino group of 5 two
different carboxylate groups, the spacer and the neuraminic
acid carboxylate group, are available. However, we antici-
pated that the spacer carboxylate group would be more
reactive than the neuraminic acid carboxylate group because
of steric hinderance and because of the negative inductive
effect of the a-oxygen in the neuraminic acid residue.
Reaction of 2 with the methylester of w-hydroxynonanoate
(3 b) in the presence of TMSOTf as catalyst gave spacer-
linked GM2 derivative 15 b in good yield (Scheme 3). Re-
moval of the O-acyl groups under ZempleÂn conditions and
subsequent hydrolysis of the two methylester residues led to
totally deprotected 19 as a dipotassium salt (Scheme 4).
Condensation of 19 with 5 in the presence of 1-ethyl-2-ethoxy-
1,2-dihydroquinoline (EEDQ) as condensing agent gave, as
expected, only (l)-18, which carried only one Z-protective
group at the leucyl residue. Hydrogenolysis in dioxane/water
with palladium on carbon as catalyst and then purification of
the product in the presence of triethylamine afforded target
molecule 1 as its triethylammonium salt. The structural
assignments of 1 and of the intermediates were readily
performed with NMR spectrocopical data.


Serological characterisation of 1: GM2 neoglycolipid 1 was
tested for its reactivity with several GM2-reactive antibodies,
including mAb 45.66 (human IgM), KM966 (mouse-human


chimeric IgG), a polyclonal
rabbit immune serum against
GM2, and serum from a mel-
anoma patient immunized
with bovine-brain-derived
GM2-KLH/QS21 vaccine, by
ELISA (enzyme-linked immu-
nosorbent assay) and immune
thin-layer chromatography
(ITLC). GM2 neoglycolipid 1
showed good reactivity with
all four GM2 antibodies in
both assay systems. As an
example, ELISA reactivity of
neoglycolipid 1 with mAb
45.66 and the patient�s im-
mune serum is shown in Fig-
ure 1. The reactivity with GM2


neoglycolipid 1 was weaker
than with GM2 ganglioside
(Figure 2C, page 2436). In or-
der to test whether the GM2


neoglycolipid 1 can elicit anti-
bodies against GM2 ganglio-
side, rabbits were immunized
with GM2 neoglycolipid 1 in
complete Freund�s adjuvant
(CFA). Immunization resultedScheme 3. Synthesis of precursor 15b ; epimerisation upon saponification.
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in induction of IgG antibodies against GM2 neoglycolipid 1
and synthetic GM2 (sGM2) ganglioside as determined
by ELISA and ITLC (Figures 2A, and B). IgG ELISA
reactivity with the GM2 neoglycolipid 1 (peak titer 1:9600)
was stronger than with sGM2 ganglioside (peak titer 1:1600);
this indicates that IgG antibodies were induced against unique
epitopes on the GM2 neoglycolipid 1 as well as epitopes
that are shared with sGM2 and bovine-brain-derived GM2


ganglioside.


Conclusion


Our results indicate that novel
synthetic glycolipids in which
the synthetic carbohydrate an-
tigen is linked to an appropriate
synthetic immunostimulatory
carrier may lead to useful im-
munogens for inducing anti-
bodies to ganglioside and other
carbohydrate cancer antigens.


Experimental Section


Solvents were purified according to
the standard procedures. Melting
points are reported in degree Celsius
(uncorrected). NMR measurements
were performed at 22 8C on a Bruker
AC 250 Cryospec or Bruker DRX 600.
TMS or the resonance of the deuter-
ated solvent was used as internal
standard; solvents: CDCl3, d�7.24;
CD3OD, d� 3.315; D2O, d� 4.63;
[D6]DMSO, d� 2.49, was used as ex-
ternal standard. MALDI-mass spectra
were recorded on a Kratos Kompact
Maldi 1 and 2,5-dihydroxybenzoic


acid (DHB) or 6-aza-2-thiothymine (ATT) were used as matrices. FAB-
mass spectra were measured on a Finnigan MAT 312/AMD 5000 (790 eV,
70 8C). Optical rotations were measured on a Perkin ± Elmer polarimeter
241/MS in a 1 dm cell at 22 8C. Thin-layer chromatography (TLC) was
performed on Merck silica gel 60 F254 plastic plates or Merck amino phase
glass plates. Compounds were visualized by treatment with a solution of
(NH4)6Mo7O24� 4H2O (20 g) and Ce(SO4)2 (0.4 g) in 10% sulfuric acid
(400 mL). Flash chromatography was performed on J.T. Baker silica gel 60
(0.040 ± 0.063 mm) at a pressure of 0.3 bar.


Serological assays were performed as described previously.[18] Immuniza-
tions: Two rabbits were immunized four times at four different sites with
GM2 neoglycolipid 1 (7 nmol GM2-tetrasaccharide) in CFA/IFA every two
weeks followed by two boost injections four weeks apart, four weeks after


Scheme 4. Synthesis of neoglycolipid 1.


Figure 1. ELISA reactivity of GM2 antibodies with GM2 neoglycolipid 1. A) Human monoclonal antibodies (tissue culture supernantant, IgM) 45.66 (anti-
GM2) and 7.1132 (isotype control); B) Sera from melanoma patient prior and post immunization with bovine brain-derived GM2-KLH/QS21 vaccine.
Method: 200 pmol GM2 neoglycolipid 1 were incubated with varying amounts of GM2 antibody; reactivity was quantitated with Fitc-conjugated species,
isotype specific secondary antibodies and a microplate fluorospectrometer.
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the fourth injection. Blood was collected from the ear vein prior to and two
weeks after each injection.


1,3,4-Tri-O-acetyl-6-azido-2-N-(N-benzyloxycarbonyl)leucyl-2,6-dideoxy-
b-dd-glucopyranoside (7): Water soluble carbodiimide (WSC; 2.01 g,
10.5 mmol) was added to a solution of 1,3,4-tri-O-acetyl-2-amino-6-azido-
2,6-dideoxy-b-d-glucopyranoside (6 ;[13] 3.15 g, 9.54 mmol) and Z-Leu-OH
(2.78 g, 10.5 mmol) in dry dichloromethane (20 mL). The mixture was
stirred for 20 min at room temperature, diluted with dichloromethane
(20 mL), washed with brine (2� 10 mL) and water (10 mL), dried over
MgSO4, and concentrated under reduced pressure. The residue was
dissolved in hot methanol. After 12 h needles were filtered off, washed
with cold ethanol and dried in vacuo to give 7 (4.34 g, 79%). Rf� 0.38
(toluene/ethyl acetate 1:1); m.p. 193.5 8C; [a]D�ÿ17.2 (c� 1, CHCl3);
1H NMR (250 MHz, CDCl3): d� 0.88, 0.91 (2s, 6 H; CH (CH3)2), 1.31 ± 1.45
(m, 1 H; CH(CH3)2), 1.53 ± 1.66 (m, 2H; CHCH2), 2.03 ± 2.05 (m, 9H;
3COCH3), 3.36 ± 3.38 (m, 2H; 6-H, 6'-H), 3.74 ± 3.84 (m, 1H; 5-H), 3.99 ±
4.18 (m, 1H; CHCH2), 4.26 (ddd, J(NH,2)� J(2,3)� 9.2 Hz, 1 H; 2-H),
5.02 ± 5.23 (m, 5H; CH2-phenyl, 3-H, 4-H, CO2NH), 5.77 (d, J(1,2)�
8.7 Hz, 1H; 1-H), 6.37 (br s, 1 H; NH), 7.34 ± 7.36 (m, 5H; phenyl);
C26H35N5O10 (577.6): calcd C 54.06, H 6.10, N 12.12; found C 54.16, H 6.10,
N 12.06.


6-Azido-2-N-(N-benzyloxycarbonyl)-ll-leucyl-2,6-dideoxy-a-dd-glucopy-
ranoside (9): A solution of 7 (1.05 g, 1.82 mmol) in dry methanol was
treated with DBU (1 mL). After 2 h acetic acid (1 mL) was added, and the
solvent was removed in vacuo. The residue was chromatographed over
silica gel (toluene/acetone 2:1). Final purification was achieved by
crystallization (acetone/petrol ether 1:1) to yield 9 (451 mg, 57 %) as a
colorless solid. Rf� 0.41 (toluene/acetone 1:1); m.p. 104 8C; [a]D��33.9
(c� 1, methanol); 1H NMR (250 MHz, MeOD): d� 0.91 ± 0.95 (m, 6H;
CH(CH3)2), 1.53 ± 1.73 (m, 3 H; CH2CH(CH3)2), 3.29 ± 3.54 (m, 3H; 4-H,
6-H, 6'-H), 3.66 (dd, J(2,3)� 9.6 Hz, J(3,4)� 8.7 Hz, 1H; 3-H), 3.83 (dd,
J(1,2)� 3.4 Hz; 1H; 2-H), 3.91 ± 3.98 (m, 1 H; 5-H), 4.21 (dd, J(vic)�
J'(vic)� 6.0 Hz, 1 H; CHCH2), 5.08 ± 5.11 (m, 3H, 1-H; CH2-phenyl),
7.27 ± 7.37 (m, 5 H; phenyl); C20H29N5O6 (435.5): calcd C 52.97, H 6.44, N
15.44; found C 52.81, H 6.61, N 15.16.


N-[2-N-(N-Benzyloxycarbonyl)-ll--leucyl-2,6-dideoxy-6-O-tosyl-b-dd-gluco-
pyranosyl]-N-octadecyldodecanamide (11): Tosyl chloride (0.376 g,
1.97 mmol) was added to a solution of N-[2-N-(N-benzyloxycarbonyl)leu-
cyl-2,6-dideoxy-b-d-glucopyranosyl]-N-octadecyldodecanamide (10 ;[10, 14]


1.11 g, 1.31 mmol) in pyridine (50 mL) at ÿ10 8C. After 3 h the reaction
mixture was allowed to warm to room temperature. After another hour
methanol (1 mL) was added, and the solvent was removed in vacuo.
Chromatography of the residue on silica gel (toluene/ethyl acetate 1:1)
gave 11 (930 mg, 70 %) as a colorless syrup. Rf� 0.38 (toluene/acetone 1:1);
[a]D��0.5 (c� 1, CHCl3); 1H NMR (600 MHz, CDCl3): d� 0.74 ± 0.84
(br s, 12 H; CH(CH3)2, CH2(CH2)9CH3 , CH2(CH2)16CH3), 1.03 ± 1.55 (m,
53H; CH2(CH2)9CH3, CH2(CH2)16CH3, CH2CH(CH3)2), 2.17 ± 2.41 (m,
5H; CH2(CH2)9CH3, C6H4CH3), 3.04 ± 3.06 (br s, 2 H; CH2(CH2)16CH3),
3.37 (br s, 1H; 5-H), 3.80 (br s, 1 H; 2-H), 4.00 (br s, 1 H; CHCH2), 4.12 (br s,


1H; 6-H), 4.26 (br s, 1 H; 6'-H), 5.01 (m, 2H; CH2C6H5), 5.26 (d,
J(NH,CH)� 6 Hz, 1H; NHCO2), 5.5 (d, J(1,2)� 9.2 Hz, 1 H; 1-H), 6.84
(d, J(2,NH)� 7.2 Hz, 1H; NH), 7.19 ± 7.70 (m, 9H; C6H5, C6H4CH3);
C57H95N3O10S (1014.4): calcd C 67.49, H 9.44, N 4.14; found C 67.4, H 9.76,
N 4.35.


N-[6-Azido-2-N-(N-benzyloxycarbonyl)-ll--leucyl-2,6-dideoxy-b-dd-gluco-
pyranosyl]-N-octadecyldodecanamide (12): a) From 11. A solution of 11
(740 mg, 0.73 mmol) and sodium azide (200 mg, 3.00 mmol) in DMF
(10 mL) was stirred for 4 h at 80 8C, then cooled to room temperature and
diluted with ethyl acetate (30 mL). The solid was filtered off and the filtrate
was concentrated in vacuo. Further purification by chromatography
(toluene/acetone 1:1) on silica gel afforded 12 (638 mg, 97 %) as a colorless
solid.
b) From 9 : A suspension of 9 (700 mg, 1.55 mmol) and octadecylamine
(629 mg, 2.33 mmol) in dry methanol (15 mL) was stirred under reflux for
2 ± 3 h. After the mixture had been allowed to reach room temperature,
excess of octadecylamine was filtered off, and the filtrate was concentrated
in vacuo. The residue was extensively dried in vacuo and then taken up in
dry dichloromethane (10 mL). Triethylamine (550 mL, 4.65 mmol) and
lauroyl chloride (615 mL, 4.65 mmol) were added, and the mixture was
stirred for 3 h. After concentration in vacuo, purification on silica gel and
subsequent crystallisation (methanol) afforded 12 (510 mg, 37%) as a
colorless needles. Rf� 0.41 (toluene/acetone 1:1); m.p. 87.9 8C; [a]D�
�18.3 (c� 1, CHCl3); 1H NMR (250 MHz, CDCl3): d� 0.84 ± 0.93 (m,
12H; CH(CH3)2, CH2(CH2)9CH3 , CH2(CH2)16CH3), 1.11 ± 1.60 (m, 53H;
CH2CH(CH3)2, CH2(CH2)9CH3, CH2(CH2)16CH3), 2.25 ± 2.31 (m, 2 H;
CH2(CH2)9CH3), 3.15 ± 3.21 (br s, 2H; CH2(CH2)16CH3), 3.35 ± 3.60 (m,
5H; 3-H, 4-H, 5-H, 6-H, 6'-H), 3.75 (br s, 1 H; OH), 3.92 ± 4.09 (m, 1H;
2-H), 4.58 (br s, 1 H; OH), 5.08 ± 5.15 (m, 2H; CH2C6H5), 5.43 (d,
J(NH,CH)� 8.1 Hz, 1H; CO2NH), 5.63 (d, J(1,2)� 9.8 Hz, 1H; 1-H),
6.97 (d, J(2,NH)� 7.5 Hz, 1H; NH), 7.29 ± 7.38 (m, 5H; C6H5); rotamers
caused a second set of signals of very weak intensity; MS (FAB, positive
mode, matrix: 3-nitrobenzylalcohol/NaI): m/z : 908 [M�Na]� ; C50H88N6O7


(885.29): calcd C 67.84, H 10.02, N 9.49; found C 67.68, H 9.95, N 9.40.


N-[6-Amino-2-N-(N-benzyloxycarbonyl)-ll--leucyl-2,6-dideoxy-b-dd-gluco-
pyranosyl]-N-octadecyldodecanamide (5): A solution of compound 12
(648 mg, 0.73 mmol) and 1,3-propanedithiol (222 mL, 2.19 mmol) in a
mixture of pyridine/water (4:1, 10 mL) was stirred at room temperature.
After 12 h the solvent was removed in vacuo. The residue was coevapo-
rated twice with toluene and then chromatographed on silica gel (CHCl3/
MeOH 20:1!10:1; with 1% Et3N) to give compound 5 (448 mg, 77%) as a
colorless oil. Rf� 0.37 (methanol/CHCl3 1:10); [a]D��13.5 (c� 1, CHCl3);
1H NMR (250 MHz, CDCl3/MeOD 95:5): d� 0.87 ± 0.91 (m, 12 H;
CH(CH3)2, CH2(CH2)9CH3, CH2(CH2)16CH3), 1.01 ± 1.70 (m, 53 H;
CH2CH(CH3)2, CH2(CH2)9CH3, CH2(CH2)16CH3), 2.23 ± 2.29 (m, 2 H;
CH2(CH2)9CH3), 2.88 (dd, J(5,6)� 5.4 Hz, J(6,6')� 13.1 Hz, 1H; 6-H),
3.05 (dd, J(5,6')� 3.1 Hz, 1H; 6'-H), 3.15 ± 3.19 (m, 2H; CH2(CH3)16CH3),
3.35 ± 3.51 (m, 3H; 3-H, 4-H, 5-H), 3.94 (dd, J(2,3)� J(3,4)� 7.2 Hz, 1H;
2-H), 4.10 (dd, J� 4.0, 9.9 Hz, CHCH2), 5.02, 5.10 (2d, J(gem)� 12.8 Hz,
2H; CH2C6H5), 5.60 (d, J(1,2)� 9.7 Hz, 1 H; 1-H), 7.27 ± 7.35 (m, 5H;
C6H5); MS (FAB, positive mode, matrix: 3-nitrobenzylalcohol/NaI): m/z :
908 [M�Na]� ; C50H90N4O7 (859.3): calcd C 69.88, H 10.56, N 6.52; found C
69.65, H 10.68, N 6.53.


N-[6-Acetamido-2-N-(N-benzyloxycarbonyl)-ll--leucyl-2,6-dideoxy-b-dd-
glucopyranosyl]-N-octadecyldodecanamide (13): Compound 5 (150 mg,
0.175 mmol) was treated with acetic anhydride (17 mL) in dichloromethane
(10 mL) at room temperature. After 30 min the mixture was concentrated
in vacuo. The residue was purified on silica gel (toluene/acetone 1:1) to give
oily 13 (151 mg, 96%). Rf� 0.25 (toluene/acetone 1:1); [a]D�ÿ18 (c� 1,
CHCl3). The 1H NMR spectra showed two sets of signals (rotamers). Only
significant signals are given: 1H NMR (600 MHz, [D6]DMSO/D2O 95:5):
d� 0.74 ± 0.77 (br s, 12H; CH(CH3)2, CH2(CH2)9CH3 , CH2(CH2)16CH3),
1.01 ± 1.54 (m, 53 H; CH2CH(CH3)2, CH2(CH2)9CH3, CH2(CH2)16CH3),
1.98 ± 2.31 (m, 2H; CH2(CH2)9CH3), 2.86 ± 3.22 (m, 5 H; 4-H, 5-H, 6-H,
CH2(CH2)16CH3), 3.37 ± 3.70 (m, 3H; 2-H, 3-H, 6'-H), 3.88 ± 3.99 (m, 1H;
CHCH2), 4.93 ± 4.97 (m, 2H; CH2C6H5), 5.09, 5.49 (2d, J(1,2)� 8.5 Hz, 1H;
1-H, rotamers), 7.27 ± 7.35 (m, 5H; C6H5); C52H92N4O8 (901.3): calcd C
69.29, H 10.29, N 6.22; found C 69.06, H 10.62, N 6.16.


N-[6-Acetamido-2-N-ll--leucyl-2,6-dideoxy-b-dd--glucopyranosyl]-N-octade-
cyldodecanamide (14): A mixture of 13 (220 mg, 0.244 mmol), Pd/C (10 %,
20 mg), and acetic acid (15 mL, 0.244 mmol) in methanol was treated with


Figure 2. Reactivity of serum of rabbit 322 immunized with GM2 neo-
glycolipid 1 plus Freund adjuvant as determined by immune thin-layer
chromatography. A) Pre-vaccination serum, B) immune serum obtained
after six immunizations, and C) Human GM2-monoclonal antibody 45.66.
Lane 1: gangliosides GM3, GM1, GD3, GD1a and GD1b; lane 2: bovine brain
GM2; lane 3: synthetic GM2 (C18:0); lane 4: GM2 neoglycolipid 1. The
plate was developed in chloroform/methanol/water containing 0.2%
calcium chloride 55:45:10 (v/v) before overlaying with diluted serum
1:100. Specific reactivity was visualized with HRP-conjugated goat anti-
rabbit IgG and diaminobenzidine as chromogen.
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hydrogen (1 atm) under vigorous stirring at room temperature. After 24 h
the catalyst was filtered off over Celite, and the filtrate was concentrated in
vacuo. The residue was chromatographed on silica gel (CHCl3/MeOH/Et3N
100:5:1!50:5:1) to give 14 (160 mg, 86%) as a sirup. Rf� 0.18 (CHCl3/
MeOH 12:1); [a]D� 12.8 (c� 1, CHCl3). The 1H NMR spectra showed two
sets of signals (rotamers). Only significant signals are given: 1H NMR
(600 MHz, CDCl3): d� 0.81 ± 0.91 (m, 12H; CH2(CH2)9CH3 ,
CH2(CH2)16CH3 , CH(CH3)2), 1.11 ± 1.71 (m, 53 H; CH2(CH2)9CH3,
CH2(CH2)16CH3, CH2CH(CH3)2), 1.98 (s, 3 H; COCH3), 2.15 ± 2.42 (m,
2H; CH2(CH2)9CH3), 3.06 ± 4.12 (m, 9H; 2-H, 3-H, 4-H, 5-H, 6-H, 6'-H,
NH2, CHCH2), 5.48, 5.73 (2d, J(1,2)� 9.9 Hz, 1 H), 6.08 ± 6.23 (br s, 1H;
NH), 7.63, 8.11 (2br s, 1H; NH); C44H86N4O6 (767.2); calcd C 68.88, H 11.29,
N 7.30; found 68.61, H 11.18, N 7.22.


Benzyl 9-O-[(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-dd-galactopyrano-
syl)-(1!4)-{[methyl-(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-dd-
glycero-a-dd-galacto-2-dd-nonulopyranosyl)onat]-(2!3)}-(2,6-di-O-acetyl-
b-dd-galactopyranosyl)-(1!4)-3,6-di-O-acetyl-2-O-pivaloyl-b-dd-glucopy-
ranosyl]nonanoate (15 a): A solution of the known trichloroacetimidate 2
(200 mg, 0.129 mmol) and benzyl 9-hydroxynonanoate (3 a) (68 mg,
0.259 mmol) in dry dichloromethane (1 mL) was treated under argon with
a solution of TMS triflate (130 mL of a 0.1n solution in dichloromethane).
After 15 min the mixture was neutralized with Et3N and concentrated in
vacuo. Chromatography of the residue on silica gel (toluene/acetone 3:2)
afforded 15a as an oil (165 mg, 78%), Rf� 0.37 (toluene/acetone 1:1);
[a]D�ÿ15.9 (c� 1, CHCl3); 1H NMR (600 MHz, CDCl3): d� 1.10 ± 1.12
(m, 9 H; C(CH3)3), 1.19 ± 1.25 (m, 10H; CH2(CH2)5(CH2)2CO2CH2C6H5),
1.47 ± 2.31 (m, 44 H; 13COCH3, CH2(CH2)5(CH2)2CO2CH2C6H5, 3c'-H),
2.77 (dd, J(3,3')� 13 Hz, J(3,4)� 4.3 Hz, 1H; 3c-H), 3.26 ± 3.37 (m, 2H;
2d-H, CH2(CH2)5(CH2)2CO2CH2C6H5), 3.47 (dd, J(3,4)� J(4,5)� 2.0 Hz,
1H; 4b-H), 3.53 ± 3.56 (m, 2 H; 5a-H, 5b-H), 3.76 ± 3.83 (m, 7 H;
CH2(CH2)5(CH2)2CO2CH2C6H5, OCH3, 4a-H, 5d-H, 6c-H), 3.91 ± 4.10
(m, 6 H; 6b-H, 6'-H, 5c-H, 9'c-H, 6d-H, 6'd-H), 4.16 ± 4.19 (m, 2 H; 3b-H,
6'a-H), 4.32 (dd, J(8,9)� 2.6 Hz, J(9,9')� 12.7 Hz, 1H; 9c-H), 4.39 (d,
J(1,2)� 8.0 Hz, 1H; 1a-H), 4.41 (dd, J(5,6)< 2 Hz, J(6,6')� 10.9 Hz, 1H;
6a-H), 4.55 (d, J(1,2)� 7.7 Hz, 1 H; 1b-H), 4.76 (ddd, J(3',4)� J(4,5)�
11.3 Hz, J(3,4)� 4.3 Hz, 1H; 4c-H), 4.88 (dd, J(2,3)� 8.2 Hz, 1 H; 2a-H),
4.93 (dd, J(2,3)� 10.1 Hz, 1H; 2b-H), 5.06 (s, 2H; CH2C6H5), 5.10 ± 5.15
(m, 3H; Nc-H, 3a-H, 1d-H), 5.30 ± 5.35 (m, 2 H; 7c-H, 4d-H), 5.49 ± 5.50 (m,
1H; 8c-H), 5.83 (dd, J(2,3)� 11.2 Hz, J(3,4)� 3.4 Hz, 1H; 3d-H), 6.03 (d,
J(2,NH)� 7.1 Hz, 1H; Nd-H), 7.27, 7.31 (m, 5H; C6H5); MS (MALDI,
positive mode, matrix: DHB): m/z : 1665 [M�Na]� ; C75H106N2O38 (1643.7):
calcd C 54.80, H 6.50, N 1.78; found C 54.93, H 6.74, N 2.07.


Methyl 9-O-[(2-acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-dd-galactopyrano-
syl)-(1!4)-{[methyl-(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-dd-
glycero-a-dd-galacto-2-dd-nonulopyranosyl)onat]-(2!3)}-(2,6-di-O-acetyl-
b-dd-galactopyranosyl)-(1!4)-3,6-di-O-acetyl-2-O-pivaloyl-b-dd-glucopy-
ranosyl]nonanoate (15 b): A solution of trichloroacetimidate 2[9, 16] (1 g,
0.645 mmol) and methyl 9-hydroxynonanoate (3b) (365 mg, 1.94 mmol) in
dry dichloromethane (2 mL) was treated under argon with a solution of
TMS triflate (645 mL of 0.1n solution in dichloromethane). After 15 min
the mixture was neutralized with Et3N and concentrated in vacuo.
Chromatography of the residue on silica gel (toluene/acetone 2:1) afforded
15b (730 mg, 73 %) as a colorless foam. Rf� 0.31 (toluene/acetone 1:1);
[a]D�ÿ8.0 (c� 0.5, CHCl3); 1H NMR (600 MHz, CDCl3): d� 1.11 ± 1.13
(m, 9H; C(CH3)3), 1.19 ± 1.25 (m, 10 H; CH2(CH2)5(CH2)2CO2CH3), 1.55 ±
2.25 (m, 44 H; 13 COCH3, CH2(CH2)5(CH2)2CO2CH3, 3'c-H), 2.77 (dd,
J(3,3')� 13 Hz, J(3,4)� 4.3 Hz; 3c-H), 3.25 ± 3.37 (m, 2 H; 2-d,
CH2(CH2)5(CH2)2CO2CH3), 3.47 (dd, J(3,4)� J(4,5)� 2.0 Hz, 1H; 4b-H),
3.53 ± 3.83 (m, 9 H; CH2(CH2)5(CH2)2CO2CH3, OCH3, 4a-H, 5a-H, 5b-H,
5d-H, 6c-H), 3.90 ± 4.10 (m, 6 H; 6b-H, 6'b-H, 5c-H, 9'c-H, 6d-H, 6'd-H),
4.16 ± 4.19 (m, 2H; 3b-H, 6'a-H), 4.32 (dd, J(8,9)� 2.5 Hz, J(9,9')� 12.6 Hz,
1H; 9c-H), 4.39 (d, J(1,2)� 8.1 Hz, 1H; 1a-H), 4.41 (dd, J(5,6)< 2 Hz,
J(6,6')� 10.9 Hz, 1H; 6a-H), 4.55 (d, J(1,2)� 7.7 Hz, 1H; 1b-H), 4.76 (ddd,
J(3',4)� J(4,5)� 11.3 Hz, J(3,4)� 4.3 Hz, 1 H; 4c-H), 4.88 (dd, J(2,3)�
8.2 Hz, 1H; 2a-H), 4.93 (dd, J(2,3)� 10.1 Hz, 1H; 2b-H), 5.10 ± 5.15 (m,
3H; Nc-H, 3a-H, 1d-H), 5.30 ± 5.35 (m, 2 H; 7c-H, 4d-H), 5.49 ± 5.50 (m,
1H; 8c-H), 5.83 (dd, J(2,3)� 11.2 Hz, J(3,4)� 3.4 Hz, 1H; 3d-H), 6.03 (d,
J(2,NH)� 7.1 Hz, 1H; Nd-H); C 51.53, H 6.61, N 1.76; found C 51.64, H
6.65, N 2.39.


9-O-[2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-dd--galactopyranosyl)-(1!4)-
{[methyl-(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-dd-glycero-a-dd-gal-


acto-2-dd-nonulopyranosyl)onat]-(2!3)}-(2,6-di-O-acetyl-b-dd-galactopy-
ranosyl)-(1!4)-3,6-di-O-acetyl-2-O-pivaloyl-b-dd-glucopyranosyl]nonano-
ic acid (16): Compound 15 a (100 mg, 0.06 mmol) was dissolved in dioxane/
acetic acid (4 mL, 5:1). Then Pd/C (10 %) was added, and the mixture was
treated with hydrogen (1 atm) for 60 ± 90 min at room temperature. The
catalyst was filtered off over Celite, and the solvent was removed under
reduced pressure. The residue was purified by chromatography on silica gel
(toluene/acetone/acetic acid 50:50:1) to yield 16 (89 mg, 94%) as a
colorless foam. Rf� 0.11 (toluene/acetone 1:1); [a]D�ÿ15.8 (c� 1,
CHCl3); 1H NMR (600 MHz, CDCl3): d� 1.11 ± 1.13 (m, 9H; C(CH3)3),
1.2 ± 1.29 (m, 10H; CH2(CH2)5(CH2)2CO2H), 1.47 ± 2.31 (m, 44H;
13COCH3, CH2(CH2)5(CH2)2CO2H, 3'c-H), 2.79 (dd, J(3,3')� 13 Hz,
J(3,4)� 4.3 Hz; 3c-H), 3.23 ± 3.37 (m, 2 H; 2-d, CH2(CH2)5-
(CH2)2CO2CH2-phenyl), 3.48 (dd, J(3,4)� J(3,4)� 2.0 Hz, 1H; 4b-H),
3.56 ± 3.58 (m, 2H; 5a-H, 5b-H), 3.77 ± 3.82 (m, 7 H;
CH2(CH2)5(CH2)2CO2CH2-phenyl, OCH3, 4a-H, 5d-H, 6c-H), 3.92 ± 4.12
(m, 6H; 6b-H, 6'b-H, 5c-H, 9'c-H, 6d-H, 6'd-H), 4.17 ± 4.20 (m, 2H; 3b-H,
6'a-H), 4.33 (dd, J(8,9)� 2.6 Hz, J(9,9')� 12.7 Hz, 1H; 9c-H), 4.41 (d,
J(1,2)� 8.0 Hz, 1H; 1a-H), 4.45 (dd, J(5,6)< 2 Hz, J(6,6')� 10.9 Hz, 1H;
6a-H), 4.57 (d, J(1,2)� 7.7 Hz, 1 H; 1b-H), 4.80 (ddd, J(3',4)� J(4,5)�
11.3 Hz, J(3,4)� 4.3 Hz, 1H; 4c-H), 4.89 (dd, J(2,3)� 8.3 Hz, 1 H; 2a-H),
4.95 (dd, J(2,3)� 10.0 Hz, 1H; 2b-H), 5.10 (d, J(4,NH)� 10.3 Hz, 1 H; Nc-
H), 5.13 (dd, J(1,2)� 8.3 Hz, 1H; 1d-H), 5.18 (dd, J(2,3)� J(3,4)� 9.8 Hz,
1H; 3d-H), 5.32 ± 5.37 (m, 2 H; 7c-H, 4d-H), 5.50 ± 5.53 (m, 1 H; 8c-H), 5.84
(dd, J(2,3)� 11.1 Hz, J(3,4)� 3.3 Hz, 1H; 3d-H), 6.15 (d, J(2,NH)� 7.3 Hz,
1H; Nd-H); MS (MALDI, positive mode, matrix: DHB): m/z : 1575
[M�Na]� ; C68H100N2O38 (1553.6); calcd C 51.97, H 6.41, N 1.79; found C
51.67, H 6.54, N 2.10.


6-[9-O-(2-Acetamido-3,4,6-tri-O-acetyl-2-deoxy-b-dd-galactopyranosyl)-
(1!4)-{[methyl-(5-acetamido-4,7,8,9-tetra-O-acetyl-3,5-dideoxy-dd-glycero-
a-dd-galacto-2-dd-nonulopyranosyl)onat]-(2!3)}-(2,6-di-O-acetyl-b-dd-galac-
topyranosyl)-(1!4)-3,6-di-O-acetyl-2-O-pivaloyl-b-dd-glucopyranosyl]no-
nylamido-2-N-(N-benzyloxycarbonyl)-ll-leucyl 2,6-dideoxy-b-dd--gluco-
pyranosyl]-N-octadecyldodecanamide [(ll)-17]: Compound 5 (55 mg,
0.064 mmol), compound 16 (99 mg, 0.064 mmol), and WSC were dissolved
in dry dichloromethane (5 mL). After 2 h the reaction mixture was diluted
with dichloromethane and extracted with water (3� 10 mL). The organic
layer was dried over MgSO4, filtered, and evaporated in vacuo. The residue
was purified on silica gel (toluene/acetone 1:1!2:3) to give (l)-17 (101 mg,
66%) as a colorless foam. Rf� 0.63 (CHCl3/MeOH 8:1); [a]D�ÿ21.8 (c�
1, CHCl3); 1H NMR (600 MHz, CDCl3): d� 0.83 ± 0.89 (m, 21H;
CH2(CH2)9CH3, CH2(CH2)16CH3, CH(CH3)2, C(CH3)3), 1.13 ± 2.17 (m,
107H; CH2(CH2)9CH3, CH2(CH2)16CH, CH2CH(CH3)2), 3'd-H
[CH2(CH2)6CH2CON, 13COCH3], 2.79 (dd, J(gem)� 13 Hz, J(3,4)�
4.4 Hz, 1H; 3d-H), 3.0 ± 4.12 (m, 25H; 2a-H, 3-H, 4-H, 5a-H, 6a-H, 6'a-
H, 4b-H, 5b-H, 6b-H, 4c-H, 5c-H, 6c-H, 3d-H, 5d-H, 5d-H, 9d-H, 2e-H,
5e-H, 6e-H, 6'e-H, CH2(CH2)6CH2CON, CH2(CH2)16CH3, CHCH2], 4.79
(m, 1H; 4d-H), 4.18 ± 4.24 (m, 2H; 6'b-H, 3c-H), 4.32 (dd, J(9,9')� 12.2 Hz,
J(8,9)� 3.5 Hz, 1H; 9d-H), 4.41 (m, J(1,2)� 8.0 Hz, 2 H; 1b-H, 6'c-H;), 4.56
(d, J(1,2)� 7.8 Hz, 1H; 1c-H), 4.79 (m, 1 H; 1c-H), 4.79 (m, 1 H; 4d-H), 4.87
(dd, J(2,3)� 8.5 Hz, 1H; 2b-H), 4.94 (dd, J(2,3)� 9.8 Hz, 1 H; 2c-H), 5.08 ±
5.,24 (m, 6H; 3b-H, 1e-H, CH2-phenyl, ND-H, CO2NH), 5.32 ± 6.07 (m,
5H; 1a-H, 7d-H, 8d-H, 4e-H, Ne-H), 6.52 (br s, 1 H; NH-a), 7.28 ± 7.32 (m,
5H; phenyl); MS (FAB, positive mode, matrix: NaI/3-nitrobenzylalcohol):
m/z : 2417 [M�Na]� ; C118H188N6O44 (2394.9): C 59.18, H 7.91, N 3.51; found
C 59.00, H 8.04, N 3.71.


6-[9-O-[(2-Acetamido-2-deoxy-b-dd-galactopyranosyl)-(1!4)-[5-acetami-
do-3,5-dideoxy-dd-glycero-a-dd-galacto-2-dd-nonulopyranosylonat-(2!3)]-
(b-dd-galactopyranosyl)-(1!4)-b-dd-glucopyranosyl]noylamido-2-N-(N-
benzyloxycarbonyl)-ll-leucyl-2,6-dideoxy-b-dd-glucopyranosyl]-N-octadecyl-
dodecanamide potassium salt [(dd,ll)-18]: Compound (L)-17 (100 mg,
0.041 mmol) was treated at room temperature with a solution of sodium
methoxide in methanol (10 mL, 0.05 mol) for 12 h, and was then
neutralized with Amberlite (IR120, H�-form). The solid was filtered off,
and the solvent was removed under reduced pressure. The residue was
dissolved in a solution of potassium hydroxide (4 mL, 0.2 mol). After
stirring for 3 d the solution was again neutralized with Amberlite (IR120,
H�-form), and the solvent was removed by lyophylisation. Purification was
carried out as described for compound (L)-18 to yield compound (D,L)-18
(48 mg, 61 %). Rf� 0.41 and 0.42 [CHCl3/MeOH/CaCl2 (2 % water)
55:45:10]; 1H NMR (600 MHz, [D6]DMSO/D2O 95:5) and MS (FAB,
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positive mode, matrix: DMSO/3-nitrobenzylalcohol) showed no differ-
ences to the data for compound (L)-18.


9-O-[(2-Acetamido-2-deoxy-b-dd-galactopyranosyl)-(1!4)-[5-acetamido-
3,5-dideoxy-dd-glycero-a-dd-galacto-2-dd-nonulopyranosylonat-(2!3)]-(b-
dd-galactopyranosyl)-(1!4)-b-dd-glucopyranosyl]nonanoate dipotassium
salt (19): Compound 15b (400 mg, 0.255 mmol) was dissolved in a solution
of sodium methoxide in methanol (10 mL, 0.05m). After 12 h stirring the
solution was neutralized with Amberlite (IR120, H�-form), filtered, and
concentrated in vacuo. The residue was treated with a solution of potassium
hydroxide in water (4 mL, 0.2m). The reaction was monitored by TLC on
amino-phase silica gel. After 3d the mixture was neutralized as described
above. The product was purified on a sephadex column (LH-20, CHCl3/
MeOH 1:1) to give (251 mg, quant.) of the dipotassium salt 19. Rf� 0.5
(EtOH/water 1:1, amino-phase silica gel); [a]D�ÿ4.5 (c� 1, MeOH);
1H NMR (600 MHz, MeOD): d� 0.88 ± 1.55 (m, 12 H; CH2(CH2)6-
CH2CO2


ÿ), 1.81 (m, 1 H; 3'c-H), 1.91, 1.92 (2s, 6H; COCH3), 2.12 (br s,
2H; CH2(CH2)6CH2CO2


ÿ), 2.64 (m, 1H; 3c-H), 3.15 (dd, J(1,2)� J(2,3)�
7.8 Hz, 1 H; 2a-H), 3.21 ± 3.39 (m, 5 H; 3a-H, 5a-H, 2b-H, 6c-H, 7c-H),
3.44 ± 3.80 (m, 18H; 4a-H, 6a-H, 6'a-H, 5b-H, 6b-H, 6'b-H, 4c-H, 5c-H,
8c-H, 9c-H, 9'c-H, 3d-H, 4d-H, 5d-H, 6d-H, 6'd-H, CH2(CH2)6CH2CO2


ÿ),
3.85 (dd, J(1,2)� J(2,3)� 8.1 Hz, 1 H; 2d-H), 3.9 (dd, J(2,3)� 8.5 Hz,
J(3,4)< 2 Hz, 1 H; 3b-H), 4.05 (d, 1H; 1a-H), 4.19 (d, 1H; 1a-H), 4.39 (d,
J(1,2) 7.8 Hz, 1H; 1b-H), 4.73 (d, 1 H; 1d-H); MS (FAB, negative mode,
matrix: DMSO/glycerol 1:1): m/z : 991 [M�H]ÿ 990.3 for C40H66N2O26.


6-[9-O-[(2-Acetamido-2-deoxy-b-dd-galactopyranosyl)-(1!4)-[5-acetami-
do-3,5-dideoxy-dd-glycero-a-dd-galacto-2-dd-nonulopyranosylonat-(2!3)]-
(b-dd-galactopyranosyl)-(1!4)-b-dd-glucopyranosyl]nonylamido-2-N-(N-
benzyloxycarbonyl)leucyl-2,6-dideoxy-b-dd-glucopyranosyl]-N-octadecyldo-
decanamide potassium salt [(ll)-18]: A solution of 19 (208 mg, 0.242 mmol),
compound 5 (260 mg, 0.262 mmol), and EEDQ (67 mg, 0.271 mmol) in dry
ethanol (4 mL) was stirred at 60 ± 70 8C and then concentrated under
reduced pressure. The residue was purified by chromatography on silica gel
(CHCl3/MeOH/water 70:30:3) to give (l)-18 (250 mg, 55%) as a colorless
lyophylisate (dioxane/water 4:1). Rf� 0.41 [CHCl3/MeOH/CaCl2 (2% in
water) 55:45:10]; [a]D�ÿ11.2 (c� 1, dioxane); the 1H NMR specta
showed two sets of signals (rotamers). Only significant signals are given:
1H NMR (600 MHz, [D6]DMSO/D2O 95:5): d� 0.77 ± 0.80 (m, 12 H;
CH2(CH2)9CH3 , CH2(CH2)16CH3, CH(CH3)2), 1.07 ± 2.29 (m, 76 H;
CH2(CH2)9CH3, CH2(CH2)16CH3 , CH2CH(CH3)2, CH2(H2)6CH2CON,
3'd-H, 2 COCH3 [1.77, 1.85], 2.54 (m, 1H; 3d-H), 2.87 ± 3.77 (m, 34H;
2a-H, 3a-H, 4a-H, 5a-H, 6a-H, 6'a-H, 2b-H, 3b-H, 4b-H, 5b-H, 6b-H,
6'b-H, 2c-H, 3c-H, 5c-H, 6c-H, 6'c-H, 4d-H, 5d-H, 6d-H, 7d-H, 8d-H,
9d-H, 9'd-H, 2e-H, 3e-H, 4e-H, 5e-H, 6e-H, 6'e-H, CH2(CH2)16CH3,
CH2(CH2)6CH2CON), 3.88 ± 3.91 (m, 2H; 4c-H, CHCH2), 4.12 (d, J(1,2)�
7.4 Hz, 1H; 1b-H), 4.27 (d, J(1,2)� 7.7 Hz, 1H; 1c-H), 4.69 (d, J(1,2)�
8.3 Hz, 1 H; 1e-H), 4.94 ± 4.97 (m, 2H; CH2C6H5), 5.03, 5.47 (2 d, J(1,2)�
7.0 Hz, 1H; 1a-H, rotamers), 7.27 ± 7.30 (m, 5H; C6H5); MS (FAB, positive
mode, matrix: DMSO/3-nitrobenzylalcohol): m/z : 1872 [M�K�H]� for
C90H155KN6O32 (1872.3).


6-[9-O-[(2-Acetamido-2-deoxy-b-dd-galactopyranosyl)-(1!4)-[5-acetami-
do-3,5-dideoxy-dd-glycero-a-dd-galacto-2-dd-nonulopyranosylonat-(2!3)]-
(b-dd-galactopyranosyl)-(1!4)-b-dd-glucopyranosyl]nonylamido-2-N-ll-leu-
cyl-2,6-dideoxy-b-dd-glucopyranosyl]-N-octadecyldodecanamide triethyl-
ammonium salt (1): A mixture of (l)-18 (20 mg, 0.011 mmol) in dioxane/
water (4:1, 5 mL) and Pd/C (10 %, 5 mg) was kept under hydrogen (1 atm)
with vigorous stirring for 3 d. The catalyst was removed by filtration over
Celite, and was washed with dioxane. The combined filtrates were
concentrated in vacuo. The residue was purified by chromatography on
silica gel (CHCl3/MeOH/water/Et3N 70:30:3:1) to give the final compound
1 (14 mg, 72%) as a colorless lyophylisate (dioxane). Rf� 0.31 [CHCl3/
MeOH/CaCl2 (2 % in H2O) 55:45:10]; [a]D�ÿ11.9 (c� 1, dioxane). The
1H NMR spectra showed two sets of signals (rotamers). Only significant
signals of the major rotamer are given: 1H NMR (600 MHz, [D6]DMSO/
D2O 90:10): d� 0.79 ± 0.82 (m, 12 H; CH2(CH2)9CH3 , CH2(CH2)16CH3 ,
CH(CH3)2), 1.11 ± 2.31 (m, 82H; CH2(CH2)9CH3, CH(CH2)16CH3,
CH2CH(CH3)2, N(CH2CH3)3, CH2(CH2)6CH2CON) [1.75, 1.86 (2s,
COCH3)], 2.53 (m, 1 H; 3'd-H), 2.89 ± 3.75 (m, 42 H; 2a-H, 3a-H, 4a-H,
5a-H, 6a-H, 6'a-H, 2b-H, 3b-H, 4b-H, 5b-H, 6b-H, 6'b-H, 2c-H, 3c-H, 5c-H,


6c-H, 6'c-H, 3d-H, 4d-H, 5d-H, 6d-H, 7d-H, 8d-H, 9d-H, 9'd-H, 2e-H, 3e-H,
4e-H, 5e-H, 6e-H, 6'e-H, CHCH2, N(CH2CH3)3, (CH2)6CH2CON,
CH2(CH2)9CH3), 3.90 (dd, J(3,4)� J(4,5)< 2 Hz, 1H; 4c-H), 4.12 (d,
J(1,2)� 7.8 Hz, 1 H; 1b-H), 4.24 (d, J(1,2)� 8.6 Hz, 1H; 1c-H), 4.78 (d,
J(1,2)� 8.7 Hz, 1H; 1e-H), 5.13, 5.57 (2 d, J(1,2)� 9.6 Hz, 1H; 1a-H,
rotamers); MS (MALDI, negative mode, matrix: ATT); m/z : 1696 [Mÿ
Et3N]ÿ for C82H149N6O30 ´ C6H15N (1698.3� 101.2).
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