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Introduction


Unbranched hydrocarbon chains have an enormous number
of populated low-energy conformers.[2, 3] This number can be
reduced by substituents that introduce steric strain in certain
conformers. This is achieved most effectively[4] if these
substituents create destabilizing syn-pentane interactions,[5]


which add 7 ± 9 kJ molÿ1 to the energy of a given conformer.
The population of the remaining low-energy conformers is
thereby increased (see Scheme 1).


We are interested in defining substitution patterns on a
hydrocarbon chain that would thus destabilize all but one
conformer, which would remain free of syn-pentane inter-
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Scheme 1. Methyl substitution at C2 of pentane reduces the number of
low-energy conformers of 2-methylpentane to four, because conformation
1a is destabilized by a syn-pentane interaction.


actions. This conformer would then be the only low-energy
conformer and should be highly preferentially populated. If
this conformer is populated to >80 %, we call the compound
or a particular segment of a compound monoconforma-
tional.[6, 7]


As a first step, we want to identify small segments of a
hydrocarbon backbone, segments that, by virtue of their
substituent pattern, have only a single low-energy conforma-
tion. As a next step we shall consider how these segments may
be connected with one another to result in larger hydrocarbon
backbones, which should ideally maintain the property of
preferentially populating a single conformation.


Discussion


1. Basic types of monoconformational skeletons : The small-
est hydrocarbon segment to be considered is 2,3-dimethylbu-
tane (2).[8] When rotating about the central 2,3-bond, 2 has
three rotamers that are located at energy minima, 2 a ± c
(Scheme 2). Rotamer 2 c is the lowest energy conformer.
Energies of 2 a and 2 b are calculated to be slightly
(ca. 1.5 kJ molÿ1) higher, because one of the methyl groups
is exposed to a double gauche interaction with two other
methyl groups. To render the 2,3-dimethylbutane backbone
monoconformational, two out of the three conformations of 2
have to be destabilized selectively, for example by introducing
syn-pentane interactions. For instance, if it were possible to
place an additional methyl group at C1 of 2, with the methyl
group kept in an antiperiplanar orientation to the neighboring
C2 methyl group, that is, 3, syn-pentane interactions would be
created in conformers 3 b and 3 c, but not in 3 a. Likewise, if it
were possible to fix the additional methyl group at C1 of 2 in a
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2,3-Dimethylbutane


2a 2b 2c


Addition of a C1-CH3 held ap to C2-CH3 gives


3a 3b 3c


Alternatively, addition of C1-CH3 held +sc to C2-CH3 gives
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Scheme 2. 2,3-Dimethylbutane is rendered monoconformational by a
substituent held in a defined spatial arrangement.


�sc* position relative to the methyl group at C2, this would
lead to syn-pentane interactions in conformers 4 a and 4 b, but
not in 4 c. In consequence, a monoconformational situation
would be created in compounds 3 and 4 regarding rotation of
the C2/C3 bond. In these cases the inductor group, the methyl
group at C1, controls the conformation at a single skeletal
bond.


A surprisingly simple way to reach such an arrangement is
to combine two units of 2,3-dimethylbutane into 2,3,4,5-
tetramethylhexane (5). Analysis of its skeleton shows that
rotation about any skeletal bond creates a syn-pentane
interaction. The inherent conformation design is as follows:
As C3 ± CH3 is antiperiplanar to C4 ± CH3, this arrangement
controls the conformation at the C4 ± C5 bond. As C5 ± CH3 is
synclinal to C4 ± CH3, this arrangement controls the confor-
mation at the C3 ± C4 bond. The situation at the C2 ± C3 bond
is the same as that at the C4 ± C5 bond for symmetry reasons.
Compound 5 should therefore be monoconformational. MM3
calculations[9] predict the conformation shown for 5 to be
populated to 80 %. The imperfect conformational preference
can be attributed to the fact that the low-energy conformer of
5 is destabilized to some extent by the eight gauche
interactions present.


A hydrocarbon backbone in which monoconformational
behaviour can be induced at two skeletal bonds is 2,4-


dimethylpentane (6). Its skeleton has just two enantiomor-
phous low-energy conformations, 6 a and 6 b,[10] because all
other diamond lattice conformations suffer from syn-pentane
interactions. If a methyl group is placed at C1 of 6 to give 7 it
could destabilize conformation 7 b by a syn-pentane inter-
action, provided it can be held in a local ap arrangement
relative to the neighboring C2 methyl group. This would leave
7 a as the only low-energy conformation (Scheme 3). One
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1


2
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Addition of a C1-CH3 held ap to C2-CH3 leads to


Scheme 3. 2,4-Dimethylpentane is rendered monoconformational by a
substituent held in a defined spatial arrangement.


obvious way to reach the situation projected in 7 b is to utilize
a tert-butyl group as indicated in 8 (Scheme 4). The tert-butyl
group can rotate freely, but as the three rotamers are


R R Rβ


8 9


α
10


β, α,
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α β


Scheme 4. 2,4-Dimethylpentane is rendered monoconformational by a
tert-butyl substituent at the chain end.


energetically degenerate, there will always be one methyl
group in the required position. Compound 8 has been
calculated by MM3 to populate a single conformation to
91 %. The related compound 9 has been studied experimen-
tally:[11] Calculated and experimentally measured optical
rotations have been discussed in the context of the prevalence
of a single conformation. In a way, this is a manifestation of
the long-known tert-butyl effect,[12] according to which a tert-
butyl group at the end of a linear alkyl chain, as in 10, forces
the bond b into an antiperiplanar arrangement with respect to
the tert-butyl group, as the other two rotamers at bond b


would suffer from syn-pentane interactions. In terms of
designing hydrocarbon backbones which have a preferred
conformation, this also holds if the chain continues on both
sides of a quaternary center, as in 11. Then the two bonds b


and b' will be forced into an antiperiplanar arrangement with
respect to the quaternary center. However, the population of
several conformations still remains possible for the bonds a


and a'.[13] Therefore, conformation control by quaternary
centers is limited to cases in which the quaternary center is


[*] Backbone conformations are designated by the terminology of Cahn
and Prelog.[24] ap refers to an antiperiplanar arrangement of four
backbone atoms considered, dihedral angle � 1808, �sc to a dihedral
angle of ca. �608, ÿ sc to one of ca.ÿ 608. A backbone arrangement in
which a �sc bond is followed by a ÿ sc bond (or vice versa) generates a
destabilizing syn-pentane interaction. Such a conformation is not a
minimum on the energy surface but relaxes to one with dihedral angles
of ca. 908,[2] which is still destabilized relative to a diamond-lattice type
conformation that contains only backbone dihedral angles close to
�60,ÿ 60, and 1808.
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placed at the end of a chain as in 10 or if it forms part of a
cyclic system that defines the conformations at bond a.


2. Inductor groups based on methylcyclohexane skeletons :
The situation projected in 7 can be described in terms of an
ap-butane chain superimposed with two skeletal bonds onto
the skeleton of 2,4-dimethylpentane (6). An n-butane chain in
an ap conformation is contained in the chair conformation of
methylcyclohexane (12), as depicted in Scheme 5. Therefore,
a monoconformational situation can be reached by suitable
superimposition of a methylcyclohexane structure onto that
of 2,4-dimethylpentane. This has to be done in such a fashion
that no additional syn-pentane interactions are created; that
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HH
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Overlay
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12 13
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7c  =  7a


Scheme 5. Rendering 2,4-dimethylpentane monoconformational by over-
lay with an ap-butane chain.


is, an overlay with methylcyclohexane of the C ± H bonds
marked in 7 c is possible, whereas overlay on the C ± H bonds
marked with a black dot would lead to additional syn-pentane
interactions and would thereby preclude generation of a
monoconformational situation. Thus, structure 13 depicts one
possibility to overlay 12 with 6 to give a monoconformational
entity. The ap-butane segment is highlighted in 13. Moreover,
the calculated (MM3) percentage of the conformer shown in
the total conformer population at 298 K is indicated.


Further monoconformational structures can be obtained by
superimposing a (substituted) methylcyclohexane in other
ways with two or more skeletal bonds onto 6 while avoiding
the creation of additional syn-pentane interactions. Structures
14 ± 18 illustrate the available possibilities (Scheme 6). The
further substituents on the methylcyclohexane part of 14 and
18 are necessary to hold the methylcyclohexane in a particular
chair conformation equivalent to holding the n-butane chain
in the desired ap conformation.


The structures 13 ± 18 illustrate how
a methylcyclohexane unit can serve as
an inductor group for a 2,4-dimethyl-
pentane skeleton. Structures 15 ± 18
illustrate a further aspect: they all
contain a 2,3-dimethylbutane segment
(2) held in a single conformation, be it
through the substitution pattern de-
lineated in 3 (15) or in 4 (16), (17),
(18). One can therefore infer that the
monoconformational 2,3-dimethylbu-
tane units 3 and 4 may also serve as
inductor groups when superimposed
with at least two skeletal bonds onto
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Scheme 6. Calculated conformer preferences for 2,4-dimethylpentane
chains with an attached methylcyclohexane inductor group.


2,4-dimethylpentane. To illustrate how the monoconforma-
tional nature of 15 to 18 can be interpreted by the presence of
the 2,3-dimethylbutane inductor groups, these inductor
groups are highlighted in 19 ± 21 in Scheme 7, before super-
position with the 2,4-dimethylpentane skeleton. The mono-
conformational nature of derivatives of 19[14] and 20[14] has
been discussed with reference to 13C NMR spectra, and that of
21[15] has been discussed before on the basis of MM
calculations.


At this point we have already identified a substantial set of
monoconformational structures, such as 5, 8, and 13. These
structures in turn may serve as inductor groups to render a
neighboring hydrocarbon segment monoconformational, as


H 4 in 18


19 20 21


 4 in 16 3 in 15  4 in 17


Scheme 7. Conformationally constrained 2,3-dimethylbutane segments highlighted in the compounds
15 ± 18 calculated to be monoconformational.







CONCEPTS R. W. Hoffmann, G. Frenking et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0404-0562 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 4562


described in section 3. They may also be directly
combined with one another to result in larger
hydrocarbon structures with high conformational
preferences, as delineated in section 4, thus
allowing a modular approach to conformation
design.


3. Sequential induction of conformation along a
hydrocarbon chain : The monoconformational
nature of the hydrocarbon building blocks 8,
13 ± 18, discussed above, arose by attachment of
an inductor group to a biconformational 2,4-
dimethylpentane unit, rendering it monoconfor-
mational. It is an intriguing thought that struc-
tures 8 or 13 ± 18 could themselves be used as inductor groups
for another 2,4-dimethylpentane unit. Conformational induc-
tion in a first 2,4-dimethylpentane unit comes about
(Scheme 5) by particular overlay with a butane chain in an
ap arrangement, namely 7 a. This could be realized in practice
by using, for example, a tert-butyl group as seen in 8. The
single low-energy conformation of 8 contains a second ap-
butane unit, 8 a (Scheme 8). Two-bond overlay of 8 a with
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Scheme 8. Conformation control by sequential overlay of 2,4-dimethyl-
pentane segments.


another unit of 6 generates 22, which should be monoconfor-
mational. Compound 22 contains a further ap-butane struc-
ture, 22 a. Therefore 22 could serve as an inductor group for
yet another 2,4-dimethylpentane segment to be attached.
While the conformational properties of 22 have not been
studied yet experimentally, data are available for the related
diol derivative 23.[16] Analysis of the 1H NMR coupling
constants suggests that in 23 the conformation shown in 23 a is
populated with a 7:1 preference in segment A and a 7:1
preference in segment B. Moreover, the conformation 23 a is
the one present in crystalline 23. This demonstrates that a
single inductor group, the tert-butyl group, controls the
conformation in segment A, and that the latter in turn
controls the conformation in segment B to a considerable
extent.


An inductor group 25 analogous to 13 is present in 24
(Scheme 9).[17] Determination of the 3JH,H coupling constants


in the NMR spectra indicated a 3:1 preference in segment A
and a 2.2:1 preference in segment B of 24 for the conforma-
tion shown in 24 a.


Both in 23 and 24 the conformation control manifest from
the NMR spectra was lower than that calculated for the pure
hydrocarbon parent structures. Replacement of a CH2 or CH3


group by a smaller oxygen atom leads to a lower energy
penalty for undesired conformations with a syn-pentane
interaction involving oxygen, because a O-C-C-C-CH 1,3-
parallel (� syn-pentane) interaction is less destabilizing than
the corresponding HC-C-C-C-CH situation.[18]


When the relative configuration of the stereocenters is
changed from that in 24 to that in 26, 1H NMR coupling
constants indicate that segment A in 26 has a substantial
(85:15) conformational preference, but that segment A has no
inductive effect on the conformation of the neighboring
segment B. This demonstrates that transfer of conformation
induction from a given 2,4-dimethylpentane segment to a
neighboring one, as illustrated for the induction from segment
A to segment B in 23 or 24, is subject to quite stringent
structural requirements.


Examples 23 and 24, in which sequential conformation
induction could be demonstrated, correspond structurally to
isotactic polypropylene (27, Scheme 10). The principles gov-
erning the induction of conformation along a hydrocarbon
chain may be discussed with reference to structure 27. Each of
the 2,4-dimethylpentane segments A ± C of 27 is biconforma-
tional a priori. If the group R in 27 is an inductor group, for
example a tert-butyl group, this would induce an ap backbone
conformation at bond a. Therefore an ap �sc conformation
will prevail in segment A. Permutation of the biconforma-
tional nature of the segments B and C would then lead to the
four possible backbone conformations shown for 27 in
Scheme 10. Since bond b is held in a �sc conformation, a
ÿ sc conformation at bond g would lead to a destabilizing syn-
pentane interaction. Hence, segment B should become
monoconformational in an ap �sc conformation. This way
bond d is held in a �sc conformation. Therefore, the same
argument shows that segment C should also adopt an ap �sc
conformation as well. This shows how a single inductor group
R could control the backbone conformation of an extended
structure such as 27.


When the substitution pattern of the hydrocarbon chain
does not conform to that of isotactic polypropylene, as in 28 or
29, a similar analysis shows that the same conformation
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Scheme 9. Conformation control of neighboring dimethylpentane segments by a methyl-
cyclohexane-type inductor group.
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Scheme 10. Conformation control along a polypropylene chain.


induction as in 27 operates in segments A and B of 28,
inducing an ap conformation at bond d. Following an ap
conformation at bond d in segment C of 28, both an ap as well
as a �sc conformation at bond z would be free of syn-pentane
interactions. Hence, segment C remains biconformational, as
in the situation found in 26.


If the isotactic sequence of 2,4-dimethylpentane segments is
interrupted closer to the inductor group, as in 29, segment B
remains biconformational and, in consequence, permits seg-
ment C to remain biconformational as well. Therefore,
conformation induction of an inductor group on a 2,4,6,. . .n-
polymethylated hydrocarbon chain reaches only as far as the
substituent pattern remains isotactic. There is no conforma-
tion control downstream of any syndiotactic segment inter-
posed. Note the syndiotactic nature of segment A in 26.


In a situation such as 29 with only a single break in tacticity,
there is the possibility of achieving conformation control by
introducing a second inductor group at the other end of the
chain. A tert-butyl group at the right-hand end of the chain,
such as that in 30, would permit only an ap conformation at
bond z and would destabilize two of the three low-energy
conformations of 29, rendering 30 monoconformational. It
should be noted at this point that double conformation
induction with an inductor group at each end of a hydro-
carbon chain is not possible in cases with a completely
isotactic substitution pattern: for instance, an inductor group
at the left end of 27 (27 a, Scheme 11), induces a right-handed
helical folding of the chain. An inductor group at the right end
of 27, as in 31, induces a left-handed helicity of the backbone.
The two modes of induction are therefore incompatible with
one another and there are no low-energy conformations of the
diamond-lattice type available for structure 32.


Rather than placing an inductor group at the end of a
hydrocarbon chain, it may be more advantageous to control
the conformation of two hydrocarbon chain segments simul-


 -sc   ap   -sc   ap   -sc   ap


32


 ap  +sc   ap  +sc   ap  +sc


3127a


Scheme 11. End-group conformation control in isotactic polypropylene.


taneously by a single inductor group placed in the middle of a
chain. This is illustrated for a methylcyclohexane inductor
group in structures 33 and 34 (Scheme 12).


H H
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H 33a 90 %


85 %


33


34 34a


Scheme 12. Calculated efficiency of bidirectional control of conformation
of 2,4-dimethylpentane segments.


4. Conformation control of larger molecular backbones by
combination of monoconformational hydrocarbon segments :
In the previous sections we have presented a variety of
monoconformational hydrocarbon structures in which the
conformation at up to 8 rotatable bonds has been controlled.
It is immediately apparent that overlay with at least two
skeletal bonds of two or more of such building blocks such as
13 ± 18 without creation of extra syn-pentane interactions
should result in even larger monoconformational backbone
entities. This kind of conformation design has been perfectly
illustrated by W. C. Still[19] in his conception and realization of
a monoconformational chelating polyether structure 35
(Scheme 13). It is apparent that 35 consists of four units of
the type 19, which share two skeletal bonds. One has to note,
however, that 35 contains not 19 itself, but an oxygen
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Scheme 13. Design of monoconformational polyether structures based on
the overlay of trans-1-methyl-2-isopropylcyclohexane-type segments.
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analogue, a tetrahydropyran ring instead of a cyclohexane
ring. The conformational preferences in 35 may therefore be
not as marked as in the cyclohexane series, because, as stated
before, destabilization of undesired conformers by a O-C-C-
C-CH 1,3-parallel (syn-pentane type) interaction is less than
that by the HC-C-C-C-CH (syn-pentane) interactions.[18]


Nevertheless, it appears that nature frequently chooses such
tetrahydropyran rings as building blocks in her conformation
design.[6]


When nature relies on the combination of monoconforma-
tional building blocks to attain larger monoconformational
backbone structures, one is tempted to explore the scope and
limitations of such a modular approach to conformation
design based on building blocks. For instance, 6-bond overlap
of two monoconformational entities 17 should lead to the
monoconformational skeleton 36, or 6-bond overlap of two
entities of 15 should lead to the skeleton 37, for which a very
high conformational preference is calculated (Scheme 14).
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Scheme 14. Calculated conformational preferences for larger molecular
skeletons derived by overlay of monoconformational units.


Rather than examining numerous possible permutations,
we would like to address the question of whether control of
conformation is possible in hydrocarbon chains in which the
branching points are further apart than a 1,3 interval. In order
to reach such a goal by overlay of monoconformational
building blocks, we first have to search for entities in which an
ethyl group is held in a defined conformation. Such structures
may be derived from 2,3-dimethylbutane (2) when the latter is
in a fixed conformation: If a methyl group is attached either to
C1 or to C4 of 2, as it is in 38, the ethyl unit generated will be
held in a defined conformation (Scheme 15). Examples in
which the 2,3-dimethylbutane segment and, hence, the ethyl
side chain are held in a defined conformation are given by the
structures 39 ± 41. In 39 and 41 a further methyl group was
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Scheme 15. Structural possibilities for the confinement of ethyl group
rotation to a single conformation.


needed to hold the 2,3-dimethylbutane unit in the necessary
conformation. An ethyl group will also be held in a defined
conformation when attached to a pentane chain that is fixed in
an ap �sc conformation, as is the case in 42. Representative
entities calculated to be monoconformational with such a chain
in a defined spatial arrangement are given by 39 a and 43.


There is a third possibility, 44, for control of the conforma-
tion of an ethyl group: this possibility is embodied in structure
45. The enthalpic preference of the ethyl side chain to adopt
the conformation shown in 45 may not be as high as the one in
39 ± 41 or 43, because the terminal methyl group suffers two
gauche interactions in conformation 45 a. Therefore, com-
pounds of the type 45 may have a tendency also to populate
conformers with eclipsed arrangements of the ethyl side
chain, 45 b.[20]


This identification of the building blocks 39 41, 43, and 45
with an ethyl group held in a single conformation allows us to
address the design of a conformation-controlled 3,4-unsub-
stituted hexane chain: This could be achieved by a combina-
tion of two of the building blocks 39 ± 41, 43, or 45 overlaid on
the ethyl groups. Thus, for example, combination of two units
of 40 leads to 46, which should be monoconformational, since
two out of the three diamond lattice type rotamers about the
highlighted 3,4 bond of the hexane chain in 46 have
destabilizing syn-pentane interactions (Scheme 16). There-
fore 46 is calculated to have a respectable tendency to
populate a single conformation.


The hydrocarbon entity 45 has some features in common
with a tert-butyl inductor group: for instance, if the side chain
in 45 is lengthened by one methylene group, as in 47, bond b is
confined to a single conformation (Scheme 16). In contrast to
10, bond a is also held in a single conformation, therefore the
propyl chain of 47 is held in a defined spatial arrangement.
Combination of two units of 47 overlaying the propyl groups
then leads to compound 48, for which MM3 calculations
predict a remarkable preference for a single conformation. In
this conformation, a pentane chain substituted only at the 1-
and 5-positions is held in a defined arrangement as shown.
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Scheme 16. Calculated preferences for monoconformational butane and
pentane chains with conformation-inducing end groups.


5. Persistence length of conformation control : In the previous
section we have shown that larger flexible hydrocarbon
backbones can be designed by combination of diverse
monoconformational building blocks in which all but one of
the conformations suffer from destabilizing syn-pentane
interactions. This may nourish the dream that by multiple
combination of such building blocks large structures should
become accessible in which just a single conformation would
be populated to a high extent. But there is an intrinsic
limitation as to the number of rotatable bonds that may be
held in a single conformation by destabilizing undesired
conformers by means of syn-pentane interactions. The
limitation may be illustrated with reference to structure 49
(Scheme 17): Upon elongation of 27 by further 2,4-dimethyl-
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Calculated population of the most stable conformer for
R=tBu,    n=1: 91%,    n=2: 76%,    n=3: 58%


50 50a > 99 %
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Scheme 17. Flexible structures with very high calculated preferences for a
single conformation.


pentane segments to give 49, the energetic distance between
the global minimum conformation and structures with parti-
ally relaxed syn-pentane interactions is unaffected. However,
the number of such higher energy conformers with a single
partially relaxed syn-pentane interaction increases for 49 with
n (n� 1). Hence, the more rotatable bonds that are present in
a given structure, the higher should be the number of
conformers with relaxed syn-pentane interactions that lie
over the global minimum by a constant value. On Boltzmann
averaging over the conformer energies and numbers, the
population of the global minimum conformation will accord-
ingly become smaller and smaller.


One can also describe the situation in other terms: While
each segment 49 is a priori biconformational, adoption of a
single conformation in 49 implies that in each of the n
segments, a single rather than two conformations are popu-


lated. The price for conformational order in 49 is then a loss in
entropy. The penalty for violating conformational order at
one point is the enthalpy difference between a local diamond-
lattice type backbone arrangement and one with a partially
relaxed syn-pentane interaction, that is, a skewed conforma-
tion. This corresponds to an enthalpy term of ca. 7 kJ molÿ1.[2]


Therefore, any conformation control by an inductor group
should have a finite persistence length; see the the conformer
population calculated for 49 with n� 1 to 3.


Is conformation design of monoconformational entities
therefore limited to molecules with few rotatable bonds when
based on the avoidance of syn-pentane interactions? All that
matters is the penalty term for violating conformational order.
If the penalty in DH can be raised, the persistence length of
conformation control could be longer. From this considera-
tion, monoconformational structures in which rotation into an
undesired conformation creates not only a single but rather
two syn-pentane interactions become of interest. A case in
point is structure 50 (Scheme 17): its global minimum is
calculated to lie more than 18 kJ molÿ1 lower in energy than
any other conformer. This indicates the direction in which to
proceed for conformation design of flexible hydrocarbon
skeletons with unusually strong preferences for a single
conformation.
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Introduction


Catalysis in general and asymmetric catalysis in particular are
at the forefront of chemical research.[1] Their impact on
industrial production can hardly be overestimated and is
likely to increase further.[2] However, the high degree of
sophistication reached in many respects may hide the simple
notion that there still remain fairly large domains in prepa-
rative organic chemistry in which no catalytic alternatives to
well-established stoichiometric transformations yet exist. The
following account intends to put into perspective some
pioneering studies which address this problem and try to
develop new concepts for metal-catalyzed reductive bond
formations.


Discussion


Catalytic processes mediated by chlorosilanes
Titanium : The high reducing ability and the pronounced
oxophilicity of early transition metals in low oxidation states


act jointly as a formidable driving force in many trans-
formations. However, such processes are usually hampered by
the fact that the metal oxides or alkoxides formed as the
inorganic by-products usually resist attempted re-reductions
to the active species and thus render catalysis a difficult task.
An example is the famous McMurry coupling of carbonyl
compounds to alkenes (Scheme 1).[3] The very high stability of


Scheme 1. The McMurry coupling of carbonyl compounds to alkenes.


the accumulating titanium oxides constitutes the thermody-
namic sink which drives the conversion but extorts the use of
stoichiometric or excess amounts of the low-valent titanium
reagent [Ti]. Only recently has it been possible to elaborate a
procedure that for the first time enables us to perform
intramolecular carbonyl coupling reactions catalyzed by
titanium species.[4]


This development was triggered by some earlier insights
into the essentials of this transformation: it has been shown
that a large number of low-valent titanium species, [Ti],
differing in their formal oxidation states, ligand spheres, and
solubilities promote carbonyl coupling processes with com-
parable ease. Because this fact refutes previous assumptions
that metallic titanium was essential, the strong and aggressive
reducing agents required for its preparation can be avoided.
As a consequence it was possible to develop a particularly
convenientÐbut still stoichiometricÐªinstant methodº for
performing carbonyl coupling reactions based on the forma-
tion of [Ti] from TiCl3 and Zn in the presence of the substrate.[5]


Since the latter feature meets a fundamental requirement for
catalysis, this set-up paved the way for a truly catalytic
process. However, Zn dust cannot re-reduce the titanium
oxides or oxychlorides initially formed into any active low-
valent [Ti] species. Therefore an indirect way to complete a
catalytic cycle was devised which relies on a ligand exchange
between the titanium oxides or oxychlorides and a chloro-
silane (Scheme 2). In fact, a multicomponent redox system
consisting of TiCl3 cat., Zn, and a chlorosilane accounts for
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Scheme 2. Catalytic cycle for McMurry-type couplings.


the first titanium-catalyzed carbonyl coupling reactions. The
efficiency of this method can be tuned to some extent by
choosing the proper R3SiCl additive. The examples compiled
in Table 1 show that this new catalytic procedure compares


favorably with the existing stoichiometric precedent in terms
of yields and reaction rates. These studies have been carried
out using oxo-amide derivatives as the substrates, which
exhibit a pronounced tendency to cyclize to indole derivatives
on treatment with [Ti].[4±6]


It was clear at the outset that the basic principle of this
catalytic scenario may apply to other transformations as well.
An obvious extension concerns the pinacol coupling since any
McMurry reaction probably passes through the 1,2-diolate
stage (cf. Scheme 1).[3] In fact, two different titanium-cata-
lyzed procedures have been reported which rely on chloro-
silane additives for the liberation of the product and the


simultaneous regeneration of the TiClx salt. One involves
[Cp2TiCl2] cat., Zn, chlorosilane, MgBr2,[7] whereas the other
method is based on [TiCl3(THF)3] cat., Zn, TMSCl, tBuOH.[8]


The use of Cp2TiCl2 in this context deserves particular
emphasis, because titanium sources of this type open up new
vistas for stereocontrol if ansa-titanocene derivatives are used
to transfer chiral information from the ligand to the diol.[9]


Chromium : Similar chlorosilane-mediated catalytic processes
can be envisaged with many other early transition metals. The
development of the first Nozaki ± Hiyama ± Kishi reactions
catalyzed by chromium species[10] illustrates how to avoid use
of an excess of a physiologically suspect and rather expensive
salt without compromising the efficiency, practicality, and
scope of the reaction. The tentative catalytic cycle is depicted
in Scheme 3. In this case, the silylation of the metal alkoxide


Scheme 3. Proposed catalytic cycle for the first Nozaki ± Hiyama ± Kishi
reaction catalyzed by chromium species.


initially formed represents the key step of the overall process
which releases the chromium salt from the organic product.
The other crucial parameter is the use of the stoichiometric
reducing agent for the regeneration of the active CrII species.
Commercial Mn turned out to be particularly well suited, as it
is very cheap, its salts are essentially nontoxic and rather weak
Lewis acids, and the electrochemical data suggest that it will
form an efficient redox couple with CrIII. Moreover, the very
low propensity of commercial Mn to insert on its own into
organic halides guarantees that the system does not deviate
from the desired chemo- and diastereoselective chromium
path. Thus, a mixture of catalytic amounts of CrXn (n� 2, 3),
TMSCl, and Mn account for the first Nozaki reactions
catalyzed by chromium.[10]


This method applies to aryl, alkenyl, allyl and alkynyl
halides as well as to alkenyl triflates and exhibits the same
selectivity profile as its stoichiometric precedent (Scheme 4).
Moreover, it does not matter if the catalytic cycle is started at
the CrII or CrIII stage, as implied by Scheme 3. Therefore it is
possible to substitute cheap and stable CrCl3 for the expensive
and air-sensitive CrCl2 previously used for Nozaki reactions.
In some cases other chromium templates such as [Cp2Cr] or
[CpCrCl2] can be employed, improving the total turnover
number of this transformation even further.[10]


Table 1. Titanium-induced indole syntheses: comparison of the catalytic
and stoichiometric procedures.
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Scheme 4. The scope of Nozaki reactions catalyzed by chromium resem-
bles that of the stoichiometric version.


Electrochemically driven Nozaki ± Hiyama ± Kishi reac-
tions constitute an attractive modification of this basic
concept (Scheme 5).[11] Although the current density turned


Scheme 5. An electrochemically driven Nozaki ± Hiyama ± Kishi reaction.


out to be a critical parameter and must be carefully controlled,
the authors show that in this case the LiClO4 used as
supporting electrolyte also acts as the oxophilic mediator
instead of TMSCl. They also used a palladium cocatalyst in
order to form more highly nucleophilic ªchromium ateº
complexes as the actual intermediates. Encouraged by this
precedent, further studies using electrons as the ultimate
reducing agent are likely to appear in the near future.


Other transition metals : The rather general validity of the
chlorosilane-based catalysis concept is further substantiated
by some recent examples of pinacol coupling processes
catalyzed either by low-valent vanadium ([CpV(CO)4] cat.,
Zn, chlorosilane)[12] or low-valent samarium (SmI2 cat., Mg,
chlorosilane).[13] Likewise, a report from Corey�s group on
samarium-iodide-catalyzed additions of carbonyl compounds
to acrylates deserves mention; these follow essentially the
same rationale (SmI2 cat. , Zn(Hg), TMSOTf, LiI).[14] In view
of the extensive use of SmI2 in stoichiometric transformations,
the possible impact of catalytic alternatives is easy to imagine.


Catalytic processes based on other mediators
Although chlorosilanes are an obvious choice as mediators for
catalysis on account of their high affinity to oxygen, low price
and lack of toxicity, several other additives can also be
envisaged. The recent publication on the electrochemical
version of the Nozaki reaction mentioned above simply
employs the Li cations of the supporting electrolyte for this
very purpose,[11] whereas another titanium-catalyzed pinacol


coupling reaction (TiCl4 cat. , Li(Hg), AlCl3) is based on the
oxophilicity of AlIII.[15]


An even more interesting development concerns the use of
protons. Thus, Gansäuer et al. were able to achieve catalysis of
epoxide ring-opening reactions by Cp2TiCl2 simply by using
pyridinium hydrochlorides as scavengers for the product and
Zn or, preferably, Mn as the stoichiometric reducing agent.[16]


The pKa of the pyridinium salt is properly adjusted, and the
protic medium does not interfere with the radical intermedi-
ates prior to product formation. This method applies to inter-
and intramolecular C ± C-coupling reactions (Scheme 6) as


Scheme 6. Inter- and intramolecular C ± C-coupling reactions by the
method of Gansäuer et al.


well as to simple reductions, and turned out to be compatible
with various sensitive functional groups in the oxirane
substrates.


Another approach to multicomponent redox catalysis
employs silanes (R3SiH) as the additives. This allows the
stoichiometric reducing agent and the oxophilic reaction
partner to be merged into a single component. Two inde-
pendent reports from Buchwald[17] and Crowe[18] on the
cyclization of unsaturated carbonyl compounds based on the
turnover of a ªCp2Tiº template rely on this principle
(Scheme 7).[19]


Scheme 7. The cyclization of unsaturated carbonyl compounds based on
the turnover of a Cp2Ti template with a silane as the additive.


A similar idea allows the well-known Barton ± McCombie
deoxygenation of alcohols to proceed for the first time with
catalytic rather than stoichiometric or excess amounts of
tributylstannane (Scheme 8).[20] As shown in the proposed
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Scheme 8. The Barton ± McCombie deoxygenation of alcohols with cata-
lytic rather than stoichiometric or excess amounts of tributylstannane.


catalytic cycle, this exceptionally versatile but highly toxic
reagent is regenerated from the otherwise accumulating dead-
end product Bu3Sn(OPh) by means of polymethylhydrosilox-
ane (PMHS). Once again it is the affinity to oxygen in
combination with the reducing ability of this inexpensive,
nontoxic and easily handled silicon hydride which qualifies it
as an ancillary component for catalysis. The authors show that
the addition of nBuOH facilitates the regeneration of the tin
hydride, improves the key step of the catalytic process and
makes the reaction as efficient as the stoichiometric version
(Table 2).


These and related examples rivalÐand may well replaceÐ
their stoichiometric counterparts. Although none of them is
atom economical [21] in the pure sense, they do at least permit
economy in the key component. If the latter is expensive,
difficult to handle, and/or of physiological concern, such
multicomponent catalyst systems upgrade established trans-
formations to a significant extent, quite apart from the
heuristic lessons in and the stimulus for catalysis research
which they provide.
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Abstract: Paramagnetic metal complexes that display a total spin ground state higher
than that of the metal ion alone are interesting building blocks for the construction of
molecular magnetic materials. Here we describe the synthesis and the magnetic
properties of three such lanthanide complexes with two organic radicals as ligands,
[Ln(nittrz)2(NO3)3], where Ln�Y, La, or Gd and nittrz is a nitronyl nitroxide
substituted triazole derivative interacting as an h2-N,O chelate to the metal center.
For the GdIII derivative a ferromagnetic exchange interaction [J� 6.1 cmÿ1, H�
ÿJSÃGd(SÃrad1� SÃrad2)] occurs between the paramagnetic metal center (SGd� 7/2) and
the ligands (Srad1� Srad2� 1/2) that gives rise to an S� 9/2 ground state. The molecular
structure of this compound has been determined by X-ray diffraction.
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Introduction


In the last few years there has been growing interest in
molecular coordination compounds of lanthanides due to
their potential applications as luminescent probes,[1] contrast
agents in magnetic resonance imaging,[2] or as building blocks
in molecule-based magnetic materials.[3] In the two latter
fields of potential applications, attention is more especially
focused on paramagnetic complexes.


Our main interest in the field of lanthanide molecular
chemistry deals with the synthesis and study of molecule-
based magnetic materials obtained by association of rare-
earth compounds and other paramagnetic species. We have
reported several compounds comprising hetero bimetallic
4f ± 3d metal complexes and extended coordination poly-
mers.[4] Recently we considered the possibility of the use of
small lanthanide complexes that display a total spin higher
than that of the metal ion alone as 4 f building blocks. In this
paper we describe a series of such compounds formed by two


nitronyl nitroxide radicals interacting as N,O-chelating li-
gands with a lanthanide ion.


Very few compounds in which a lanthanide ion (Ln) is
bound to nitronyl nitroxide radicals have been reported.[5]


Most of them consist of polymeric chains formed by Ln(hfac)3


moieties (hfac� hexafluoroacetylacetonate) bridged by a
nitronyl nitroxide unit through the coordination of its oxygen
atoms to the Ln atom. In one example the chemical
interaction of the radical with the Ln atom might be
considered as rather strong as it involves the intramolecular
coordination of a pyridine unit giving rise to a chelating
ligand.[6] Interestingly, the intramolecular Gd ± radical mag-
netic interaction was found to be ferromagnetic in all cases.
We report now on the synthesis and magnetic properties of a
series of compounds consisting of a lanthanide ion (Ln�Y,[7]


La, Gd) surrounded by two N,O-chelating nitronyl nitroxide
radicals and three nitrato groups.


Results and Discussion


Lanthanide complexes with organic radicals as ligands are
useful for the preparation of molecular materials or as
contrast agents in magnetic resonance imaging (MRI) only
if they are stable towards dissociation in solution. The
chemical interaction of the metal with the nitronyl nitroxide
moiety through the coordination of the nitroxide oxygen atom
is rather weak and requires a strongly electrophilic metal
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center. To overcome this limitation and to improve the
stability of the Ln complexes we envisaged a derivative in
which a second heteroatom can bind intramolecularly to the
metal center, thus forming a chelating ligand. For this purpose
we have chosen a triazole derivative substituted in the 3-
position by the nitronyl nitroxide group so that both the O
atom of a nitroxide and the N atom of the triazole heterocycle
can coordinate to the Ln ion. The reaction of 2-(4,5-dimethyl-
4H-1,2,4-triazol-3-yl)-4,4,5,5-tetramethyl-3-oxo-4,5-dihydro-
1H-imidazol-1-oxyl (nittrz) with Ln(NO3)3 (Ln�Y, La, Gd)
in MeOH yielded quantitatively the deep blue compounds
[Ln(nittrz)2(NO3)3] (1 ± 3 ; Ln�Y (1), La (2), and Gd (3),
Scheme 1). These compounds were found to be very hygro-


Scheme 1. Formation of [Ln(nittrz)2(X3)3], X� h2-NO3, Ln�Y (1), La (2),
and Gd (3).


scopic in the solid state and were handled in an N2


atmosphere. They were recrystallized from MeCN solutions
by slow diffusion of Et2O.


A crystal structure analysis was performed on the Gd
compound 3. Crystals suitable for X-ray structure analysis
were grown from a CH2Cl2/Et2O solution. Data were collect-
ed at low temperature (263 K) because of the instability of the
crystal towards the loss of solvation molecules. The unit cell
contains four molecules of 3 and twelve CH2Cl2 solvent
molecules. A view of the molecular structure is given in
Figure 1 with selected bond lengths and angles in the legend.


Figure 1. View of the molecular structure of [Gd(nittrz)2(NO3)3] (3).
Selected bond lengths and distances (�) and angles (8): Gd ± O4: 2.430(15),
Gd ± O1: 2.460(15), Gd ± N3: 2.556(19), Gd ± N8: 2.585(17), Gd ± ONO2


(mean): 2.520; intermolecular distances: O3 ± O3: 5.883(39), O4 ± O2:
6.360(24), O2 ± O3: 6.338(26); angles: O1-Gd-O4: 144.9(5), N3-Gd-N8:
78.2(6), N3-Gd-O1: 70.8(5), N8-Gd-O4: 71.22(5), Gd-O1-N4: 122.2(11),
Gd-O4-N10: 123.7(12), dihedral angle: O1-N4-C4-N5-O2/Gd-O1-N4:
55.90(1.48); O4-N10-C14-N9-O3/Gd-O4-N10: 52.31(1.75); nitronyl nitro-
xide/triazole heterocycles: 38.3(15) and 37.6(22).


The compound consists of two nitronyl nitroxide ligands
forming the anticipated N,O-chelate interaction with the
metal. The coordination sphere of the Gd atom is completed
by the h2-coordination of the three NOÿ


3 anions. It can be seen
that the organic ligands adopt a head-to-head arrangement.
The molecule has a C2 symmetry axis; the Ln metal and the N
atom of the nitrato group coordinated between the O atom of
the radical ligands lie on this C2 axis (Figure 1). The shortest
intermolecular distance, 2.92(3) �, was found between the O
atom of a nitrato anion (O10) and the sp2 C atom (C4) of the
nitronyl nitroxide moiety of a neighboring molecule. More-
over the intermolecular distances between O3 and the
centroid of the N5 ± O2 and N4 ± O1 bonds of the neighboring
molecule are 6.061 and 6.604 �, respectively. Consequently
the magnetic centers in each molecule are far apart from those
of the neighboring molecules. The chemical analyses as well as
the unit cell parameters obtained for compounds 1 and 2
reveal that these are isostructural to the Gd complex 3 (see
Table 1).


Magnetic properties : The magnetic interactions between a
GdIII ion and either the organic nitronyl nitroxide radicals or a
CuII ion were reported to be ferromagnetic. When two
paramagnetic species interact with a Ln center a magnetic
interaction may exist, usually antiferromagnetic, between
these two species. Such superimposed ferro- and antiferro-
magnetic interactions have been observed in both Ln ± Cu and
Ln ± nitronyl nitroxide compounds.[3a±c, 4a, 5] In order to eval-
uate the amplitude of the magnetic interaction between the
organic radicals involved in this study, we investigated the
magnetic behavior of compounds 1 and 2 in which the metal
centers are diamagnetic.


Diamagnetic Ln compounds 1 and 2 : The temperature
dependences of the magnetic susceptibility for compounds 1
and 2 were measured in the temperature range 2 ± 300 K, with
an applied field of 1000 Oe. The plots of cmT versus T, where
cm is the molar magnetic susceptibility corrected for core
diamagnetism and T the temperature, are shown in Figures 2
and 3 for compounds 1 and 2, respectively. For both 1 and 2 at
high temperature (50 ± 300 K) cmT is approximately equal to
0.75 cm3 K molÿ1, the expected value for two noncorrelated
Srad� 1/2 spins. As the temperature is lowered from 50 to 2 K,
cmT decreases very rapidly to reach 0.28 cm3 K molÿ1 for 1 and
0.03 cm3 K molÿ1 for 2 at 2 K.


The profile of these curves indicates that an antiferromag-
netic interaction takes place between the organic radicals


Table 1. Crystal data for compounds 1 ± 3.


1[a] 2[a] 3[a]


monoclinic monoclinic monoclinic
a (�) 11.00(2) 10.996(4) 10.902(9)
b (�) 15.13(2) 15.387(7) 15.138(4)
c (�) 25.52(7) 25.630(4) 25.907(9)
b (8) 101.1(3) 100.96(2) 101.55(6)
V (�3) 4168(15) 4257(3) 4189(4)


[a] Crystals grown from MeCN/Et2O solutions.







Rare-Earth Complexes 571 ± 576


Chem. Eur. J. 1998, 4, No. 4 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0404-0573 $ 17.50+.25/0 573


Figure 2. Experimental (&) and calculated (Ð) cmT versus T curve for
compound 1. The insert is an expanded view of cm versus T curve showing
the maximum of cm at 2.5 K.


Figure 3. Experimental (&) and calculated (Ð) cmT versus T curve for
compound 2. The insert is an expanded view of cm versus T curve showing
the maximum of cm at 7 K.


which tends to cancel the magnetic moment of the complex.
The occurrence of this antiferromagnetic interaction is also
demonstrated by the temperature dependences of the mag-
netic susceptibility for both 1 and 2. The cm exhibits a
maximum at 2.5 and 7 K, respectively (inserts, Figures 2 and
3). The X-ray structure analysis (1, 2, and 3 are isostructural,
vide supra) revealed that rather long intermolecular distances
(>6 �) exist between the spin carriers (i.e., the N ± O
moieties). It is very unlikely that an intermolecular interaction
strong enough to lead to antiferromagnetic ordering at 2.5 and
7 K for 1 and 2, respectively, takes place over such distances.
Moreover, if the magnetic interactions result only from
intermolecular radical ± radical interactions the observed data
should be the same for isostructural compounds. This is
clearly not the case for 1 and 2 (see inserts, Figures 2 and 3).
For these reasons the magnetic data have been analysed with
a theoretical expression taking into account intramolecular
magnetic interactions between the nitronyl nitroxide ligands.


The interaction parameter, J', between organic radicals was
determined by least-squares fitting of the theoretical expres-
sion given in Equation (1) deduced from the spin Hamiltonian
[Eq. (2)].[8] The J' values were found to be ÿ3.1 cmÿ1 for 1


cm�
Nb


2


kT


2g2
rad


3 � exp


 
ÿ J'


kT


! (1)


H�ÿJ'SÃrad1 SÃrad2 (2)


c2(p1 ,p2 ,...)� 1


neff ÿ p


X
i


wi[yiÿ f(xi;p1 ,p2,...)]2 (3)


and ÿ6.8 cmÿ1 for 2 with grad� 2.0. The c2 factors, defined in
Equation (3),[9] were equal to 3.10ÿ5 and 8.10ÿ5 for 1 and 2,
respectively, which indicates excellent agreement between
observed and calculated values. The interaction parameter J'
for 1 is close to that reported for YIII nitronyl nitroxide
compounds.[5c]


A comparison of Figure 2 and Figure 3 as well as of the
calculated interaction parameters J' shows the differences
between the magnetic properties of compounds 1 and 2. The
intramolecular antiferromagnetic interaction is clearly more
pronounced in 2. The main difference between the two
compounds is the nature of the diamagnetic metal center. The
observation of different J' values corroborates the hypothesis
that this metal center may be involved in the superexchange
pathway between the two radicals.[5g] The fact that LaIII


mediates the magnetic interaction more efficiently than YIII


has already been observed.[4a]


The results obtained with compounds 1 and 2 confirm that
an intramolecular antiferromagnetic interaction exists be-
tween the organic radical ligands. This interaction is expected
to remain present when Ln is a paramagnetic ion, such as
GdIII. In that case the nature as well as the relative magnitude
of the Gd ± nittrz magnetic interaction compared to the
ligand ± ligand interaction will determine the spin ground
state and the energy-level spectrum of the compound. It is
noteworthy that in this compound the two Ln ± radical
interactions are expected to be the same; indeed the nitronyl
nitroxide ligands are equivalent by symmetry.


[Gd(nittrz)2(NO3)3] (3): The variation of cmT versus T for 3 is
depicted in Figure 4. At room temperature cmT is equal to
8.90 cm3 K molÿ1, which is close to 8.62 cm3 K molÿ1 expected


Figure 4. Experimental (&) and calculated (Ð) cmT versus T curve for
compound 3.


for the isolated spins SGd� 7/2 and two Srad1� Srad2� 1/2. cmT
remains almost constant as T is lowered down to about 100 K,
increases as T is lowered further to reach a maximum of
11.33 cm3 K molÿ1 at 7 K, and then decreases rapidly to about
10 cm3 K molÿ1 at 2 K.
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The profile of the curve indicates that the Gd ± nitroxide
radical interactions are ferromagnetic. The decrease of cmT
below 7 K is attributed to weak intermolecular antiferromag-
netic interactions. A possible saturation effect could be ruled
out as the curve was not affected when recording the magnetic
susceptibility of 3 at low field (5 Oe). Therefore the temper-
ature dependence of the magnetic susceptibility was fitted
with an expression of cm taking into account the intra-
molecular interaction between the GdIII ion and the radicals
(J), the intramolecular interaction between the two radicals
(J'), and an intermolecular interaction between the molecules
(J'').


Gadolinium(iii) is a 4 f7 ion with a 8S7/2 ground state, and the
first excited states are very high in energy. Consequently, the
spin Hamiltonian appropriate to the system is given in
Equation (4). If we take SÃ'� SÃrad1� SÃrad2 and SÃ� SÃ'� SÃGd then
Equation (4) may be rewritten as Equation (5).


H�ÿJSÃGd SÃ'ÿ J'SÃrad1 SÃrad2 (4)


H�ÿJ


2
(SÃ2ÿ 2SÃ2


radÿ SÃ2
Gd)ÿ J'ÿ J


2
(SÃ'2ÿ 2SÃ2


rad� (5)


The energies E(S,S') are given in Equations (6 ± 9) and the
g(S,S') Zeeman factors associated with these levels are given in
Equations (10 ± 13). The molecular susceptibility is given in
Equation (14) and F is defined in Equation (15).


E�92;1� � 0 (6)


E�72;1� � 9
2J (7)


E�52;1� � 8J (8)


E�72;0� � 7
2J� J' (9)


g�92;1� � 22
99grad� 77


99gGd (10)


g�72;1� � 4
63grad� 59


63gGd (11)


g�52;1� �ÿ10
35grad� 45


35gGd (12)


g�72;0� � gGd (13)


cm�
Nb2F


kT ÿ J''F
(14)


Least-squares fitting of the experimental data leads to J�
6.1 cmÿ1, J' �ÿ7.0 cmÿ1 and J''�ÿ0.009 cmÿ1 with c2� 2.5�
10ÿ4,[9] which indicates an excellent agreement between
observed and calculated values (gGd and grad were taken equal
to 2.00).


The interaction parameter between the nitronyl nitroxides,
J', has the same value in 3 as in 2. This behavior can be


understood assuming that the 4 f orbitals of GdIII and LaIII


have much the same diffuseness. Consequently the Ln ± nitr-
oxide overlap integrals should be the same for both 2 and 3.[10]


The intermolecular interaction, J'', is very weakly antiferro-
magnetic. The Gd ± radical interaction, J, is ferromagnetic as
already observed in such compounds. However the magnitude
of this ferromagnetic interaction is much more pronounced
than for related Gd ± nitronyl nitroxide interactions.[5a, d, e] It is
noticeable that a Gd ± nitronyl nitroxide interaction of the
same magnitude as in 3 was found in a compound in which the
organic radical is also chelating.[6] The chelating coordination
increases the magnetic interaction most probably by imposing
specific angles for the Ln-O-N bond as well as between the
imidazolyl group and the plane defined by Ln-O-N. If one
compares the Ln-O-N angles of the reported compounds, they
are smaller for the chelated than for the nonchelating
compounds (122 ± 1268compared with 140 ± 1808). This might
lead to a better overlap between the singly occupied p* orbital
of the nitroxide and the 5 d and/or 6 s orbitals of the metal.[11]


Indeed, the ferromagnetic interaction between the lanthanide
ion and paramagnetic ligands is proposed to involve the
empty 5 d and 6 s orbitals of the metal, a fraction of the
unpaired electrons of the organic ligands being transferred
into these empty orbitals. According to Hund�s rule, the 4 f
electrons are expected to be aligned parallel to these 5 d and
6 s electrons, thus leading to ferromagnetism.[4d, 5g, 12]


A diagram of the low-lying energy levels, E(S,S') , with the
calculated interaction parameters is shown in Figure 5. It
appears that the ground state of 3 is S� 9/2, that is, the three


Figure 5. Energy levels E(S,S') of 3.


spins within the molecule are aligned in the same direction.
The energy gap between the ground nonet and the first
excited septet was found to be equal to 14 cmÿ1, the second
excited septet state being located at 28 cmÿ1. The field
dependence of the magnetization of compound 3 was
measured at 2 K. The M versus H curve is shown in Figure 6.
In this figure the experimental magnetization is compared to
the theoretical magnetization given by the Brillouin function
for an S� 9/2 total spin and to the sum of isolated GdIII and
nitronyl nitroxides (SGd� 7/2� 2� Srad� 1/2). For any value
of the field the experimental magnetization is larger than that
of the noncorrelated spin system but very close to the value
expected for an S� 9/2 state. This comparison definitely
confirms that 3 has an S� 9/2 ground state.


(15)
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Figure 6. Field dependence (H/kOe) of the magnetization (M/mB) of
compound 3 at 2 K (*). Theoretical magnetization calculated for isolated
S� 7/2� 2� S� 1/2 (�) and for S� 9/2 (&).


Conclusion


The formation of lanthanide nitronyl nitroxide complexes in
which the organic radical acts as a chelating ligand leads to
rather stable Ln-radical coordination without the need of
strongly electron-withdrawing groups. Moreover, as observed
in [Gd(nittrz)2(NO3)3] (3), the chelate reinforces the ferro-
magnetic interaction between the metal and the two radicals
present in the coordination sphere leading to a compound
with an S� 9/2 ground state. In the field of molecular
magnetism such compounds with high total spin are interest-
ing candidates for the construction of extended networks by
molecular assembly strategies. It can be emphasized that
because of the rather weak Ln ± radical magnetic interactions
compared to related transition metal ± radical compounds a
long-range magnetic ordering can only occur at low temper-
ature. Moreover, contrary to what is usually observed within
the Ln-ion series we obtained the same molecular structure
for the three lanthanides involved in our study. If this trend
was confirmed for the whole series of LnIII ions, this would
allow an accurate investigation of the Ln ± nitroxide magnetic
interactions.


Experimental Section


General methods : All reactions were performed with standard Schlenk
tube and vacuum line techniques. The solvents used were dried (MeCN
over P2O5, Et2O over Na, and MeOH over Mg) and distilled under N2 prior
to use. The nitronyl nitroxide derivative[13] and Ln(NO3)3 ´ x H2O[1a] were
prepared as described in the literature.


Crystallographic data collection and structure determination : For com-
pound 3, X-ray data collection was accomplished at 263(2) K with a needle
crystal protected by nujol. Accurate cell dimensions were obtained from
25 reflections with 11.790� q� 4.5358. Crystal data, C25H42GdCl6N13O13;
M� 1102.7; space group: monoclinic, P21/n (no. 14); a� 11.135(3), b�
15.156(7), c� 26.490(7) �, b� 100.502(12)8, V� 4395.5(25) �3; Z� 4;
1calc� 1.666 gcmÿ3 ; 2qmax� 49.908 ; scan mode q ± 2q ; F(000)� 2212;
8097 reflections measured; 7672 independent reflections; 2672 reflections
were observed with F 2> 2s(F 2). A decay correction (ÿ9.4%) was
performed; absorption correction: semiempirical y-scan method, Tmin�
0.8337; Tmax� 0.9974, m(MoKa)� 1.944 mmÿ1; structure solution: direct
methods with SHELXS-86,[14] structure refinement: least-squares against
F2


o with SHELXL-93;[15] 508 parameters; hydrogen atoms were included as
fixed contributors in idealized positions; refinement of variables with
anisotropic thermal parameters (except N9, C11 and C11a) gave R� 0.0954


and wR� 0.1838 and the residual electron density 1.137 (0.97 from Gd) and
ÿ1.507 (0.02 from Gd). Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-100728. 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).


Compounds 1, 2, and 3 were prepared by the same procedure.
[Gd(nittrz)2(NO3)3] (3): A solution of Gd(NO3)3 ´ x H2O (450 mg, ca.
1 mmol) and the nitronyl nitroxide (756 mg, 3 mmol) in MeOH (15 mL)
was stirred at room temperature for 5 h. The solvent was then removed in
vacuo, the residue was redissolved in CH2Cl2, and Et2O was added. The
precipitate was collected by filtration, washed with Et2O, and dried to yield
3 (0.8 g) as a deep blue solid. A crystalline solid was obtained by diffusion
of Et2O into a MeCN solution of 3.


Compound 1: IR (KBr): nÄ � 2996 (w), 1503 (s), 1375 (s), 1304 (s), 1178 (m),
1139 (w)1034 cmÿ1 (w); C22H36N13O13Y´ 2MeCN (861.61): calcd C 36.24, H
4.91, N 24.38, Y 10.32; found C 36.81, H 4.93, N 24.56, Y 10.39.


Compound 2 : IR (KBr): nÄ � 2989 (w), 1636 (w), 1454 (s), 1381 (s), 1310 (s),
1178 (m), 1139 (w), 1035 cmÿ1 (w); C22H36N13O13La ´ 2 MeCN (911.61):
calcd C 34.25, H 4.64, N 23.04, La 15.24; found C 34.26, H 4.78, N 22.46, La
15.20.


Compound 3 : UV/Vis (MeOH): lmax (e)� 201 (28000), 243 (13770), 339
(28200), 561 nm (750); IR (KBr): nÄ � 2997 (w), 1636 (m), 1507 (m), 1458
(m), 1384 (s), 1307 (m), 1176 (m), 1137 cmÿ1 (w); C22H36N13O13Gd ´ 2MeCN
(929.96): calcd C 33.58, H 4.55, N 22.59; found C 33.45, H 4.68, N 22.54.
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Combining Different Hydrogen-Bonding Motifs To Self-Assemble
Interwoven Superstructures**


Peter R. Ashton, Matthew C. T. Fyfe, Sarah K. Hickingbottom, Stephan Menzer, J. Fraser
Stoddart,* Andrew J. P. White, and David J. Williams*


Abstract: A series of carboxyl-substi-
tuted dibenzylammonium salts have been
cocrystallized with the macrocyclic pol-
yethers dibenzo[24]crown-8 (DB24C8)
and bis-p-phenylene[34]crown-10
(BPP34C10) to effect the noncovalent
syntheses of a wide range of interwoven
superstructures in the solid state. In all
cases, the dibenzylammonium cations
thread through the cavities of the mac-
rocyclic polyethersÐprimarily as a re-
sult of N�ÿH ´´´ O hydrogen bonds, with
occasional secondary stabilization from
CÿH ´´´ O and aryl ± aryl interactionsÐ
to form pseudorotaxane complexes pos-
sessing supplementary recognition sites
(specifically, carboxyl groups) for fur-
ther intercomplex association through
hydrogen bonding. One unit of each of
the dibenzylammonium cations threads
through the DB24C8 macrocycle to
make single-stranded, carboxyl-contain-


ing [2]pseudorotaxanes that interact fur-
ther with one another to produce novel
supramolecular architectures as a result
of hydrogen bonding between their
carboxyl groups (the carboxyl dimer
supramolecular synthon), or between
carboxyl groups and polyether oxygen
atoms. Elaborate architectures, such as
side-/main-chain pseudopolyrotaxanes
and a daisy-chain-like supramolecular
array, were thus synthesized noncova-
lently. BPP34C10 can accommodate two
cations within its macrocyclic interior to
form carboxyl-containing [3]pseudo-
rotaxanes in which BPP34C10 acts as a
girdle that helps to control the spatial


orientation of the carboxylic acid-con-
taining recognition sites for additional
intersupramolecular association through
the carboxyl dimer. PFÿ6 anions were
also found to play a role in the self-
assembly processes. When the anions
interact with the [3]pseudorotaxanes,
these recognition sites are oriented in
the same direction. This leads to the
formation of doubly-encircled multi-
component supermolecules when
BPP34C10 is cocrystallized with diben-
zylammonium cations bearing only one
carboxyl substituent. On the other hand,
when BPP34C10 is cocrystallized with
an isophthalic acid-substituted am-
monium cation, there is no evidence of
any anion assistance to self-assembly;
the isophthalic acid units are aligned in
opposite directions, creating an inter-
woven supramolecular cross-linked
polymer.


Keywords: crystal engineering ´ hy-
drogen bonds ´ interwoven systems
´ self-assembly ´ supramolecular
chemistry


Introduction


Scientists pursuing research on the chemistry of the non-
covalent bondÐthat is, supramolecular chemistry[1]Ðare
constantly discovering new recognition motifs that allow
them to synthesize specific supramolecular architectures
noncovalently with remarkable control and precision.[2] We
believe that the controlled supramolecular synthesis[3] of
functioning, organized nanostructures, the likes of which have
been identified previously only in nature, will become
possible in the near future. On account of its directionality
and its ability to discriminate between various recognition


motifs, the hydrogen bond has been harnessed for the
noncovalent synthesis of some remarkable superstructures,[4]


ranging from discrete, multicomponent supermolecules[5] to
infinite, polymeric supramolecular arrays.[6] We have recently
reported[7] the discovery of practicable, and remarkably
simple, self-assembling supramolecular systems that utilize
hydrogen bonds as their principal noncovalent adhesive.
Secondary dialkylammonium cations, such as the dibenzyl-
ammonium ion (1�), self-assemble[8] with macrocyclic poly-
ethers to form multicomponent pseudorotaxanes (Figure 1),[9]


the stoichiometry of which may be controlled accurately.
Pseudorotaxanes possessing from two to five organic compo-
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nents may be synthesized noncovalently, depending on the
size of the internal cavity of the macrocyclic polyether. For
instance, dibenzo[24]crown-8 (DB24C8) forms a 1:1 [2]pseu-
dorotaxane complex with 1� in which the ammonium thread
interpenetrates the macroring cavity by virtue of N�ÿH ´´´ O
and CÿH ´´´ O hydrogen bonds, supplemented by p ± p stack-
ing interactions.[7 a, c, d] Moreover, the crown ether component
can become ditopic (i.e. , it can accommodate two ammonium
centers within its interior) provided its two polyether loops
are disassociated from one another, as in the case of bis-p-
phenylene[34]crown-10 (BPP34C10), which forms a double-
stranded [3]pseudorotaxane with 1�[7 b±d] This paradigm can be
extended even further:[7 f±g] the crown ethers tris-p-phenyl-
ene[51]crown-15 (TPP51C15) and tetrakis-p-phenylene[68]-
crown-20 (TPP68C20) can bind three and four 1� cations,
respectively, within their macrocyclic cores, since they possess
three and four separated polyether loops, each of which can
form hydrogen bonds with the ammonium centers. Further-
more, on account of the expanded nature of their crown ether
macrorings, the resultant [4]- and [5]pseudorotaxanes possess
ammonium centers that are ideally predisposed to associate
with anions by hydrogen bonding and anion ± dipole inter-
actions.


Another hydrogen bonding motif that has been studied
extensively[10] by supramolecular chemists is the carboxyl
dimer supramolecular synthon. In particular, researchers
interested in crystal engineering[11] (the rational design of
organized solid-state superstructures) have employed this
recognition motif for the noncovalent synthesis of a wide
range of supramolecular architectures. By way of illustration,
crystal engineers have utilized the carboxylic dimer for the
solid-state noncovalent synthesis of ribbon-like supramolec-
ular arrays (Figure 2), such as is observed in the crystal
structures of terephthalic acid[12] and isophthalic acid.[13]


Moreover, the placement of bulky alkyl substitu-
ents on the isophthalic acid moiety induces[14] the
production of a hexameric, hydrogen-bonded
supramolecular macrocycle, thereby relieving
unfavorable nonbonding interactions.


We conjectured that we could utilize the
directional attributes of the hydrogen bond for
the noncovalent syntheses of interwoven supra-
molecular architectures involving the aggrega-
tion/polymerization of pseudorotaxanes[15,16] in
the solid state. It seemed to us that interwoven
superstructures could be synthesized noncova-
lently by combining both i) the threading of
secondary dialkylammonium cations through
crown ethers, and ii) the supramolecular dimeri-
zation of carboxyl groups. The threading motif
would allow the creation of multicomponent
pseudorotaxanes that would be endowed with
pendant carboxyl groups for further noncovalent
association to produce novel interwoven super-
structures. Here, we report that carboxyl-con-
taining, crown ether ± dialkylammonium-based
pseudorotaxanes (generated when the crown
ethers DB24C8 and BPP34C10 complex with
the carboxyl-substituted dibenzylammonium cat-


ions 2� ± 6�, Figure 3) do indeed associate with one another to
form unique interwoven supermolecules and supramolecular
arrays in the solid state.[17]


Results and Discussion


Molecular synthesis : The salts 2 ´ PF6 ± 6 ´ PF6, possessing both
secondary ammonium centers for the formation of pseudor-
otaxanes with crown ethers, and carboxyl groups for the
noncovalent association of these pseudorotaxanes, were
readily obtained using the protocol outlined in Scheme 1.
Condensation of the appropriate aldehydes and amines
furnished aldimines that were subsequently reduced to the
secondary amines 13 ± 17 possessing appended benzoate or
isophthalate moieties. Ultimately, each of these esters was
converted into its corresponding salt 2 ´ PF6 ± 6 ´ PF6 by boiling
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Figure 2. Examples of some of the supramolecular architectures that can
be synthesized noncovalently, from various building blocks, with the
carboxyl dimer supramolecular synthon. Tape-like supramolecular poly-
mers from A) terephthalic acid and B) isophthalic acid. C) Hexameric
supramolecular macrocycle from 5-decyloxyisophthalic acid.


Figure 1. The wide range of multicomponent pseudorotaxane supermolecules that can be
self-assembled from the dibenzylammonium cation (1�) and various macrocyclic polyethers.
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with hydrochloric acid (to effect hydrolysis with concomitant
protonation) followed by counterion exchange from chloride
to hexafluorophosphate. With the exception of 9 and 12, the
aldehyde and amine precursors of the salts were either
commercially available or were known compounds. The
aldehyde 9 was prepared by oxidation of diethyl 5-bromome-
thylisophthalate[18] with bis(tetrabutylammonium) dichro-
mate,[19] while the amine 12 was obtained by Fischer ± Speier
esterification of 3-carboxybenzylammonium chloride[20] with
MeOH. The crown ethers employed in the supramolecular
syntheses (specifically DB24C8 and BPP34C10) were also
obtained easily: DB24C8 is commercially available, while
BPP34C10 can be readily prepared[21] by a one-pot reaction of
hydroquinone with tetraethylene glycol bistosylate.


Characterization of pseudorotaxanes in solution and the gas
phase : In a similar manner to that of their unsubstituted
congener 1�,[7a±d] the carboxyl-substituted dibenzylammonium
cations 2� ± 6� form pseudorotaxane complexes with DB24C8


and BPP34C10 in both solution and in the gas phase, as
ascertained by 1H NMR spectroscopy and liquid secondary
ion mass spectrometry (LSIMS), respectively.


As anticipated from studies on the parent dibenzylammo-
nium salt 1 ´ PF6,[7 a, c, d] solutions of DB24C8 and the salts 2 ´
PF6 ± 6 ´ PF6 exhibit somewhat slow kinetic exchange with
their complexes, since it is especially difficult for the aromatic
rings of the cations to pass through the relatively small cavity
of the DB24C8 macrocycle. In particular, this exchange is slow
enough on the NMR time scale that the 1H NMR spectra of
equimolar solutions of DB24C8 and the salts display three
sets of resonances for i) the uncomplexed crown ether, ii) the
uncomplexed carboxyl-substituted dibenzylammonium salt,
and iii) the 1:1 complex formed between these two species.
The chemical shift data for the compounds and complexes are
listed in Table 1, which shows that the proton resonances
associated with the pseudorotaxane complexes are shifted
quite dramatically from those in the uncomplexed crown
ether and salt. Furthermore, the observation of signals
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Scheme 1. Synthetic protocol employed for the preparation of the salts 2 ´ PF6 ± 6 ´ PF6. Compound 7: methyl 4-formylbenzoate; 8 : methyl 3-formylbenzoate;
9 : diethyl 5-formylisophthalate; 10 : benzylamine; 11: methyl 4-aminomethylbenzoate; 12 : methyl 3-aminomethylbenzoate.
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associated with both the complex and its uncomplexed
constituents permits facile single-point measurements of the
[2]pseudorotaxanes� association constants (Ka),[7a, c, d] from
which their related free energies of complexation (DG8) can
be derived (Table 2). The data reveal that the carboxyl-
substituted ammonium cations 2� ± 6� form much stronger
complexes with DB24C8 than does the unsubstituted cation
1�, presumably as a direct consequence of i) resonance and
inductive effects, which increase the acidity of both the
benzylic methylene and NH�


2 hydrogen atoms, and ii) the
greater tendency of the p-electron-deficient Ar(CO2H)n rings
of the cation to enter into aryl ± aryl stacking interactions with
the p-electron-rich catechol rings of the DB24C8 macrocycle.
Moreover, it can be seen that, as a result of resonance effects
on the hydrogen-bonding ability of the benzylic methylene
moieties, ammonium cations bearing p-carboxy groups form
stronger complexes with DB24C8 than the m-substituted
congeners. In addition, it is evident that ammonium cations
bearing two electron-withdrawing carboxyl substituents form
stronger complexes than those bearing one, but that the
strength of a complex is increased more spectacularly when
the two carboxyl units are situated on the same aromatic ring.
1:1 Mixtures of DB24C8 and the salts 2 ´ PF6 ± 6 ´ PF6 were also
studied by LSIMS, where complex formation was evidenced
by the discovery of strong peaks corresponding to the 1:1
complexes with the loss of their PFÿ6 counterions.[22]


Complex formation was indicated (Table 3) from the 1H
NMR spectra of 1:2 mixtures of BPP34C10 with the ammo-
nium salts 2 ´ PF6 ± 6 ´ PF6, where substantial chemical shift
changes were detected for the signals[23] observed for both the
host and the guest in CD2Cl2/CD3CN (2:1). However, in this
mixed solvent system, all of the resonances were sharp and
well-defined, indicating that the medium is too polar for
interpseudorotaxane association to occur through the carbox-
yl groups.[24] LSIMS provided proof of the existence of the 1:2


Table 1. 1H NMR spectroscopic data[a] (d values) for 1) DB24C8,[b] 2) the carboxyl-substituted dibenzylammonium salts 2 ´ PF6 ± 6 ´ PF6,[b] and 3) the
associated [2]pseudorotaxanes in CD3CN at 20 8C.[c]


Crown ether Dibenzylammonium cation
OCH2 (RO)2ArH CH2NH�


2 PhH (HO2C)nArH


DB24C8 3.67 (s, 8H),
3.79 (m, 8H),
4.08 (m, 8H)


6.85 ± 6.96 (m, 8 H) ± ± ±


2 ´ PF6 ± ± 4.25 (s, 2H),
4.29 (s, 2H)


7.46 (s, 5H) 7.57 (d, 2H), 8.06 (d, 2H)


[DB24C8 ´ 2][PF6] 3.49 ± 3.63 (m, 8 H),
3.74 (m, 8H),
3.95 ± 4.06 (m, 8 H)


6.71 ± 6.84 (m, 8 H) 4.66 (m, 2H),
4.79 (m, 2H)


7.22 ± 7.30 (m, 5 H) 7.38 (d, 2H), 7.65 (d, 2H)


3 ´ PF6 ± ± 4.25 (s, 2H),
4.31 (s, 2H)


7.46 (s, 5H) 7.58 (t, 1H), 7.71 (d, 1 H), 8.07 (d, 1H),
8.16 (s, 1H)


[DB24C8 ´ 3][PF6] 3.51 ± 3.65 (m, 8 H),
3.77 (m, 8H),
3.94 ± 4.06 (m, 8 H)


6.70 ± 6.83 (m, 8 H) 4.64 (m, 2H),
4.81 (m, 2H)


7.25 ± 7.34 (m, 5 H) 7.12 (t, 1H), 7.42 (d, 1 H), 7.62 (d, 1H),
8.00 (s, 1H)


4 ´ PF6 ± ± 4.31 (s, 4H) ± 7.56 (d, 4H), 8.06 (d, 4H)


[DB24C8 ´ 4][PF6] 3.58 (s, 8H),
3.77 (m, 8H),
4.01 (m, 8H)


6.70 ± 6.81 (m, 8 H) 4.78 (m, 4H) ± 7.44 (d, 4H), 7.75 (d, 4H)


5 ´ PF6 ± ± 4.31 (s, 4H) ± 7.59 (t, 2H), 7.69 (d, 2 H), 8.07 (d, 2H),
8.13 (s, 2H)


[DB24C8 ´ 5][PF6] 3.62 (s, 8H),
3.78 (m, 8H),
4.00 (m, 8H)


6.67 ± 6.81 (m, 8 H) 4.75 (m, 4H) ± 7.26 (t, 2H), 7.54 (d, 2 H), 7.76 (d, 2H),
8.06 (s, 2H)


6 ´ PF6 ± ± 4.25 (s, 2H),
4.38 (s, 2H)


7.46 (s, 5H) 8.35 (s, 2H), 8.58 (s, 1 H)


[DB24C8 ´ 6][PF6] [d] 6.55 ± 6.73 (m, 8 H) 4.61 (m, 2H),
4.94 (m, 2H)


7.38 ± 7.55 (m, 5 H) 7.85 (s, 1H), 8.09 (s, 2 H)


[a] The 1H NMR spectra were recorded on a Bruker AC300 spectrometer (at 300.1 MHz) with CD3CN solvent as the lock and the multiplet observed for the
residual protons of this solvent (at d� 1.93) as internal reference. [b] The concentration of both components was 1.0� 10ÿ2m. [c] Signals were observed
simultaneously for both the uncomplexed crown ether and salt, in addition to the [2]pseudorotaxane complex. [d] A complicated band of signals was
observed from d� 3.55 ± 4.15 in the 1H NMR spectrum of a 1:1 mixture of DB24C8 and 6 ´ PF6, so that it was not possible to correlate signals associated with
the OCH2 protons to the uncomplexed or complexed DB24C8 macrocycle.


Table 2. Association constants (Ka) and related free energies of complex-
ation (ÿDG8) for the [2]pseudorotaxane complexes formed between
DB24C8 and the dibenzylammonium salts 1 ´ PF6 ± 6 ´ PF6 in CD3CN at
20 8C.


Ka (mÿ1)[a] ÿDG8 (kcal molÿ1)[b]


[DB24C8 ´ 1][PF6] 420 3.6
[DB24C8 ´ 2][PF6] 610 3.7
[DB24C8 ´ 3][PF6] 480 3.6
[DB24C8 ´ 4][PF6] 950 4.0
[DB24C8 ´ 5][PF6] 880 3.9
[DB24C8 ´ 6][PF6] 1500 4.3


[a] Association constants (Ka) were obtained by means of single-point
measurements of the concentrations of the complexed and uncomplexed
species, from the relevant 1H NMR spectra at 20 8C, by the relationship
Ka� [DB24C8 ´ salt]/[DB24C8][salt] (percentage error �15%). [b] The
free energies of complexation (ÿDG8) were calculated from the Ka values
with the expression ÿDG8�RT lnKa .
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pseudorotaxane complexes in the gas phase. The LSIMS,
obtained from 1:2 molar solutions of BPP34C10 with the salts
2 ´ PF6 ± 6 ´ PF6, displayed peaks for the 1:2 complexes (with
the loss of one PFÿ6 counterion) in all cases. However, these
peaks were extremely small compared with the base peaks in
the spectra, indicating that, as noted previously,[7 c] it is
extremely difficult to characterize three-component pseudo-
rotaxane supermolecules, such as these, in the gas phase.


X-ray crystallography (supramolecular synthesis): The X-ray
crystallographic analysis of the 1:1 complex formed between
DB24C8 and the 2� cation shows (Figure 4A) the DB24C8
macrocycle to adopt a V-shaped conformation, with the cation
threaded through the center of the macroring to form a
[2]pseudorotaxane. Complex stabilization is achieved by
means of a combination of N�ÿH ´´´ O and CÿH ´´´ O hydro-
gen bonds and a face-to-face aryl ± aryl stacking interaction
between the p-electron-deficient benzoic acid ring of the
ammonium cation and one of the p-electron-rich catechol
rings of the DB24C8 macrocycle (the mean interplanar
separation is 3.71 �, with a centroid ± centroid distance of
4.12 �, the rings being inclined by ca. 158). Even though there
is an approach of 4.18 � between the centroids of the other
catechol unit of the crown ether and the benzoic acid ring, the
rings are inclined by ca. 298, thereby precluding any significant
p ± p stacking interaction. Inspection of the packing of this
pseudorotaxane shows glide-related complexes to be linked in


a head-to-tail fashion (via bifurcated hydrogen bonds be-
tween the carboxyl hydrogen atom of one pseudorotaxane
unit and the oxygen atoms of a catechol ring of the next) to
generate an interwoven supramolecular architecture that is
reminiscent of a daisy chain (Figure 4 B,C).[25] This polymeric
supramolecular architecture presumably originates as a result
of the p ± p stacking interaction, in addition to the V-shaped
conformation of the polyether. The combination of these two
factors means that the head-on dimerization of the [DB24C8 ´
2]� pseudorotaxane, using the carboxyl dimer supramolecular
synthon, is disfavored, since the catechol units from adjacent
pseudorotaxanes would be in very close proximity to one
another, resulting in detrimental nonbonding interactions.


The X-ray analysis of the 1:1 complex formed between the
DB24C8 macrocycle and the cation 4� reveals that, in this
instance, the interpenetrated DB24C8 macroring has an
extended approximately Ci-symmetric conformation with its
phenoxyethylene units roughly coplanar with their associated
catechol rings, a conformation very similar to that adopted by
the uncomplexed DB24C8 macrocycle.[26] As a result of a
combination of N�ÿH ´´´ O and CÿH ´´´ O hydrogen-bonding
interactions (Figure 5 A), the cation is threaded asymmetri-
cally through the center of the polyether macroring and has
one of its benzoic acid rings oriented approximately parallel
to, and overlying, one of the catechol rings of the DB24C8
macrocycle (the mean interplanar separation is 3.74 � with a
centroid ± centroid distance of 3.91 �, the rings being inclined


Table 3. 1H NMR spectroscopic data[a] (d values) for 1) BPP34C10,[b] 2) the carboxyl-substituted dibenzylammonium salts 2 ´ PF6 ± 6 ´ PF6,[b] and 3) 1:2
mixtures[b,c] of the two compounds in CD2Cl2/CD3CN (2:1) at 20 8C.


Crown ether Dibenzylammonium cation
OCH2 (RO)2ArH CH2NH�


2 PhH (HO2C)nArH


BPP34C10 3.58 (m, 16H),
3.71 (m. 8H),
3.92 (m, 8H)


6.69 (s, 8H) ± ± ±


2 ´ PF6 ± ± 4.18 (s, 4H),
4.22 (s, 4H)


7.43 (s, 10H) 7.49 (d, 4H), 8.04 (d, 4H)


BPP34C10� 2 ´ PF6 3.45 ± 3.59 (m, 16 H),
3.71 (m, 8H),
3.95 (m, 8H)


6.69 (s, 8H) 4.12 (s, 4H),
4.14 (s, 4H)


7.38 ± 7.49 (m, 10 H) 7.34 (d, 4H), 7.94 (d, 4H)


3 ´ PF6 ± ± 4.16 (s, 4H),
4.21 (s, 4H)


7.40 (s, 10H) 7.51 (t, 2H), 7.62 (d, 2H),
8.04 (d, 2H), 8.10 (s, 2H)


BPP34C10� 3 ´ PF6 3.54 (s, 16H),
3.69 (m, 8H),
3.86 (m, 8H)


6.60 (s, 8H) 4.15 (s, 8H) 7.42 (s, 10H) 7.47 (d, 2H), 7.53 (t, 2H),
7.81 (s, 2H), 7.99 (d, 2H)


4 ´ PF6 ± ± 4.21 (s, 8H) ± 7.49 (d, 8H), 8.03 (d, 8H)


BPP34C10� 4 ´ PF6 3.48 ± 3.59 (m, 16 H),
3.70 (m, 8H),
3.91 (m, 8H)


6.65 (s, 8H) 4.19 (br, 8H) ± 7.40 (d, 8H), 7.96 (d, 8H)


5 ´ PF6 ± ± 4.22 (s, 8H) ± 7.50 (t, 4H), 7.61 (d, 4H), 8.00 (d, 4 H), 8.07 (s, 4H)


BPP34C10� 5 ´ PF6 3.55 (s, 16H),
3.70 (m, 8H),
3.89 (m, 8H)


6.63 (s, 8H) 4.18 (s, 8H) ± 7.48 ± 7.54 (m, 8 H),
7.85 (s, 4H),
7.93 (d, 4H)


6 ´ PF6 ± ± 4.18 (s, 4H),
4.28 (s, 4H)


7.40 (s, 10H) 8.30 (s, 4H), 8.59 (s, 2 H)


BPP34C10� 6 ´ PF6 3.55 (s, 16H),
3.69 (m, 8H),
3.87 (m, 8H)


6.58 (s, 8H) 4.18 (br, 8H) 7.43 (s, 10H) 8.10 (s, 4H), 8.50 (s, 2 H)


[a] The 1H NMR spectra were recorded on a Bruker AC300 spectrometer (at 300.1 MHz) with CD3CN solvent as the lock and the residual solvent peak as
internal reference. [b] The concentration of BPP34C10 was 4.2� 10ÿ3m, while that of the salts was 8.4� 10ÿ3m. [c] In contrast to the spectra described in
Table 1, time-averaged sets of signals are observed for both host and guest species in the 1H NMR spectra, since fast kinetic exchange is occurring between
uncomplexed and complexed states on the 1H NMR time scale.
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Figure 4. A: Crystal structure of the [DB24C8 ´ 2]� pseudorotaxane. Bond
lengths and angles for hydrogen bonds: a) N� ´ ´ ´ O 2.92 �, H ´´´ O 2.15 �,
N� ± H ´´´ O 1428 ; b) N� ´ ´ ´ O 2.90 �, H´´´O 2.13 �, N� ± H ´´´ O 1448 ; c) C ´´´
O 3.18 �, H ´´´ O 2.26 �, C ± H ´´´ O 1598 ; d) C ´´´ O 3.25 �, H ´´´ O 2.46 �,
C ± H ´´´ O 1398 ; e) C ´´´ O 3.36 �, H ´´´ O 2.50 �, C ± H ´´´ O 1488. B: The
hydrogen-bonded supramolecular arrayÐresembling a daisy chainÐpro-
duced by the noncovalent polymerization of the [DB24C8 ´ 2]� pseudo-
rotaxane in the solid state. Bond lengths and angles for hydrogen bonds:
f) O ´´´ O 3.06 �, H ´´´ O 2.25 �, O ± H ´´´ O 1508 ; g) O ´´´ O 2.92 �, H ´´´ O
2.20 �, O ± H ´´´ O 1368. C: Cartoon representation of the daisy-chain-like
supramolecular array {[DB24C8 ´ 2]�}n.


by ca. 138). The other benzoic acid ring of the cation is
oriented approximately axially with respect to the DB24C8
macroring. An examination of interpseudorotaxane associa-
tion (Figure 5 B,C) reveals that two [DB24C8 ´ 4]� complexes
stack, via the benzoic acid ring that is excluded from
intrapseudorotaxane p ± p stacking (the centroid ± centroid
and interplanar separations are 4.19 and 3.79 �, respectively),
to generate a dimer of Ci-related [2]pseudorotaxanes. This
pseudorotaxane dimer is further stabilized by pairs of OÿH ´´´
O hydrogen bonds between one of the carboxyl moieties of
the 4� cation and an oxygen atom in one of the polyether
linkages of the DB24C8 macrocycle of a symmetry-related
[2]pseudorotaxane and vice versa. Further propagation of this
recognition motif is halted by the intervention of an Me2CO
solvent molecule, which is hydrogen-bonded to the vacant
carboxyl donor site attached to the aryl ring that is involved in
intrapseudorotaxane p ± p stacking. This crystal structure
convincingly demonstrates a fundamental difficulty associat-
ed with crystal engineering. Here, the anticipated carboxylic


Figure 5. A: View of the structure of the [DB24C8 ´ 4]� pseudorotaxane in
the solid state. Bond lengths and angles for hydrogen bonds: a) N� ´ ´ ´ O
3.11 �, H ´´´ O 2.26 �, N� ± H ´´´ O 1588 ; b) N� ´ ´ ´ O 3.02 �, H ´´´ O 2.14 �,
N� ± H ´´´ O 1658 ; c) C ´´´ O 3.21 �, H ´´´ O 2.37 �, C ± H ´´´ O 1458. B:
Association of two Me2CO molecules with each of the pendant carboxyl
groups of the {[DB24C8 ´ 4]�}2 species formed by aryl ± aryl stacking and
hydrogen-bonding interactions. Bond lengths and angles for hydrogen
bonds: d) O ´´´ O 2.73 �, H ´´´ O 1.85 �, O ± H ´´´ O 1658 ; e) O ´´´ O 2.78 �,
H ´´´ O 1.88 �, O ± H ´´´ O 1738. C: Cartoon representation depicting the
{[DB24C8 ´ 4]�}2 ´ 2Me2CO species.


acid dimer pairs are not observed, presumably because
interpseudorotaxane p ± p stacking interactions act as the
dominant factor that determines the packing of the
[DB24C8 ´ 4]� species.


The coconformation[27] of the [DB24C8 ´ 5]� [2]pseudoro-
taxane (Figure 6 A) is remarkably similar to that of its
congener [DB24C8 ´ 4]� . Nevertheless, although there are
small amounts of Me2CO solvent in the crystals of the
[DB24C8 ´ 5]� complex, it does not interfere with the expected
hydrogen-bonding pattern: supramolecular polymerization,
employing the carboxyl dimer supramolecular synthon, leads
to the main-chain, hydrogen-bonded pseudopolyrotaxane[15]


superstructure illustrated in Figure 6 B,C.
The X-ray analysis of the 1:1 complex formed between


DB24C8 and 6 ´ PF6 (Figure 7A) reveals a very similar co-
conformation,[27] for the threading of the cation through the
center of the DB24C8 crown ether macroring, to that
observed for the related complex [DB24C8 ´ 2]� . The cation
has a typical all-anti geometry for its C ± CH2 ± NH�


2 ± CH2 ± C
backbone, but the differences in orientations of the isophtha-
late and benzyl rings result in a marked departure from the
normal gull-wing conformation: the isophthalate ring is
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Figure 6. A: The crystal structure of the [DB24C8 ´ 5]� pseudorotaxane.
Hydrogen bonding distances and angles: a) N� ´ ´ ´ O 3.12 �, H ´´´ O 2.28 �,
N� ± H ´´´ O 1578 ; b) N� ´ ´ ´ O 3.01 �, H´´´O 2.32 �, N� ± H ´´´ O 1338 ;
c) N�´´´O 3.02 �, H ´´´ O 2.20 �, N� ± H ´´ ´ O 1518 ; d) N� ´ ´ ´ O 3.05 �, H ´´´
O 2.34 �, N� ± H ´´´ O 1368 ; e) C ´´´ O 3.16 �, H ´´´ O 2.52 �, C ± H ´´´ O
1578 ; f) C ´´´ O 3.32 �, H ´´´ O 2.49 �, C ± H ´´´ O 1458. B: The main-chain,
hydrogen-bonded pseudopolyrotaxane produced by the noncovalent
polymerization of the [DB24C8 ´ 5]� pseudorotaxane by means of the
carboxyl dimer supramolecular synthon. Hydrogen bond lengths: g) O ´´´ O
2.63 �; h) O ´´´ O 2.63 �. C: Cartoon of the {[DB24C8 ´ 5]�}n pseudopoly-
rotaxane.


inclined by 818 to the plane of the backbone, while the benzyl
ring is inclined by only 238. Complex stabilization is again
achieved by a combination of N� ± H ´´´ O and C ± H ´´´ O
hydrogen bonds along with a p ± p stacking interaction
between the isophthalate ring and one of the catechol rings
of the DB24C8 macrocycle (the associated centroid ± centroid
and mean interplanar separations are 3.79 and 3.48 �,
respectively). As observed for the [DB24C8 ´ 2]� superstruc-
ture, there is a relatively short contact (4.12 �) between the
center of the isophthalic acid ring and the other catechol ring
of the DB24C8 macrocycle. However, these rings are inclined
by 268, thus precluding any significant p ± p interaction. The
packing of the [DB24C8 ´ 6]� complexes (Figure 7 B,C) reveals
the formation of a side-chain, hydrogen-bonded pseudopoly-
rotaxane[15,28] superstructure, with one of the carboxylic acid
units of one cation linking to the other of the next through the
carboxyl dimer. Presumably, the formation of this supra-
molecular polymer is allowed, in this instance, since the
catechol units of the pseudorotaxane monomers approach
each other in a sterically less demanding side-on fashion as
opposed to a head-on fashion (see [DB24C8 ´ 2]�). Inspection
of the packing of the pseudopolyrotaxane chains does not
reveal any significant interchain interactions.


Figure 7. A: The structure of the [DB24C8 ´ 6]� pseudorotaxane in the
solid state. Bond lengths and angles for hydrogen bonds: a) N� ´ ´ ´ O 3.04 �,
H ´´´ O 2.15 �, N� ± H ´´´ O 1708 ; b) N� ´ ´ ´ O 2.88 �, H ´´´ O 1.98 �, N� ±
H ´´´ O 1798 ; c) C ´´´ O 3.30 �, H ´´´ O 2.39 �, C ± H ´´´ O 1568 ; d) C ´´´ O
3.27 �, H ´´´ O 2.40 �, C ± H ´´´ O 1508. B: The side-chain, hydrogen-
bonded pseudopolyrotaxane produced by the noncovalent polymerization
of the [DB24C8 ´ 6]� pseudorotaxane by means of the carboxyl dimer
supramolecular synthon. Bond lengths and angles for hydrogen bonds:
e) O ´´´ O 2.60 �, H ´´´ O 1.73 �, O ± H ´´´ O 1638 ; f) O ´´´ O 2.64 �, H ´´´ O
1.75 �, O ± H ´´´ O 1768. C : Cartoon representation of the side-chain,
hydrogen-bonded pseudopolyrotaxane {[DB24C8 ´ 6]�}n.


The X-ray crystallographic analysis of the 1:2 complex
formed between the BPP34C10 macrocycle and the cation 2�


(Figure 8) reveals[17] that both of the cations are threaded
codirectionally through the center of the macrocycle to
produce a [3]pseudorotaxane that is stabilized by five N� ±
H ´´´ O hydrogen bonds between the NH�


2 centers and oxygen
atoms from each of the polyether loops in the macrocycle.
Secondary stabilization of the [3]pseudorotaxane super-
architecture is achieved by an edge-to-face C ± H ´´´ p contact
between one of the methylene hydrogen atoms of the 4-
carboxybenzyl group and one of the hydroquinone rings of the
BPP34C10 macrocycle (the associated H ´´´ p distance and
C ± H ´´´ p angle are 2.88 � and 1438, respectively). The
centroid ± centroid separation between the benzoic acid rings
of independent 2� cations is ca. 4.6 �, the rings being tilted by
288, thereby excluding any meaningful aryl ± aryl stacking
interactions. An additional feature of the superstructure,
which is of particular interest, is the directing of a fluorine
atom from one of the PFÿ6 anions into the cleft between the
two dialkylammonium cations; it lies at a distance of ca. 2.5 �
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Figure 8. A: View of the {[BPP34C10 ´ (2)2]2�}2 supermolecule (produced
by the noncovalent dimerization of the [BPP34C10 ´ (2)2]2� pseudorotaxane
by means of the carboxyl dimer supramolecular synthon) in the solid state,
showing the PFÿ6 anions that may assist the self-assembly of the super-
molecule. Bond lengths and angles for hydrogen bonds: a) N� ´ ´ ´ O 3.18 �,
H ´´´ O 2.33 �, N� ± H ´´´ O 1578 ; b) N� ´ ´ ´ O 2.98 �, H ´´´ O 2.32 �, N� ±
H ´´´ O 1308 ; c) N�´´´O 2.93 �, H ´´´ O 2.06 �, N�-H ´´´ O 1618 ; d) N� ´ ´ ´ O
2.86 �, H ´´´ O 2.19 �, N� ± H ´´´ O 1308 ; e) N� ´ ´ ´ O 2.93 �, H´´´O 2.06 �,
N� ± H ´´´ O 1638 ; f) O ´´´ O 2.68 �; g) O ´´ ´ O 2.61 �. B: Cartoon portraying
the {[BPP34C10 ´ (2)2]2�}2 ´ 2 PFÿ6 species.


from the benzylic hydrogen atoms of one of the cations.[29] A
similar approach of ca. 2.5 � is also evident between one of
the equatorial fluorine atoms of this anion and one of the
hydrogen atoms of a hydroquinone ring. We hypothesize that
this PFÿ6 anion may assist [7 f] the macrocyclic polyether by
helping to align the two carboxyl groups of the [3]pseudor-
otaxane codirectionally with respect to each other, leading to
the noncovalent dimerization of pairs of Ci symmetrically-
related [3]pseudorotaxanes to generate doubly-encircled six-
component organic supermolecules that are linked through
pairs of strong O ± H ´´´ O hydrogen bonds (Figure 8), both
involving carboxyl dimers. In many respects, the structure of
this six-component assemblage is similar to that of the 2:2
complex formed between a,a'-bis(benzylammonium)-p-xy-
lene bis(hexafluorophosphate) and BPP34C10,[7 b±c] an obser-
vation that is hardly surprising, given the fact that the carboxyl
dimer may be regarded as a surrogate for a p-disubstituted
benzene ring.[11 b]


The analogous 1:2 complex formed between BPP34C10 and
3�, in which the carboxyl substituent is located in the meta
position, possesses a very similar supramolecular architecture
to that of the [BPP34C10 ´ (2)2]2� complex. Pairs of cations
thread codirectionally through the BPP34C10 macrocycle and
are hydrogen bonded, through the carboxyl groups, to their
immediate neighbors in Ci-related 1:2 complexes (Figure 9).
In essence, the only significant change in the overall super-
structure is a shearing of one of the BPP34C10 rings in one
[BPP34C10 ´ (3)2]2� pseudorotaxane with respect to that of its
hydrogen-bonded counterpart. Once again, complex stabili-
zation is achieved by means of the same N� ± H ´´´ O and O ±
H ´´´ O hydrogen bonds that were observed in the
{[BPP34C10 ´ (2)2]2�}2 superstructure. Although there is a
near-parallel alignment of the pairs of benzoic acid rings
(the mean interplanar separation is ca. 3.62 �), they are offset
(the centroid ± centroid separation is 4.99 �) such as to


Figure 9. A: View of the crystal structure of the {[BPP34C10 ´ (3)2]2�}2


supermolecule produced by the noncovalent dimerization of the
[BPP34C10 ´ (3)2]2� pseudorotaxane by means of the carboxyl dimer
supramolecular synthon, showing the PFÿ6 anions located in the clefts
between two neighboring 3� cations. Bond lengths and angles for hydrogen
bonds: a) N� ´ ´ ´ O 2.92 �, H ´´´ O 2.11 �, N� ± H ´´´ O 1498 ; b) N� ´ ´ ´ O
2.90 �, H ´´´ O 2.13 �, N� ± H ´´´ O 1428 ; c) N� ´ ´ ´ O 2.90 �, H ´´´ O 2.07 �,
N� ± H´´´O 1538 ; d) N�´´´O 2.92 �, H ´´´ O 2.18 �, N� ± H ´´´ O 1398 ; e) O ´´´
O 2.57 �; f) O ´´´ O 2.67 �. B: Cartoon depicting the {[BPP34C10 ´
(3)2]2�}2 ´ 2PFÿ6 supermolecule.


preclude any significant p ± p stacking between them. A
particularly interesting feature of this six-component assem-
blage is the positioning (Figure 9) of one of the PFÿ6 anions
within the cleft formed between the two 3� cations, an
arrangement that is almost identical to that observed for the
[BPP34C10 ´ (2)2]2� complex. In the crystal lattice, this anion is
notable for its order and for the proximal relationship
between its fluorine atoms and pairs of hydroquinone hydro-
gen atoms on the BPP34C10 macroring (there are three H ´´´
F distances of less than 2.5 �). We feel that this recurrence of
a selective positioning of one of these anions reinforces our
conclusion (vide supra) that this anion may be assisting[7 f] the
polyether in enforcing the codirectionality of the benzoic acid
rings, thus allowing the production of the discrete multi-
component assemblage.


Contrasting with the crystal structures of the [BPP34C10 ´
(2)2]2� and [BPP34C10 ´ (3)2]2� pseudorotaxanes, the X-ray
crystallographic analysis [17] of the 1:2 complex formed be-
tween the BPP34C10 macrocycle and the isophthalic acid-
substituted cation 6� (Figure 10 A) reveals that the secondary
dialkylammonium strands are, in this instance, threaded
centrosymmetrically with respect to one anotherÐthat is, in
an antiparallel fashionÐpresumably since, in this case, no PFÿ6
anions are involved in the self-assembly process (vide infra).
Once again, stabilization of the [3]pseudorotaxane super-
structure is achieved by N� ± H ´´´ O hydrogen bonds between
the NH�


2 centers and pairs of oxygen atoms in each of the
polyether arcs of the macrocycle. The cations maintain the
normal gull-wing conformation, with a planar all-anti C ±
CH2 ± NH�


2 ± CH2 ± C backbone, though with the isophthalate
ring markedly skewed from an orthogonal relationship.
Noncovalent association occurs between the pairs of carboxyl
groups of each cation and their nonequivalent counterparts in
symmetry-related complexes as a result of strong O ± H ´´´ O
hydrogen bonding between the carboxyl groups. In this case,
the outcome of combining multiple carboxyl dimer and
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double threading motifs is the production of a novel type of
supramolecular polymer (Figure 10 B,C),[30] specifically, an
interwoven supramolecular cross-linked polymer, in which
cross-linking of isophthalic acid tapes[13] (cf. Figure 2 B) is
induced by the macrocyclic polyether, since it guides two


isophthalic acid units from separate 6� cations in opposing
directions, that is, the tapes are interlinked through the
[3]pseudorotaxane unit to form two-dimensional pseudo-
polyrotaxane[15] sheets. The sheets are fairly thick (ca. 12.5 �)
since the planes of the O ± H ´´´ O hydrogen bonds are
approximately orthogonal to the planes of the BPP34C10
macrocycle. Included PhH solvent molecules and disordered
PFÿ6 counterions are located in the interstices between the
polymeric layers. Neither of these species play significant
roles in establishing the pseudopolyrotaxane sheet super-
structure.


The crystal structures of the [3]pseudorotaxanes described
above demonstrate[17] that the ditopic crown ether BPP34C10
acts as a useful unit for solid-state supramolecular synthesis in
that it can, to a certain extent, direct supramolecular recog-
nition sites in space (Scheme 2), leading to the creation of
multiply encircled supermolecules and interwoven supramo-
lecular arrays, that is, the crown ether induces supramolecular
preorganization of the benzoic or isophthalic acid subunits for
further noncovalent association using the carboxyl dimer
supramolecular synthon. In fact, superstructures comparable
to the {[BPP34C10 ´ (2)2]2�}2, {[BPP34C10 ´ (3)2]2�}2 , and
{[BPP34C10 ´ (6)2]2�}n architectures have been observed in
the crystal structures of species in which molecular preorgan-
ization[31] dictates the spatial disposition of benzoate or
isophthalate moieties by covalent frameworks. Molecular
biscarboxylic acids that are endowed with two codirectionally-
oriented carboxyl groups within the same covalent skeleton
(like the supramolecular biscarboxylic acids [BPP34C10 ´
(2)2]2� and [BPP34C10 ´ (3)2]2�) can combine to form dimeric
supermolecules in the solid state.[5 f,32] Likewise, molecular
bisisophthalic acids, wherein two isophthalic acid moieties are
located at the opposite ends of a covalent framework, exhibit
(like the corresponding supramolecular bisisophthalic acid
[BPP34C10 ´ (6)2]2�) the formation of supramolecular cross-
linked polymers[33] in the solid state.[10 c,24 a] However, as we
have demonstrated previously,[7 f] one should not underesti-
mate the potential role of the PFÿ6 anions (and solvent
molecules) in influencing these self-assembly processes.


Conclusions


The crystal structures considered in this paper illustrate a
powerful synthetic supramolecular paradigm[3] that may be
employed for the rational noncovalent synthesis of inter-
woven supramolecular architectures in the solid state. More
generally, they show that complex superstructures may be
generated easily by using the concomitant self-selective[7e]


operation of several distinct recognition algorithms: in this
instance, hydrogen-bonding motifs. In all the cases reported,
the thread-like cations are inserted through the cavities of the
macrocyclic polyethers with their NH�


2 centers interacting
with the polyether loops, thus leaving their pendant carboxyl
groups available for additional noncovalent association. For
the most part, the recognition algorithms operate independ-
ently of one another, so that crossover does not usually occur
between hydrogen-bonding motifs, that is, running the crown
ether ± dialkylammonium cation and carboxyl dimer supra-
molecular synthons simultaneously allows the creation of


++++


++++ +


n


C


Figure 10. A: The crystal structure of the [BPP34C10 ´ (6)2]2� pseudor-
otaxane. Bond lengths and angles for hydrogen bonds: a) N� ´ ´ ´ O 2.88 �,
H ´´´ O 2.09 �, N� ± H ´´´ O 1458 ; b) N� ´ ´ ´ O 2.87 �, H ´´´ O 2.09 �, N� ±
H ´´´ O 1468. B: The interwoven supramolecular cross-linked polymer
formed through the noncovalent polymerization of the [BPP34C10 ´ (6)2]2�


pseudorotaxane by means of the carboxyl dimer supramolecular synthon.
Hydrogen bond lengths: c) O ´´´ O 2.57 �; d) O ´´´ O 2.69 �. C: Cartoon
illustrating the interwoven supramolecular cross-linked polymer
{[BPP34C10 ´ (6)2]2�}n.
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elaborate supramolecular aggregates and arrays. The idea that
operating concurrently at least two orthogonal recognition
algorithms simplifies noncovalent syntheses dramatically is
one that is rapidly gaining credence amongst those working in
synthetic supramolecular chemistry. Indeed, we and others
had previously used the concurrent operation of combinations
of disparate recognition algorithms, such as metal ± ligand/
hydrogen-bonding[16] or p ± p stacking/hydrogen-bonding[7e,


15a,15d] algorithms, for the solid-state supramolecular synthesis
of interwoven superstructures that would once have been
inconceivable. The research presented here demonstrates that
a combination of two different algorithms of the same type (in
this case, hydrogen-bonding interactions) can also be em-
ployed for the noncovalent synthesis of interwoven super-
structures in the solid state. It must be emphasized, however,
that only once the factors involved in crystal packing are
completely understood will synthetic supramolecular chem-
ists be able to control inter(supra)molecular architectures
with a level of precision comparable to that which has been
observed hitherto in natural systems.


Experimental Section


General : Flash chromatography was carried out employing the customary
procedures.[34] Melting points were determined on an Electrothermal 9200
melting point apparatus and are uncorrected. 1H and 13C NMR spectra
were recorded at 20 8C on a Bruker AC300 spectrometer (at 300.1 and
75.5 MHz, respectively) with the deuterated solvent as the lock and the
residual solvent as internal reference. Liquid secondary ion mass spectra
(LSIMS) were obtained from a VG ZabSpec mass spectrometer equipped
with a cesium ion source and utilizing a m-nitrobenzyl alcohol matrix.
Electron-impact mass spectra (EIMS) were obtained from a VG ProSpec
mass spectrometer. Microanalyses were performed by the University of
North London Microanalytical Services.


Benzyl-4-carboxybenzylammonium hexafluorophosphate (2 ´ PF6): A sol-
ution of benzylamine (10, 1.50 g, 14.0 mmol) and methyl 4-formylbenzoate
(7, 2.30 g, 14.0 mmol) in PhMe (205 mL) was heated under reflux for 15.5 h
while the H2O discharged was isolated with a Dean ± Stark separator. The
solution was filtered while hot and the solvent evaporated off under
reduced pressure to yield 3.53 g (100 %) of 4-carbomethoxybenzylidene-
benzylamine as a white solid [1H NMR (CDCl3): d� 3.95 (s, 3H), 4.87 (s,
2H), 7.24 ± 7.25 (m, 5H), 7.85 (d, J� 8 Hz, 2H), 8.09 (d, J� 8 Hz, 2H), 8.45
(s, 1 H)], which was dissolved in a THF/MeOH solution (1:1, 110 mL).
NaBH4 (0.57 g, 15.0 mmol) was added with stirring at ambient temperature.
A further portion of NaBH4 (0.59 g, 15.5 mmol) was added to the reaction
mixture after an additional 2 h. The solution was stirred subsequently for
20 h, before being treated with 1n HCl to adjust the pH to 2. After
evaporation of the solvent in vacuo, the residue was partitioned between 1n
NaOH (100 mL) and CH2Cl2 (100 mL). The aqueous phase was then
further extracted with CH2Cl2 (2� 100 mL). The combined organic extracts
were dried (MgSO4), filtered, and concentrated to afford 3.37 g (95 %) of
benzyl-4-carbomethoxybenzylamine 13[7 e] as a pale brown oil [1H NMR


(CDCl3): d� 3.79 (s, 2H), 3.85 (s, 2H), 3.89 (s, 3H),
7.15 ± 7.37 (m, 5H), 7.41 (d, J� 8 Hz, 2 H), 7.99 (d,
J� 8 Hz, 2H)]. A portion of this aminoester (1.03 g,
4.0 mmol) was boiled with 12n HCl (40 mL) for
19 h. On cooling, the residual white solid was
collected and washed with EtOH (25 mL), CHCl3


(25 mL), and Et2O (25 mL). The solid was taken up
in boiling H2O (300 mL), then a solution of NH4PF6


(0.86 g, 5.3 mmol) in H2O (8 mL) was added and the
cooled solution extracted with MeNO2 (3�
200 mL). The combined MeNO2 extracts were
washed with H2O (200 mL) and the solvent evapo-
rated off under reduced pressure to provide the title
compound as a white solid (0.97 g, 62%). M.p. 176 ±


179 8C; 1H NMR (CD3CN): d� 4.25 (s, 2H), 4.29 (s, 2H), 7.46 (s, 5H), 7.57
(d, J� 8 Hz, 2H), 8.06 (d, J� 8 Hz, 2H); 13C NMR (CD3CN): d� 51.9, 52.8,
128.9, 130.2, 130.9, 131.25, 131.28, 131.32, 132.0, 136.6, 168.5; MS (LSI): m/
z� 242 [MÿPF6]� ; C15H16F6NO2P (387.3): calcd C 46.52, H 4.16, N 3.62;
found C 46.41, H 4.16, N 3.53.


Benzyl-3-carboxybenzylammonium hexafluorophosphate (3 ´ PF6): Benzyl-
amine (10, 1.61 g, 15.0 mmol) was condensed with methyl 3-formylben-
zoate (8,[35] 2.46 g, 15.0 mmol) following the general procedure (vide supra)
to provide 3-carbomethoxybenzylidenebenzylamine (3.80 g, 100 %) as an
oily white solid [1H NMR (CDCl3): d� 3.93 (s, 3 H), 4.85 (s, 2H), 7.28 ± 7.38
(m, 5 H), 7.49 (t, J� 8 Hz, 1H), 8.02 (d, J� 8 Hz, 1 H), 8.10 (d, J� 8 Hz,
1H), 8.39 (s, 1H), 8.43 (s, 1H)], which was reduced with NaBH4 (see
preparation of 13) to furnish benzyl-3-carbomethoxybenzylamine (14,
3.83 g, 100 %) as a yellow oil [1H NMR (CDCl3): d� 3.81 (s, 2 H), 3.85 (s,
2H), 3.91 (s, 3H), 7.22 ± 7.44 (m, 6 H), 7.56 (d, J� 8 Hz, 1 H), 7.93 (d, J�
8 Hz, 1H), 8.02 (s, 1 H)]. A portion of this aminoester (1.04 g, 4.1 mmol)
was converted into the title compound by a procedure similar to that
described for 2 ´ PF6; a white solid (1.27 g, 80%) was obtained. M.p. 191 ±
194 8C with decomp.; 1H NMR (CD3CN): d� 4.25 (s, 2 H), 4.31 (s, 2H), 7.46
(s, 5H), 7.58 (t, J� 8 Hz, 1H), 7.71 (d, J� 8 Hz, 1 H), 8.07 (d, J� 8 Hz, 1H),
8.16 (s, 1H); 13C NMR (CD3CN): d� 52.1, 52.7, 129.7, 130.0, 130.2, 130.6,
131.0, 131.9, 132.0, 132.4, 132.7, 136.1, 167.3; MS (LSI): m/z� 242 [Mÿ
PF6]� ; C15H16F6NO2P (387.3): calcd C 46.52, H 4.16, N 3.62; found C 46.68,
H 4.25, N 3.68.


Bis(4-carboxybenzyl)ammonium hexafluorophosphate (4 ´ PF6): Bis(4-car-
bomethoxybenzyl)amine (15,[36] 0.52 g, 1.7 mmol) was transformed into the
title compound by the general procedure given above for 2 ´ PF6. It was
acquired as a white solid (0.46 g, 65%). M.p. 209 ± 213 8C; 1H NMR
(CD3CN): d� 4.31 (s, 4H), 7.56 (d, J� 8 Hz, 4H), 8.06 (d, J� 8 Hz, 4H);
13C NMR (CD3CN): d� 51.9, 131.0, 131.2, 132.1, 136.0, 167.3; MS (LSI): m/
z� 286 [MÿPF6]� ; C16H16F6NO4P (431.3): calcd C 44.56, H 3.74, N 3.25;
found C 44.37, H 3.57, N 3.92.


Methyl 3-aminomethylbenzoate (12): HCl gas was bubbled through a
solution of 3-carboxybenzylammonium chloride[20] (2.48 g, 13.2 mmol) in
MeOH (110 mL) for 10 min. The resultant solution was heated under reflux
for 14 h with protection from the atmosphere. The solution was filtered and
the solvent removed in vacuo. The residual white solid was triturated with
Et2O (140 mL) before being collected and partitioned between 5 %
aqueous Na2CO3 (40 mL) and CH2Cl2 (60 mL). The aqueous phase was
further extracted with CH2Cl2 (3� 60 mL), then the combined organic
extracts were dried (MgSO4), filtered, and concentrated to provide the title
compound as a colorless oil (0.63 g, 29%). 1H NMR (CDCl3): d� 1.54 (br s,
2H), 3.87 (s, 5H), 7.36 (t, J� 8 Hz, 1H), 7.47 (d, J� 8 Hz, 1 H), 7.87 (d, J�
8 Hz, 1H), 7.95 (s, 1 H); 13C NMR (CDCl3): d� 46.1, 52.1, 128.0, 128.1,
128.6, 130.3, 131.7, 143.6, 167.1; HRMS (EI) C9H12NO2 [M�H]�: calcd m/
z� 166.0868; found m/z� 166.0872.


Bis(3-carboxybenzyl)ammonium hexafluorophosphate (5 ´ PF6): Methyl 3-
aminomethylbenzoate (12, 0.62 g, 3.8 mmol) was condensed with methyl 3-
formylbenzoate (8 [35] 0.62 g, 3.8 mmol) following the general procedure
(vide supra) to provide 3-carbomethoxybenzylidene-3-carbomethoxyben-
zylamine as a viscous yellow oil (1.13 g, 97%) [1H NMR (CDCl3): d� 3.91
(s, 3H), 3.93 (s, 3H), 4.88 (s, 2H), 7.41 ± 7.61 (m, 3 H), 7.93 ± 8.14 (m, 4H),
8.40 (s, 1H), 8.46 (s, 1H)], which was reduced with NaBH4 (see preparation
of 13) to provide bis(3-carbomethoxybenzyl)amine (16) as a thick yellow
oil (1.02 g, 90 %) [1H NMR (CDCl3): d� 3.85 (s, 4H), 3.91 (s, 6 H), 7.40 (t,
J� 8 Hz, 2 H), 7.55 (d, J� 8 Hz, 2H), 7.93 (d, J� 8 Hz, 2H), 8.01 (s, 2H)],
which was boiled with a stirred 12n HCl solution (28 mL) for 68 h. The
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Scheme 2. Cartoon highlighting the role of BPP34C10 as a girdle for supramolecular synthesis that,
possibly in conjunction with attendant anions, dictates the orientation of recognition sites in space.
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reaction mixture was treated with H2O (20 mL) and the precipitated solid
collected. This solid was washed with H2O (20 mL), Me2CO (20 mL), and
Et2O (20 mL), before being suspended in Me2CO (300 mL). 0.2m NH4PF6


was added, and the suspension stirred at room temperature for 1 h. The
resulting clear solution was filtered and the Me2CO removed under
reduced pressure so that the hexafluorophosphate salt precipitated out of
solution. The suspension that remained was treated with H2O (200 mL), the
solid collected and then washed with H2O. The solid was then dissolved in
Me2CO (200 mL), 30 mg of decolorizing charcoal was added, and the
solution boiled for 5 min, before being filtered while hot. This procedure
was repeated and the solvent was evaporated off under reduced pressure to
provide 5 ´ PF6 as a white solid (1.00 g, 71%). M.p. 217 8C with decomp.; 1H
NMR (CD3CN): d� 4.31 (s, 4 H), 7.59 (t, J� 8 Hz, 2 H), 7.69 (d, J� 8 Hz,
2H), 8.07 (d, J� 8 Hz, 2 H), 8.13 (s, 2H); 13C NMR (CD3CN): d� 51.9,
130.3, 131.6, 131.7, 132.3, 133.6, 135.7, 166.0; MS (LSI): m/z� 286 [Mÿ
PF6]� ; C16H16F6NO4P (431.3): calcd C 44.56, H 3.74, N 3.25; found C 44.71,
H 3.62, N 3.20.


Diethyl 5-formylisophthalate (9): A stirred solution of diethyl 5-bromo-
methylisophthalate[18] (1.26 g, 4.0 mmol) and bis(tetrabutylammonium)
dichromate (5.62 g, 8.0 mmol) in CHCl3 (20 mL) was heated under reflux
for 2.5 h. On cooling to ambient temperature, the reaction mixture was
filtered through 19.5 g of flash silica. The silica was washed with Et2O
(250 mL) and the combined CHCl3 and Et2O solutions concentrated to give
a dark brown gum. Flash chromatography with CH2Cl2 provided the title
compound as a white solid (0.76 g, 76 %). M.p. 90 8C; 1H NMR (CDCl3):
d� 1.39 (t, J� 7 Hz, 6H), 4.40 (q, J� 7 Hz, 4 H), 8.65 (s, 2 H), 8.85 (s, 1H),
10.09 (s, 1H); 13C NMR (CDCl3): d� 14.3, 61.9, 132.2, 134.2, 135.7, 136.8,
164.8, 190.6; MS (EI): m/z� 250 [M]� ; C13H14O5 (250.3): calcd C 62.39, H
5.64; found C 62.57, H 5.54.


Benzyl-3,5-dicarboxybenzylammonium hexafluorophosphate (6 ´ PF6): Fol-
lowing the standard procedure (vide supra), benzylamine (10, 0.32 g,
3.0 mmol) was condensed with diethyl 5-formylisophthalate (9, 0.74 g,
3.0 mmol) to give 3,5-dicarboethoxybenzylidenebenzylamine as a white
solid (0.98 g, 97%) [1H NMR (CDCl3): d� 1.40 (t, J� 7 Hz, 6 H), 4.41 (q,
J� 7 Hz, 4 H), 4.88 (s, 2 H), 7.10 ± 7.43 (m, 5H), 8.46 (s, 2H), 8.59 (s, 1H),
8.72 (s, 1H)]. A portion of this aldimine (0.21 g, 0.6 mmol) was reduced
with NaBH4 (see preparation of 13) to afford benzyl-3,5-dicarboethoxy-
benzylamine 17 as a yellow oil (0.20 g, 95 %) [1H NMR (CDCl3): d� 1.38 (t,
J� 7 Hz, 6H), 3.78 (s, 2H), 3.86 (s, 2 H), 4.37 (q, J� 7 Hz, 4 H), 7.19 ± 7.39
(m, 5 H), 8.19 (s, 2H), 8.54 (s, 1H)], that was transformed into the title
compound 6 ´ PF6 (employing a procedure similar to that described for 2 ´
PF6), which was obtained as a white solid (0.15 g, 59 %). M.p. 194 ± 195 8C
with decomp.; 1H NMR (CD3CN): d� 4.25 (s, 2 H), 4.38 (s, 2 H), 7.46 (s,


5H), 8.35 (s, 2 H), 8.58 (s, 1 H); 13C NMR (CD3CN): d� 51.4, 52.5, 130.0,
130.5, 130.7, 131.0, 131.8, 132.2, 132.4, 136.7, 166.3; MS (LSI): m/z� 286
[MÿPF6]� ; C16H16F6NO4P (431.3): calcd C 44.56, H 3.74, N 3.25; found C
44.49, H 3.95, N 3.17.


Crystal growth : The crystal growing methods that were used have been
described by Jones.[37] Table 4 lists the techniques employed and the solvent
systems utilized for the preparation of single crystals that were suitable for
X-ray crystallographic analysis.


X-ray crystallography : Table 5 provides a summary of the crystal data, data
collection and refinement parameters for complexes [DB24C8 ´ 2][PF6],
[DB24C8 ´ 4][PF6], [DB24C8 ´ 5][PF6], [DB24C8 ´ 6][PF6], [BPP34C10 ´
(2)2][PF6]2, [BPP34C10 ´ (3)2][PF6]2 and [BPP34C10 ´ (6)2][PF6]2. Although
structure solution and refinement details for [BPP34C10 ´ (2)2][PF6]2 and
[BPP34C10 ´ (6)2][PF6]2 have already been published,[17] the data for these
compounds are included here as their structures have been refined again
slightly differently. The structures were solved by direct methods and were
refined by full-matrix least-squares based on F 2. In [DB24C8 ´ 5][PF6] and
[BPP34C10 ´ (6)2][PF6]2, disorder was found in part of one of the polyether
linkages and, in the latter, in the benzyl ring of the cation. In each case, this
disorder was resolved into two partial-occupancy orientations, the major
occupancy portions of which were refined anisotropically. In [DB24C8 ´
2][PF6], [DB24C8 ´ 4][PF6], [DB24C8 ´ 6][PF6], and [BPP34C10 ´
(6)2][PF6]2, the PFÿ6 anions were found to be disordered. For each structure,
this disorder was resolved into two partial-occupancy orientations, the
major occupancy portions of which were refined anisotropically. The PhH
solvent molecules in [DB24C8 ´ 2][PF6] were optimized and refined
anisotropically. The included Me2CO molecules in [DB24C8 ´ 4][PF6] were
ordered and refined anisotropically. The solvent molecules in [DB24C8 ´
5][PF6] were found to be disordered over two partial-occupancy sites, the
atoms of both being refined isotropically. In [DB24C8 ´ 6][PF6], the half-
occupancy included Me2CO molecule was refined anisotropically. The
MeCN molecules in [BPP34C10 ´ (2)2][PF6]2 were not clearly defined, and
the solvent was modeled by the assignment of various peaks of electron
density to total up to two-and-a-half molecules. In [BPP34C10 ´ (3)2][PF6]2,
the three included PhH molecules were found to be a mixture of ordered
and disordered molecules (with two of the ordered ones positioned about
centers of symmetry), all the non-hydrogen atoms of which were refined
anisotropically. In [BPP34C10 ´ (6)2][PF6]2, the two PhH molecules were
found to be distributed over three partial occupancy sites, all of which were
refined isotropically. The remaining non-hydrogen atoms in all of the
structures were refined anisotropically. In each structure, the C ± H
hydrogen atoms were placed in calculated positions, assigned isotropic
thermal parameters, U(H)� 1.2Ueq(C) [U(H)� 1.5Ueq(C ± Me)], and al-
lowed to ride on their parent atoms. The N ± H hydrogen atoms in all the
structures were optimized and refined isotropically. In [DB24C8 ´ 2][PF6],
[DB24C8 ´ 4][PF6], and [DB24C8 ´ 6][PF6] the O ± H hydrogen atoms were
located from DF maps and refined isotropicallyÐin the other four
structures, these hydrogen atoms could not be located. Computations were
carried out using the SHELXTL PC program system.[38] Crystallographic
data (excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-100689. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: (� 44) 1223-336-033; e-mail : depos-
it@ccdc.cam.ac.uk).
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Table 5. Crystal data, data collection, and refinement parameters.[a]


[DB24C8 ´ 2]-
[PF6]


[DB24C8 ´ 4]-
[PF6]


[DB24C8 ´ 5]-
[PF6]


[DB24C8 ´ 6]-
[PF6]


[BPP34C10 ´ (2)2]-
[PF6]2


[BPP34C10 ´ (3)2]-
[PF6]2


[BPP34C10 ´ (6)2]-
[PF6]2


formula C39H48NO10 ´ PF6 C40H48NO12 ´ PF6 C40H48NO12 ´ PF6 C40H58NO12 ´ PF6 C58H72N2O14 ´ 2PF6 C58H72N2O14 ´ 2PF6 C60H72N2O18 ´ 2PF6


solvent 2 PhH Me2CO 0.25 Me2CO 0.5Me2CO 2.5 MeCN 3 PhH 2PhH
formula weight 992.0 937.8 894.3 908.8 1413.8 1545.4 1555.4
color, habit clear blocks clear prisms clear prismatic


needles
clear prisms clear plates clear plates clear rhombs


crystal size (mm) 0.83� 0.83� 0.67 0.93� 0.83� 0.40 0.50� 0.30� 0.13 0.53� 0.50� 0.40 0.37� 0.33� 0.30 0.83� 0.63� 0.10 0.30� 0.28� 0.10
lattice type monoclinic triclinic triclinic monoclinic triclinic triclinic monoclinic
space group P21/c, 14 P1Å , 2 P1Å , 2 P21/n, 14 P1Å , 2 P1Å , 2 P21/c, 14
T (K) 293 293 293 293 293 203 293
a (�) 16.248(3) 11.908(1) 11.015(3) 16.890(1) 10.619(1) 10.154(1) 12.513(1)
b (�) 17.194(3) 12.336(1) 11.022(1) 15.997(2) 17.292(1) 17.209(1) 16.555(1)
c (�) 19.002(3) 16.627(2) 19.764(2) 20.949(1) 22.109(2) 24.643(5) 18.593(1)
a (8) ± 79.92(1) 78.39(1) ± 79.64(1) 105.49(1) ±
b (8) 105.99(1) 83.55(1) 77.94(2) 104.79(1) 79.54(1) 101.51(2) 96.10(1)
g (8) ± 76.17(1) 89.81(1) ± 76.94(1) 99.27(1) ±
V (�3) 5103(1) 2328.8(4) 2296.6(7) 5472.7(9) 3848.2(4) 3960.1(9) 3829.7(5)
Z 4 2 2 4 2 2 2[b]


1calcd (gcmÿ3) 1.291 1.337 1.293 1.103 1.220 1.296 1.349
F(000) 2088 984 936 1904 1478 1620 1624
radiation used MoKa MoKa CuKa CuKa


[c] CuKa
[c] CuKa


[c] CuKa
[c]


m (mmÿ1) 0.13 0.15 1.26 1.07 1.27 1.27 1.36
q range 1.8 ± 22.5 2.0 ± 25.0 2.3 ± 63.0 3.0 ± 57.5 2.0 ± 55.0 1.9 ± 55.0 3.6 ± 60.0
no. unique reflns
measured


6625 8157 7400 7421 7886 9776 5661


no. unique reflns
observed,
jFo j> 4s( jFo j )


3994 4844 5257 3566 3167 5485 3497


no. of variables 594 622 586 614 813 933 550
R1


[d] 0.063 0.079 0.083 0.130 0.158 0.090 0.087
wR2


[e] 0.164 0.217 0.246 0.337 0.401 0.212 0.237
weighting factors
a, b[f]
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[a] Details in common: graphite-monochromated radiation, w-scans, Siemens P4 diffractometer, refinement based on F 2. [b] The supermolecule has
crystallographic Ci symmetry. [c] Rotating anode source. [d] R1�S j jFo j j ÿjFc j j /S jFo j . [e] wR2�


p
{S[w(F2


oÿF2
c)2]/S[w(F2


o)2]}. [f] wÿ1�s2(F2
o)� (aP)2�
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Cyclophanes and [2]Catenanes as Ligands for Transition Metal Complexes:
Synthesis, Structure, Absorption Spectra, and Excited State and
Electrochemical Properties**


Peter R. Ashton, Vincenzo Balzani,* Alberto Credi, Oldrich Kocian, Dario Pasini,
Luca Prodi, Neil Spencer, J. Fraser Stoddart,* Malcolm S. Tolley, Margherita Venturi,
Andrew J. P. White, and David J. Williams*


Abstract: Two novel cyclophanes (L4�
1


and L4�
2 ), derived from the previously


investigated cyclobis(paraquat-p-phe-
nylene) tetracation by the replacement
of one and two p-phenylene spacers by
2,2'-bipyridine units suitable as binding
sites for the coordination of transition
metals, have been synthesized, as have
the [2]catenanes L4�


3 and L4�
4 incorpo-


rating L4�
1 and the macrocyclic polyethers


bis-p-phenylene-34-crown-10 and 1,5-di-
naphtho-38-crown-10. L4�


1 , L4�
2 , L4�


3 , and
L4�


4 were then used to synthesize some
novel mono- and binuclear ruthen-
ium(ii), rhenium(i), silver(i), and copper(i)
complexes, which were characterized by
mass spectrometry, NMR spectroscopy,
and, where possible, X-ray crystallogra-
phy. The absorption spectra, lumines-
cence properties, and electrochemical
behavior of the L4�


1 , L4�
2 , and L4�


4 ligands
and the complexes [Re(CO)3L1Cl]4�,
[Re(CO)3L4Cl]4�, [{Re(CO)3Cl}2L2]4�,
[Ru(bpy)2L1]6�, [Ru(bpy)2L4]6�, and


[{Ru(bpy)2}2L2]8� were investigated. Be-
sides the ligand-centered bands, the ReI


and RuII complexes display metal-to-
ligand charge-transfer (MLCT) bands in
the visible region similar to those of
model compounds [Re(CO)3(Cl)(bpy)]
and [Ru(bpy)3]2�. None of the com-
plexes studied emits at room temper-
ature, because the potentially lumines-
cent MLCT excited state undergoes
electron-transfer quenching by the para-
quat-type units in the ligands. In a rigid
matrix at 77 K, where electron transfer
cannot occur, emission is observed from
the complexes containing the cyclo-
phane ligands L4�


1 and L4�
2 , but not from


those containing the catenane ligand
L4�


4 , in which quenching can still take
place by energy transfer to a low-energy


CT excited state of the catenane moiety.
In the potential window examined
(ÿ2.2/�2.1 V), L4�


1 and L4�
2 can accept


reversibly five and six electrons, respec-
tively, with processes localized on their
paraquat- or bpy-type units. The cate-
nane ligand L4�


4 , besides the reduction
processes associated with the L4�


1 cyclo-
phane, undergoes two oxidation proc-
esses involving the dioxynaphthalene
moieties of the crown ether. The com-
plexes exhibit several redox processes
(up to a total of nine exchanged elec-
trons in the case of [Ru(bpy)2L4]6� and
[{Ru(bpy)2}2L2]8�) that can be assigned
to i) reduction of the paraquat- and bpy-
type moieties of the ligands, ii) reduction
of the bpy ligands (in the Ru com-
plexes), iii) oxidation of the metals, and
iv) oxidation of the dioxynaphthalene
units of the crown ether (in complexes
containing the catenane ligand).


Keywords: catenanes ´ cyclophanes
´ electrochemistry ´ luminescence ´
transition metals


FULL PAPER


Introduction


Supramolecular chemistry has been considerably enriched by
the introduction of abiotic systems capable of self-assembling
and self-organizing with a high degree of selectivity.[1] The


coordination of transition metals to nitrogen-containing
aromatic ligands has been exploited by several research
groups as a viable recognition motif for the construction of
complex and fascinating molecular architectures, such as
double and triple helicates,[2] catenates,[3] molecular knots,[4]
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and dendritic systems.[5] Metal ± ligand interactions are ex-
tremely appealing because of the strength of the coordinative
bond and the variety of geometries that one can obtain by
changing the central metallic core of transition metal com-
plexes.


Recently, interest has grown rapidly in the design and
development of photochemical molecular-level devices capa-
ble of performing useful light-induced functions.[6] Transition
metal based systems have the advantage over their organic
counterparts of significant tunability with respect to the
structural and electronic properties of both the inorganic and
organic components.[7] Polypyridine transition metal com-
plexes, particularly of RuII, ReI, and OsII, show great promise
as components of photochemical devices.[7±11]


One approach to the construction of interlocked molecular
compounds and intertwined supramolecular arrays, based on
a self-assembly paradigm, relies upon p-electron-deficient
and p-electron-rich subunits of high mutual complementarity.
Together with the previously reported [2]catenanes 14� and
24�,[12] based on the p-electron-deficient cyclobis(paraquat-p-
phenylene) and the p-electron-rich macrocyclic polyethers
bis-p-phenylene-34-crown-10 (BPP34C10) and 1,5-dinaphtho-
38-crown-10 (1/5DN38C10), we have recently achieved the
self-assembly of the [2]catenanes 34� and 44� bearing one or
two 3,3'-disubstituted bitolyl spacers inserted into the skel-
eton of the tetracationic cyclophane components.[13]


OOOO


N


N


N


N


O O O O O


O
OOOO


N


N


N


N


O O O O O


O


N


N N


N


OOOO


O O O O O


O


N


N N


N


OOOO


O O O O O


O


+
++


++


+


++


+


24+ 14+ 


++


+


+


34+ 


+


+ +


44+ 


Herein we describe the syntheses and characterizations of
the novel tetracationic cyclophanes L4�


1 and L4�
2 (Scheme 1)


and [2]catenanes L4�
3 and L4�


4 (derived from L4�
1 in Scheme 2)


containing 2,2'-bipyridine moieties as binding sites for the
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Scheme 1. Synthesis of the tetracationic cyclophanes L1 ´ 4 PF6 and L2 ´
4PF6, containing one and two 2,2'-bipyridine moieties, respectively.
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Scheme 2. The self-assembly of the catenanes L3 ´ 4PF6, L4 ´ 4 PF6, 8 ´ 4PF6,
and 9 ´ 4PF6; the latter two contain L2 as their tetracationic cyclophane
components.
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coordination of a variety of transition metals. We also report
the syntheses of novel mono- and binuclear ruthenium(ii),
rhenium(i), silver(i), and copper(i) complexes of these ligands,
and an investigation of the absorption spectra, emission
spectra, and electrochemical properties of the L4�


1 , L4�
2 and


L4�
4 ligands and the [Re(CO)3L1Cl]4�, [Re(CO)3L4Cl]4�, [{Re-


(CO)3Cl}2L2]4�, [Ru(bpy)2L1]6�, [Ru(bpy)2L4]6�, and [{Ru-
(bpy)2}2L2]8� complexes.[14]


Results and Discussion


Synthesis of ligands : The ligands L4�
1 and L4�


2 (Scheme 1) bear
the 2,2'-bipyridine unit as a binding site for metal complex-
ation. This unit was incorporated into L4�


1 and L4�
2 via 4,4'-


bis(bromomethyl)-2,2'-bipyridine (5 e). The synthesis of the
dibromide 5 e by radical bromination of 4,4'-dimethyl-2,2'-


bipyridine (5 a) has been reported recent-
ly.[15] However, in our hands this reaction
gave a mixture of polybrominated com-
pounds that was difficult to purify. In the
event, we prepared the dibromide 5 e in
four steps in 46 % yield overall from the
commercially available 5 a. We employed
the highly efficient method for oxidation
of 5 a to 5 b using chromium(vi) oxide in
concentrated H2SO4 (92 % yield) as al-
ready reported in the literature.[16] The
diacid 5 b was then converted by treatment
with MeOH and H2SO4 into its dimethyl
ester 5 c (84 % yield), which was subse-


quently reduced (79 % yield) to the diol 5 d with NaBH4 in
EtOH, once again following a literature procedure.[17] Reflux-
ing the diol 5 d with 48 % hydrobromic acid produced the
dibromide 5 e in 75 % yield. The cyclophane L4�


1 was
synthesized (Scheme 1) in 24 % yield as its hexafluorophos-
phate salt directly under high dilution conditions (MeCN,
reflux) by reaction of the dibromide 5 e with the known[18]


bis(hexafluorophosphate) salt 6 ´ 2 PF6, followed by flash
column chromatography (SiO2: MeOH/2m aq. NH4Cl/Me-
NO2, 7:2:1) and anion exchange (NH4PF6/H2O). The cyclo-
phane L4�


2 was prepared in two steps. Reaction of 4,4'-
bipyridine with the dibromide 5 e yielded, after anion
exchange (NH4PF6/H2O), the bis(hexafluorophosphate) salt
7 ´ 2 PF6 (90 % yield), which was cyclized (again under high
dilution conditions) with the dibromide 5 e to give
(Scheme 1), after flash column chromatography and counter-
ion exchange (NH4PF6/H2O), the tetracationic cyclophane
L4�


2 as its hexafluorophosphate salt in 25 % yield.
The [2]catenane ligands L4�


3 and L4�
4 , containing the


macrocyclic polyethers BPP34C10 and 1/5DN38C10, could
be prepared at room temperature and at either ambient or
ultrahigh pressure using MeCN and DMF as solvents, respec-
tively (Scheme 2). In both cases, one of the precursors of the
interlocked rings, either the macrocyclic polyether BPP34C10
or the bis(hexafluorophosphate) salt 6 ´ 2 PF6 and the dibro-
mide 5 e, was used in excess. Following chromatography and
counterion exchange, L4�


3 and L4�
4 were isolated as their


hexafluorophosphate salts in 30 and 41 % yields, respectively.


Attempts to incorporate two bipyridine moieties as ligands
into the tetracationic cyclophane component of a catenated
structure were also made. However, with the crown ether
BPP34C10, the yield from the attempted catenation at room
temperature and ambient pressure was extremely low: the
[2]catenane 8 ´ 4 PF6 was isolated in only 3 % yield (Scheme 2).
Unexpectedly, when the reaction was carried out under
ultrahigh-pressure conditions, no [2]catenane was obtained
and only a trace of the corresponding [3]catenane 9 ´ 4 PF6 was
isolated and characterized by mass spectrometry. This result
may be explained by the fact that 4,4'-disubstituted-2,2'-
bipyridine moieties exist in many different conformations as a
consequence of torsion around the aryl ± aryl bond. It is
believed[18] that, when the tricationic complex is formed
(Figure 1), the ring closure to afford the interlocked com-
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Figure 1. Schematic illustration of a possible route for the formation of the
catenanes 8 ´ 4PF6 and 9 ´ 4PF6.


pound is assisted by effective p ± p stacking interactions
throughout the system. The preference of 2,2'-bipyridine to
exist in an anti conformation presumably keeps the bipyr-
idinium and the pyridylpyridinium units of the tricationic
intermediate complex too far away from each other for
efficient ring closure.[19]


Preparation of RuII complexes : The ligands L4�
1 ± L4�


4 were
introduced into the bis-heteroleptic mononuclear [Ru-
(bpy)2L1](PF6)6, [Ru(bpy)2L3](PF6)6, and [Ru(bpy)2L4](PF6)6,
and dinuclear [{Ru(bpy)2}2L2](PF6)8 complexes in 82 ± 97 %
yields (Schemes 3 ± 5) by reactions of excesses of L4�


1 ± L4�
4


with [Ru(bpy)2Cl2] in EtOH/H2O.
The RuII complexes were separated from excesses of the


starting materials by treatment of the crude products with
H2O and filtration; after counterion exchange (NH4PF6/H2O),
they were purified by slow crystallization/precipitation from
iPr2O/MeCN.


Preparation of ReI complexes : The mononuclear [Re-
(CO)3L1Cl](PF6)4 and [Re(CO)3L4Cl](PF6)4 and the dinuclear
[{Re(CO)3Cl}2L2](PF6)4 rhenium(i) tricarbonyl complexes
(Schemes 3 ± 5) were obtained in each case by refluxing the
ligand (L4�


1 , L4�
4 , or L4�


2 ) with an excess of [Re(CO)5Cl] in
anhydrous MeOH. After cooling, the products were collected
by filtration and the excesses of the starting materials were
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removed by washing with THF to give the corresponding
complexes in 66 ± 82 % yield.


Preparation of AgI and CuI complexes : The addition of
Ag(CF3SO3) to MeCN solutions of L4�


1 , L4�
3 , and L4�


4 in
separate experiments led to the isolation of the silver(i)
complexes [Ag(L1)2](PF6)9, [Ag(L3)2](PF6)9, and [Ag(L4)2]-
(PF6)9 in 82 ± 93 % yields. Similarly, when the ligands L4�


1 and
L4�


4 were treated with [Cu(MeCN)4](PF6), the complexes
[Cu(L1)2](PF6)9 and [Cu(L4)2](PF6)9 were obtained in 83 and
95 % yields, respectively (Schemes 3 and 4).


Mass spectrometry of ligands : Liquid secondary ion mass
spectrometry (LSIMS) was employed in the characterization
of the ligands L4�


1 ± L4�
4 (Table 1). In all cases, peaks for the


successive losses of one, two, or three PFÿ6 counterions from
the molecular ion were observed. Additionally, the cleavage
of the crown ethers from the [2]catenanes L3 ´ 4 PF6 and L4 ´
4 PF6 produces peaks which correspond to the free cyclophane
component L1 ´ 4 PF6, once again with the successive loss of
counterions.


In the case of the [3]catenane 9 ´ 4 PF6, peaks corresponding
to [M]� , [MÿPF6]� , [Mÿ 2 PF6]� , and [Mÿ 3 PF6]� at m/z�
2330, 2185, 2040, and 1894 were observed. The loss of one
crown ether to produce the corresponding [2]catenane is
responsible for peaks at m/z� 1647, 1502, and 1357, while loss
of the second crown ether produces peaks at m/z� 1111, 966,
and 821, which correspond to the free cyclophane L2 ´ 4 PF6


with successive loss of the counterions as usual.
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Scheme 3. Preparation of the mononu-
clear AgI, CuI, ReI, and RuII complexes
containing the cyclophane L4�
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2 .


Mass spectrometry of complexes : The results obtained using
LSIMS are summarized in Table 1. A general pattern is
observed where successive losses of counterions from the
molecular ion produce the major significant peaks in the
spectra. In the cases of Ag(L1)2 ´ 9 PF6 and Ag(L4)2 ´ 9 PF6, it
was necessary to predissolve the complexes in DMSO before
addition to the m-nitrobenzyl alcohol matrix in order to
produce satisfactory spectra: ions corresponding to the loss of
silver from the molecular ion, in addition to the successive
losses of counterions, were detected.


1H NMR spectroscopy of ligands : In the 1H NMR spectra, a-
CH, b-CH and a'-CH, b'-CH are used to denote the protons
on the 4,4'-bipyridinium units contained between p-xylyl and
2,2'-bipyridyl spacers. The convention adopted is one in which
a- and b-CH describes the pyridinium ring of the 4,4'-
bipyridinium unit which is adjacent to the p-xylyl spacer. Thus
a'- and b'-CH protons belong to the pyridinium ring which is
adjacent to the 2,2'-bipyridyl spacer. The protons on the 2,2'-
bipyridyl spacers and on the 2,2'-bipyridine ligands coordi-
nated to ruthenium are marked in the Experimental Section
as PyH and bpyH protons, respectively. NOE difference
spectroscopy has been used to obtain full proton assignments.
In the case of L4�


1 (CD3CN, 258C), irradiation of the methylene
protons next to p-xylyl spacer at d� 5.77 leads to an NOE
enhancement in the signals for the xylyl protons and a-CH
protons at d� 7.56 and 8.86, respectively. Similarly, irradiation
of the NCH2 protons close to 2,2'-bipyridyl at d� 5.87
produces an increase in the intensity of the signals for the
protons H-5 and H-3 on bipyridyl spacer and the a'-CH
protons on the bipyridinium unit at d� 7.88, 8.13, and 8.92,
respectively. Finally, irradiation of a-CH protons yields an
enhanced intensity of the b-CH proton signals at d� 8.18.


The 1H NMR spectra of the [2]catenanes L4�
3 and L4�


4 both
showed temperature-dependent behavior. Two dynamic proc-
esses (Scheme 6) occurring within these [2]catenanes could be
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Scheme 6. The dynamic processes occurring in the [2]catenanes L4�
3 and


L4�
4 on the 1H NMR time scale.


Table 1. LSIMS data[a] for the bis(hexafluorophosphate) salt 7 ´ 2 PF6, the
[2]catenane 8 ´ 4 PF6, the [3]catenane 9 ´ 4PF6, the ligands L1 ´ 4 PF6, L2 ´
4PF6, and their corresponding RuII, ReI, AgI, and CuI complexes.


M[b] MÿPF6 Mÿ 2PF6 Mÿ 3PF6


7 ´ 2PF6 (784)[c] 639 493
8 ´ 4PF6 (1792) 1647 1502 1357
9 ´ 4PF6 2330 2185 2040 1894
L1 ´ 4PF6 (1178) 1033 888 743
L2 ´ 4PF6 (1256) 1111 966 821
L3 ´ 4PF6 (1715) 1570 1422
L4 ´ 4PF6 1814 1669 1524 1379
[Ru(bpy)2L1](PF6)4 (1882) 1737 1592 1447
[{Ru(bpy)2}2L2](PF6)4 (2664) 2519 2375 2229
[Ru(bpy)2L3](PF6)4 (2318) 2273 2128 1983
[Ru(bpy)2L4](PF6)4 (2518) 2373 2229 2084
[Re(CO)3ClL1](PF6)4 (1484) 1339 1194 1049
[Re(CO)3ClL1](Cl4) (1046) 1011 974 939
[{Re(CO)3Cl}2L2](PF6)4 (1868) 1723 1578 1433
[Re(CO)3ClL4](PF6)4 2120 1975 1830 1685
[Ag(L1)2](PF6)9


[d, e] (2610) 2465 2320 2176
[Ag(L3)2](PF6)9 (3828) (3683) 3538 3393
[Ag(L4)2](PF6)9


[d, f] (3883) (3738) (3593) (3448)
[Cu(L1)2](PF6)9 (2566) 2420 2274 2130
[Cu(L4)2](PF6)9 (3839) 3693 3549 3403


[a] LSIMS mass spectra were obtained with a VG ZabSpec mass
spectrometer equipped with a Cs ion source. [b] M�molecular weight.
[c] The numbers in parentheses refer to peaks that were not observed.
[d] The spectra were run in a mixture of m-nitrobenzylalcohol and DMSO.
[e] The fragmentation pattern corresponding to [MÿAgÿ 2PF6]� ,
[MÿAgÿ 3 PF6]� , [MÿAgÿ 4PF6]� was also observed. [f] The fragmen-
tation pattern corresponding to [MÿAgÿ 2PF6]� , [MÿAgÿ 3PF6]� ,
[MÿAgÿ 4 PF6]� , [MÿAgÿ 5 PF6]� was observed.
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identified and characterized. 1H NMR spectra (Figure 2)
recorded for the [2]catenane L4�


4 in CD3CN at 354 K indicate
fast circumrotation of the crown ether ring through the
tetracationic cyclophane. As a result of this process, two


Figure 2. The partial temperature-dependent 1H NMR spectra (400 MHz)
of the [2]catenane L4 ´ 4 PF6 recorded a) in CD3CN at 354 K, b) in
CD3COCD3 at 243 K and c) in CD3COCD3 at 178 K.


signals each for chemically nonequivalent a-bipyridinium
protons, b-bipyridinium protons, and NCH2 protons are
revealed. On cooling a CD3COCD3 solution to 243 K, two
sets of four signals corresponding to a-bipyridinium protons
and b-bipyridinium protons are observed. This temperature-
dependent behavior indicates that the circumrotation of the
macrocyclic polyether is slow on the 1H NMR time scale and
that C2 symmetry is imposed on the tetracationic cyclophane
by the 1,5-dioxynaphthalene residue. When a CD3COCD3


solution of the [2]catenane L4�
4 is cooled to 178 K, the


circumrotation of the tetracationic cyclophane through the
crown ether is slow on the 1H NMR time scale and the two
bipyridinium units become anisochronous, since one bipyr-
idinium unit lies inside and the other alongside the cavity of
the crown ether. This temperature-dependent behavior is
reflected in two sets of eight signals for the a- and the b-
protons of the bipyridinium unit. The a/b pairs were assigned
following DQF COSY experiments.


The kinetic and thermodynamic parameters[21] (Table 2) for
the circumrotation of the macrocyclic polyether component
through the cavity of the tetracationic cyclophane component
(process 1 in Scheme 6) show that the activation barrier for
this process is decreased upon introduction of one bipyridine
spacer into the skeleton of the tetracationic cyclophane
component. The activation barriers obtained for the [2]cate-
nanes L4�


3 and L4�
4 are in agreement with the values reported


for the [2]catenane 34� (Table 2), but show a marked decrease
when compared with the data obtained for their parent
[2]catenanes, 14� and 24�, with p-xylyl spacers present in the
tetracationic cyclophane component. This decrease in the
activation barrier presumably reflects the reduced stability of
the p-acceptor/p-donor/p-acceptor recognition motif in the
catenane, as the bipyridinium acceptor units are held further
apart, enlarging the cavity of the cyclophane component. The
values for the activation energy barriers obtained for proc-
ess 2 (Scheme 6) in the case of the [2]catenanes L4�


3 and L4�
4 ,


which involves the circumrotation of the tetracationic cyclo-
phane components around the neutral macrocyclic compo-
nent, do not show any dramatic variation when compared with
the [2]catenanes mentioned above (Table 2).


Table 2. Kinetic and thermodynamic parameters[a] for processes 1 and 2 (Scheme 6) obtained from the temperature-dependent 400 MHz 1H NMR spectra of
the [2]catenanes L3 ´ 4PF6, L4 ´ 4 PF6, 1 ´ 4PF6, 2 ´ 4PF6, and 3 ´ 4PF6.


[2]catenane Probe DnÄ [a] (Hz) kc
[a] (sÿ1) Tc


[a] (K) DG 6�
c


[a] (kcal molÿ1) Process
protons (DnÄ)[b] (kex)[b] (Tex)[b] (DG 6�


ex)[b]


1 ´ 4PF6
[c] OC6H4O (19) (60) (313) (15.7) 1[d]


a-CH ± bpy 74 165 250 12.0 2
2 ´ 4PF6


[e] OC10H6O (108) (240) (361) (17.2) 1[f]


a-CH ± bpy 24 75 257 12.7 2
3 ´ 4PF6


[g] OC6H4O (24) (75) (257) (12.8) 1[f]


a-CH ± bpy 65 144 239 11.5 2
L3 ´ 4PF6 OC6H4O 714 1586 299 13.1 1[d]


a-CH ± bpy 115 255 229 10.8 2
L4 ´ 4PF6 b-CH ± bpy 220 489 263 12.1 1[d]


b-CH ± bpy 50 111 189 9.1 2


[a] Data not in parentheses relate to the coalescence method (see ref. [20]). [b] Data in parentheses relate to the exchange method (see ref. [20]). [c] P. R.
Ashton, T. T. Godnow, A. E. Kaifer, M. V. Reddington, A. M. Z. Slawin, N. Spencer, J. F. Stoddart, C. Vicent, D. J. Williams, Angew. Chem. 1989, 101, 1404 ±
1408; Angew. Chem. Int. Ed. Engl. 1989, 28, 1396 ± 1399. [d] In CD3COCD3. [e] P. R. Ashton, C. L. Brown, E. J. T. Chrystal, T. T. Godnow, A. E. Kaifer, K. P.
Parry, D. Philp, A. M. Z. Slawin, N. Spencer, J. F. Stoddart, D. J. Williams, J. Chem. Soc. Chem. Commun. 1991, 634 ± 639. [f] In CD3CN. [g] See ref. [13].
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1H NMR spectroscopy of complexes : Selected 1H NMR
chemical shift data for the cyclophane ligands L4�


1 and L4�
2 ,


and for the corresponding metal complexes, are listed in
Table 3. In the case of the [Re(CO)3L1Cl]4� and [{Re-
(CO)3Cl}2L2]4� complexes, considerable shifts to the higher
frequencies could be observed upon attachment of the
electron-withdrawing Re(CO)3Cl group compared with the
same protons in the free ligands L4�


1 and L4�
2 . On the other


hand, a remarkable shift to lower frequencies has been
observed for the H-6 proton resonances of the 2,2'-bipyridyl
spacer in all investigated RuII complexes. The 1H NMR
spectra of the CuI and AgI complexes show no marked
differences in chemical shifts upon metal complexation.


In the case of the dinuclear [{Ru(bpy)2}2L2]8� complex, one
might expect a mixture of meso (LD) and rac (LL/DD)
diastereoisomeric forms. Unfortunately, we have not been
successful in separation of the diastereoisomeric pairs using
base-deactivated reversed phase HPLC with 0.1 % TFA in a
H2O/MeCN solvent gradient.


X-ray crystallography : The X-ray analysis (Figure 3) of
[Re(CO)3ClL1](PF6)4 shows the tetracationic cyclophane
component to have a toboggan-like conformation with the


Figure 3. X-ray crystal structure of the complex [Re(CO)3L1(Cl)](PF6)4.


p-xylyl and 2,2'-bipyridyl spacers inclined by 92 and 1228,
respectively, to the mean plane of the cyclophane (as defined
by the four methylene carbon atoms). The 2,2'-bipyridyl


portion acts as a bidentate ligand to the Re center, which has
distorted octahedral coordination geometry (the angles at Re
are in the range 74.4(3) ± 99.8(4)8 and 172.2(4) ± 175.4(3)8, the
most acute angle being due to the bite of the 2,2'-bipyridyl
ligand). The two Re ± N bonds are of the same length
(2.167(7), N(1) and 2.165(7), N(8) �) as are the two trans
Re ± C distances (1.90(1) and 1.91(1) �). The Re ± C bond
trans to Cl is slightly longer at 1.93(1) �, reflecting the trans
effect of the Cl atom; the Re ± Cl distance is 2.468(3) �. There
are no significant intercomplex p ± p interactions, though the
included benzene solvent molecules enter into both intra- and
intercomplex p ± p stacking interactions. One of these inter-
actions involves a benzene molecule inserted into the cyclo-
phane�s cavity and sandwiched between the two bipyridinium
units (mean interplanar separations of 3.50 and 3.55 �), an
interaction which is supplemented by a C ± H ´´´ p interaction
between one of the hydrogen atoms of the benzene molecule
and the p-xylyl spacer of the cyclophane (the H ´´´ p distance is
2.88 � and the associated C ± H ´´´ p angle 1788). The other
included benzene molecule is p-stacked between the N(1)-
containing pyridyl ring of one complex and its Ci related
counterpart of another. The associated ring centroid/ring
centroid and interplanar separations are 3.36 and 3.46 �,
respectively.


The X-ray structure (Figure 4) of [Ag(L1)2](PF6)9 shows the
2:1 complex to have crystallographic C2 symmetry, the
geometry at Ag being severely distorted tetrahedral with
angles at Ag in the range 71.6(2) ± 135.4(2)8. The size of the
smaller of these angles is again due to the bite of the 2,2'-
bipyridyl ligand, and the other distortion from tetrahedral is
due to a twisting of the two Ag ± N2 coordination planes about
the vector bisecting the N-Ag-N angle by 118 from an


Figure 4. X-ray crystal structure of the complex [Ag(L1)2](PF6)9.


Table 3. 1H NMR chemical shift data [d values] for ligands and complexes in CD3CN at ambient temperature.


Bipyridinium Py p-Xylyl
a'-CH a-CH b'-CH b-CH H-6 H-3 H-5 CH2N� C6H4 CH2N�


L1 ´ 4PF6 8.92 8.86 8.21 8.18 8.83 8.13 7.88 5.87 7.56 5.77
[Re(CO)3ClL1](PF6)4 9.07 8.89 8.21 8.18 9.17 8.51 7.95 5.96 7.64 5.79
[Ru(bpy)2L1](PF6)4 8.88 8.84 8.16 8.12 7.90 8.33 7.66 5.81 7.63 5.79
[Ag(L1)2](PF6)8 9.00 8.88 8.21 8.19 8.76 8.11 7.73 5.83 7.55 5.75
[Cu(L1)2](PF6)4


[a] 9.51 9.44 8.59 8.59 8.77 8.24 7.90 5.91 7.67 5.83
L2 ´ 4PF6 8.95 ± 8.17 ± 8.77 8.27 7.72 5.84 ± ±
[{Re(CO)3Cl}2L2](PF6)4 9.02 ± 8.29 ± 9.15 8.30 7.93 5.97 ± ±
[{Ru(bpy)2}2L2](PF6)8 8.96 ± 8.28 ± 7.89 8.30 7.64 5.89 ± ±


[a] In CD3SOCD3. The d values for L1 ´ 4PF6 in CD3SOCD3 are 9.54, 9.44, 8.60, 8.77, 8.24, 7.90, 5.95, 7.68, and 5.83 for the a'-CH, a-CH, b'-CH, b-CH, H-6, H-
3, H-5, bpy NCH2, C6H4, and xylyl NCH2, respectively.
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orthogonal relationship between them. The two independent
Ag ± N distances are essentially the same at 2.297(5), N(1) and
2.315(5), N(8). The cyclophane has a conformation that is
similar to that in the Re complex, although in [Ag(L1)2](PF6)9


the p-xylyl and 2,2'-bipyridyl rings are inclined by 84 and 1078
to the mean plane of the cyclophane. In common with the Re
complex, here again we see the trapping of a benzene solvent
molecule within the cyclophane by a combination of a C ± H ´´
´ p interaction to the p-xylyl spacer (H ´´´ p, 2.65 �; C ± H ´´´ p,
1608) and p ± p stacking with one of the bipyridinium units
(interplanar separation ca. 3.55 �). The presence of only this
single p ± p interaction is due to a substantial twist, (ca. 408)
between the two pyridinium rings of one of the bipyridinium
units causing an offset of the included benzene ring within the
cavity. Inspection of the packing of the 2:1 complex (Figure 5)


Figure 5. Packing of the molecules of the complex [Ag(L1)2](PF6)9.


reveals an extensive array of both face-to-face and T-type
edge-to-face aryl/aryl interactions involving the 2,2'-bipyridyl,
a pyridinium, the p-xylyl, and the other included benzene
solvate molecule (the other benzene molecule is held within
the cyclophane; see above). This included benzene molecule
is involved in a pair of C ± H ´´´ p interactions: one of these is
to one of the pyridinium rings of the cyclophane (H ´´´ p,
2.73 �; C ± H ´´´ p, 1568), whereas the other is to the opposite
face of the ring from one of the p-xylyl hydrogen atoms (H ´´´
p, 2.86 �; C ± H ´´´ p, 1408). The intercomplex interactions are
a parallel p ± p stacking between pairs of 2,2'-bipyridyl rings
(interplanar separation, 3.41 �) and a weaker face-to-face
interaction (3.77 �) between the p-xylyl ring of one molecule
and the pyridinium ring of another, that involved also in a C ±
H ´´´ p interaction with the included benzene molecule.


The X-ray analysis (Figure 6) shows the diruthenium
complex [{Ru(bpy)2}2L2](PF6)8 to have an averaged Ci sym-
metric geometry.[22] The tetracationic cyclophane, which
functions as a bis-bidentate ligand, adopts a chairlike con-
formation. The two 2,2'-bipyridyl spacers are inclined by 648
to the mean plane of the cyclophane, while the two
independent pyridinium rings are tilted steeply inwards, being
inclined by 17 and 278 to this plane. The latter two ring-tilts
are in opposite senses, thereby producing a 448 twist between
them. As a result of these tilts, the macroring is essentially
self-filling. The geometry observed at each ruthenium center


Figure 6. X-ray crystal structure of the complex [{Ru(bpy)2}2L2](PF6)8.


is disordered, there being a superimposition of D and L


configurations.[23] The crystallographic evidence suggests an
inability to produce a resolved (i.e. chiral) complex. What we
cannot be certain about is whether we have a structure that is
disordered with an equal mixture of DD and LL forms or of
DL (and LD) formsÐor, indeed, a mixture of all three
diastereoisomers. The shortest intermolecular Ru ´´´ Ru sep-
arations (9.05 �) are significantly shorter than the intra-
molecular separation (17.43 �) of these atoms.


The X-ray structure (Figure 7) of the [2]catenane L4 ´ 4 PF6


shows the 2,2'-bipyridyl spacer in the tetracationic cyclophane
to have a twisted anti conformation (mean twist between the
two pyridyl rings of 1398), a geometry distinctly different from
that observed in the metal complexes (vide supra). Despite
this geometry the four corner methylene carbon atoms are
coplanar to within 0.09 �. The 1/5DN38C10 ring component
is threaded in a conventional manner through the center of
the tetracationic cyclophane, the inside and alongside
OC10H6O vectors being inclined by 49 and 108, respectively,
to the mean plane of the tetracation. The catenane is
stabilized by i) p ± p stacking interactions between the inside


Figure 7. X-ray crystal structure of the [2]catenane L4 ´ 4PF6.
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1,5-dioxynaphthalene ring system and the inside and along-
side bipyridinium units (interplanar separations of 3.45 and
3.59 �, respectively) and between the alongside 1,5-dioxy-
naphthalene ring system and the inside bipyridinium unit
(interplanar separations of 3.46 �), and ii) a C ± H ´´´ p


interaction involving one of the peri hydrogen atoms on the
inside 1,5-dioxynaphthalene ring system and p-xylyl ring of
the cyclophane (H ´´´ p, 2.81 �; C ± H ´´´ p, 1498). There are no
C ± H ´´´ O hydrogen bonds. Futhermore, somewhat unusually,
there are no extended intermolecular p ± p stacking inter-
actions between molecules in the crystal.


Absorption spectra of ligands : The absorption spectra of the
ligands L4�


1 , L4�
2 , and L4�


4 are shown in Figure 8; the wave-
lengths of the absorption maxima and the molar absorption
coefficients are listed in Table 4. The ligands L4�


1 and L4�
2


display strong absorptions in the UV region, consistent with
the absorption bands shown by the 2,2'-bipyridyl-[21] and
paraquat-type[18] subunits. The catenane ligand L4�


4 , besides an
intense UV absorption, shows the expected[24] charge-transfer
band in the visible region owing to the interaction between


Figure 8. Absorption spectra (MeCN, 298 K) of the ligands L4�
1 (full line),


L4�
2 (dotted line), and L4�


4 (dashed line).


the electron-accepting paraquat-type units and the electron-
donating dioxynaphthalene units.


Absorption spectra of complexes : The results obtained are
summarized in Table 4, where the previously available data
for the [Re(CO)3(Cl)(bpy)] and [Ru(bpy)3]2� model com-
pounds are also included for comparison purposes. The
absorption spectra of the [Re(CO)3L1Cl]4�, [Re(CO)3L4Cl]4�,
and [{Re(CO)3Cl}2L2]4� complexes are shown in Figure 9 and
those of the [Ru(bpy)2L1]6�, [Ru(bpy)2L4]6�, and [{Ru-
(bpy)2}2L2]8� complexes in Figure 10. The discussion that
follows is based on the usual assumption that the ground and
excited states of ReI and RuII polypyridine complexes can be
described by localized molecular orbital configurations.[7±11]


The ReI complexes containing a bpy-type ligand are
characterized by a metal-to-ligand charge-transfer (MLCT)
band at the border between the UV and Vis spectral region
resulting from an electron transition from an orbital mainly
localized on Re to a p* orbital mainly localized on the bpy-
type ligand.[11] In the spectrum of [Re(CO)3L1Cl]4�, one can
see a strong absorption band below 300 nm, which is due to
the paraquat-type and bpy-type chromophoric groups of L4�


1 .


Figure 9. Absorption (MeCN, 298 K) and luminescence (inset: butyroni-
trile, 77 K) spectra of the complexes [Re(CO)3L1Cl]4� (full line), [{Re-
(CO)3Cl}2L2]4� (dotted line), and [Re(CO)3L4Cl]4� (dashed line).


Table 4. Absorption and emission properties of ligands and complexes.


Absorption 298 K[a] Emission 298 K[a] Emission 77 K[b]


lmax (nm) e (mÿ1 cmÿ1) lmax (nm) t (ns) lmax (nm) t (ms)


L4�
1 266 48000 ± ± ± ±


L4�
2 273 60000 ± ± ± ±


L4�
4 271 55000 ± ± ± ±


512 1100
[Re(CO)3(Cl)(bpy)] 370[c] 3400[c] 622[c] 25[c] 530[d, e] 3.8[d, e]


[Re(CO)3L1Cl]4� 255 54000 ± ± 561 3.1
396 3900


[Re(CO)3L4Cl]4� 394 4800 ± ± ± ±
512 1600


[{Re(CO)3Cl}2L2]4� 250 71000 ± ± 579 1.7
394 7800


[Ru(bpy)3]2� 450[f] 14300[f] 630[f] 1150[f] 582[f, g] 5.1[f, g]


[Ru(bpy)2L1]6� 255 64000 ± ± 597 6.0
285 80000
450 11500


[Ru(bpy)2L4]6� 285 80000 ± ± ± ±
470 9000


[{Ru(bpy)2}L2]8� 285 132000 ± ± 603 5.2
448 23500


[a] Acetonitrile solution. [b] Butyronitrile rigid matrix. [c] See ref. [11]. [d] EPA matrix. [e] See ref. [25]. [f] See ref. [7]. [g] In MeOH/EtOH rigid matrix.
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Figure 10. Absorption (MeCN, 298 K) and luminescence (inset: butyroni-
trile, 77 K) spectra of the complexes [Ru(bpy)2L1]6� (full line),
[{Ru(bpy)2}2L2]8� (dotted line), and [Ru(bpy)2L4]6� (dashed line).


The MLCT band is found at considerably lower energy than
that in the [Re(CO)3(Cl)(bpy)] model compound.[11, 25] This
difference can be attributed to the Coulombic stabilization
offered to the MLCT excited state by the positive charges on
the paraquat-type units present in L4�


1 . The MLCT band of
[{Re(CO)3Cl}2L2]4� occurs at the same wavelength and shows
an absorption coefficient twice that of [Re(CO)3L1Cl]4�, sug-
gesting that the two metal-based moieties do not substantially
perturb each otherÐa conclusion which is confirmed by the
electrochemical results (see below). Comparison of the ab-
sorption spectra of [Re(CO)3L1Cl]4� and [Re(CO)3L4Cl]4� in-
dicates that the latter complex displays a more intense absorp-
tion in the 300 ± 350 nm spectral region because of the bands
due to the 1/5DMN units of the crown ether, and a tail in the
400 ± 600 nm region due to the CT band of the catenane ligand.


It is well known[7, 8] that the RuII complexes of bpy-type
ligands exhibit a MLCT band in the visible region around
450 nm. Besides the ligand-centered bands in the UV region,
the absorption spectrum of [Ru(bpy)2L1]6� (Figure 10) shows
a MLCT band much broader (toward lower energies) than
that of the [Ru(bpy)3]2� model compound.[7, 8] This is a result
of the presence of two types of ligands (bpy and L4�


1 ) involved
in the MLCT transitions. The Ru!bpy transitions presum-
ably occur at the same energy as in the model compound, but
the transition involving the bpy moiety of L4�


1 occurs at lower
energy because of the above-mentioned Coulombic stabiliza-
tion offered to the MLCTexcited state by the positive charges
on the paraquat-type units in L4�


1 . The MLCT band of
[{Ru(bpy)2}2L2]8� occurs at the same wavelength and has an
absorption coefficient twice that of [Ru(bpy)2L1]6�. This
suggests that, as in the case of the ReI complex containing
the L4�


2 ligand, the two metal-based moieties do not substan-
tially perturb each other. When the L4�


1 tetracationic cyclo-
phane ligand is replaced by the L4�


4 catenane ligand, the band
in the visible region is apparently shifted to lower energy
because of the contribution of the CT band present in L4�


4 .
In conclusion, the bpy-type moieties of the L4�


1 , L4�
2 and L4�


4


ligands behave substantially as simple bpy ligands, but the
energy of the MLCT transition involving such ligands is
moderately affected by the appended paraquat-type moieties.


Emission spectra of ligands : Among the chromophoric units
of the L4�


1 , L4�
2 , and L4�


4 ligands, only the dioxynaphthalene


units of the crown ether are potentially luminescent. In the
catenane ligand L4�


4 , however, the luminescent excited state of
the dioxynaphthalene units is quenched because of the
charge-transfer interaction with the paraquat-type units, as
previously observed for catenane 24�.[24] Therefore, none of
the L4�


1 , L4�
2 , and L4�


4 ligands exhibits luminescence.


Emission spectra of complexes : The [Re(CO)3(Cl)(bpy)] and
[Ru(bpy)3]2� model compounds (Table 4) are known to
luminesce relatively strongly, both in fluid solution at room
temperature and in a rigid matrix at 77 K, from the lowest
triplet metal-to-ligand charge-transfer (3MLCT) excited
state.[7, 8, 11] None of the complexes examined emits at room
temperature. This result is expected, since it is well known
that paraquat-type units can quench the luminescent excited
state of Re and Ru polypyridine complexes by electron
transfer.[11] In a rigid matrix at 77 K, where electron transfer is
prevented,[26] emission can be observed from the complexes
containing the L4�


1 and L4�
2 ligands (Figures 9 and 10, insets),


but not from those containing the catenane ligand L4�
4


(Table 4). This situation shows that, in [Ru(bpy)2L4]6� and
[Re(CO)3L4Cl]4�, the 3MLCT excited state is quenched by
energy transfer to the low-energy CT excited state of the
catenane moiety. For the Re and Ru complexes of the L4�


1 and
L4�


2 ligands, emission is shifted to lower energies compared
with the emission of the [Re(CO)3(Cl)(bpy)] and [Ru-
(bpy)3]2� model compounds (Table 4) because of the stabiliz-
ing effect of the positive charges of the paraquat-type units on
the 3MLCT excited state. It can also be noted that the
emission of [{Re(CO)3Cl}2L2]4� is slightly red-shifted com-
pared to that of [Re(CO)3L1Cl]4�. For both the Re and Ru
complexes containing the L4�


1 and L4�
2 ligands, the emission


lifetime is close to that of the corresponding model com-
pound.


In conclusion, even from the viewpoint of the emission pro-
perties, the bpy-type moieties of the L4�


1 , L4�
2 , and L4�


4 ligands
behave substantially as simple bpy ligands, but the appended
paraquat-type moieties in L4�


1 and L4�
2 and the CT catenane


interaction in L4�
4 play an important role. Particularly worth


noting, in view of the possible use of these compounds in
photodriven mechanical systems,[6d] is the photoinduced
electron-transfer process taking place at room temperature
from the 3MLCT excited state to a paraquat-type unit in the
[Re(CO)3L1Cl]4�, [{Re(CO)3Cl}2L2]4�, [Ru(bpy)2L1]6�, and
[{Ru(bpy)2}2L2]8� complexes.


Electrochemistry of ligands : The electrochemical data for the
ligands L4�


1 , L4�
2 and L4�


4 are gathered in Table 5. Figure 11
shows schematically the relationships of the processes occur-
ring for L4�


1 and L4�
4 . All the potential values are referred to


the SCE electrode.
In the case of L4�


1 , two reversible bielectronic processes are
observed at ÿ0.29 and ÿ0.73 V, followed by a process
(ÿ2.10 V) near the end of the accessible potential window.
The first and second processes can be assigned to the first and
second simultaneous monoelectronic reductions of the two
paraquat-type units. The observed potentials are almost the
same as those found for the previously investigated tetraca-
tionic cyclobis(paraquat-p-phenylene).[18, 23] The third process
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Figure 11. Genetic diagram of the redox potentials of the L4�
1 cyclophane


ligand, the L4�
4 catenane ligand, and of their ReI complexes. For comparison


purposes, the redox potentials of the [Re(CO)3(Cl)(bpy)] model compound
and of the crown ether 1/5DN38C10, which is a component of L4�


4 , are also
shown. Solid symbols correspond to reduction processes centered on the
paraquat- (*) and the bipyridine-type (&) units. Empty symbols correspond
to oxidation processes centered on the ReI metal ion (^) and the 1/5DMN
units (*).


is due to the reduction of the bpy-type unit (ÿ2.09 V in DMF
at ÿ54 8C for 2,2'-bipyridine).[27] For the L4�


2 ligand, which
contains two paraquat-type and two bpy-type units, four
processes are observed. The first two reversible processes
(ÿ0.29 and ÿ0.68 V) are bielectronic in nature and can be
straightforwardly assigned to the first and second simulta-
neous monoelectronic reductions of the two paraquat-type
units. The third and fourth processes (at ÿ2.03 and about
ÿ2.2 V, respectively) can be assigned to the reduction of the
two equivalent, but apparently interacting, bpy-type units.


Catenane L4�
4 is formed by the interlocking of two


components, the L4�
1 tetracationic cyclophane and the 1/


5DN38C10 macrocyclic polyether. The latter component
displays two not fully reversible oxidation processes at
�1.00 and �1.15 V, showing that there is some interaction
between the two equivalent 1/5DMN units. In the catenane,
L4�


1 -localized reduction and 1/5DN38C10-localized oxidation
processes are expected to occur. In addition, considering the
perturbations caused by the charge-transfer interaction,
which also induces topological differences between the two
paraquat-type units of the cyclophane and the two 1/5DMN


units of the crown ether, one expects
i) the shift of the reduction processes to
more negative potentials and of the
oxidation processes to more positive
potentials, and ii) the splitting of the
degenerate reduction waves of L4�


1 . The
observed behavior (Table 5 and Fig-
ure 11) is fully consistent with the above
expectations and with the behavior of
the analogous catenane 24�.[24, 28] Specif-
ically, on reduction, the first and third
processes can be assigned to the first and
second reduction of the alongside para-
quat-type unit, whereas the second and
fourth processes concern the first and
second reduction of the inside unit. On
oxidation, the two processes concern


oxidation of the alongside and inside electron-donor 1/
5DMN units, respectively. The reduction of the bpy moiety
(ÿ2.10 V for L4�


1 ) cannot be observed in L4�
4 , suggesting that,


when the paraquat-type units have been reduced twice and
therefore cannot play a role as electron acceptors, the
electron-donor moieties of the crown can be involved in a
charge-transfer interaction with the bpy unit.


Electrochemistry of complexes : We have examined the
electrochemical behavior of complexes [Re(CO)3L1Cl]4�,
[Re(CO)3L4Cl]4�, [{Re(CO)3Cl}2L2]4�, [Ru(bpy)2L1]6�, [Ru-
(bpy)2L4]6�, and [{Ru(bpy)2}2L2]8�. The results are listed in
Table 5, where the data of the [Re(CO)3(Cl)(bpy)] and
[Ru(bpy)3]2� model compounds are also shown for compar-
ison purposes. Figure 11 shows schematically the relationships
of the processes occurring for the L4�


1 and L4�
4 ligands and for


their Re complexes, while Figure 12 shows the cyclic voltam-


Figure 12. Cyclic voltammetric behavior on reduction of 5� 10ÿ4m
[Ru(bpy)2L4]6� (acetonitrile solution, 298 K, potential values vs. SCE, scan
rate 50 mV sÿ1, glassy carbon as working electrode, 0.05m Et4NPF6 as
supporting electrolyte).


metric behavior on reduction of [Ru(bpy)2L4]6�. Previous
investigations on ReI and RuII polypyridine complexes have
shown that, to a first approximation, the electrochemical
processes can be discussed on the basis of localized molecular
orbital configurations.[7±11]


[Re(CO)3L1Cl]4� (Figure 11) shows three reduction and
one oxidation processes. The first two (bielectronic) reduction


Table 5. Electrochemical data for ligands and complexes.[a]


Ered (V) Eox (V)


L4�
1 ÿ 0.29;[b] ÿ0.73;[b] ÿ2.10 ±


L4�
4 ÿ 0.31; ÿ0.49; ÿ0.79; ÿ0.86 � 1.36;[c] �1.63[c]


L4�
2 ÿ 0.29;[b] ÿ0.68;[b] ÿ2.03; ÿ2.17 ±


[Re(CO)3(bpy)(Cl)][d] ÿ 1.32 � 1.36
[Re(CO)3L1Cl]4� ÿ 0.28;[b] ÿ0.70;[b] ÿ1.33 � 1.43; �1.86[c]


[Re(CO)3L4Cl]4� ÿ 0.27; ÿ0.43; ÿ0.82;[b] ÿ1.40 � 1.33;[c] �1.40;[c] �2.04[c]


[Ru(bpy)3]2� ÿ 1.33; ÿ1.52; ÿ1.78 � 1.29
[Ru(bpy)2L1]6� ÿ 0.28;[b] ÿ0.69;[b] ÿ1.32; ÿ1.51; ÿ1.77 � 1.37
[Ru(bpy)2L4]6� ÿ 0.28; ÿ0.44; ÿ0.83;[b] ÿ1.31; ÿ1.52; ÿ1.78 � 1.37; �1.54[c]


[{Re(CO)3Cl}2L2]4� ÿ 0.27;[b] ÿ0.62;[b] ÿ1.31;[b] � 1.42[b]


[{Ru(bpy)2}2L2]8� ÿ 0.28;[b] ÿ0.62;[b] ÿ1.29;[b] �ÿ 1.5[e] � 1.37[b]


[a] Argon-purged MeCN solution, 298 K; halfwave potential values in V vs SCE; reversible and
monoelectronic processes, unless otherwise noted. [b] Bielectronic process. [c] Not fully reversible;
potential values estimated from DPV peaks. [d] See ref. [25b]. [e] Affected by adsorption
phenomena.
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processes can be straightforwardly assigned to the first and
second simultaneous monoelectronic reductions of the two
paraquat-type units of the L4�


1 ligand. These waves are slightly
displaced toward less negative potentials compared with
uncoordinated L4�


1 . The only sizeable difference is the 30 mV
displacement of the second reduction wave to less negative
values. This displacement can perhaps be attributed to some
electron donation of the bireduced paraquat-type units to the
coordinated bpy moiety. The following (monoelectronic)
wave can be assigned to the reduction of the bpy moiety
which, because of metal coordination, becomes much easier
to reduce. This process occurs practically at the same potential
as for the bpy ligand of the [Re(CO)3(Cl)(bpy)][25b] model
compound showing that, once the paraquat units have been
reduced twice, the L4�


1 ligand (now reduced to L1) behaves
like a simple bpy ligand. On the oxidation side, [Re(CO)3L1-
(Cl)]4� exhibits the expected one-electron wave because of
metal oxidation, displaced by 70 mV toward more positive
potentials compared with [Re(CO)3(Cl)(bpy)].[25b] This dis-
placement can be attributed to the presence of a substituted
bpy ligand like L4�


1 , which is also responsible for the positive
charge of the complex.


In the case of [Ru(bpy)2L1]6� as many as six reversible
redox processes are observed. As in the case of the analogous
Re compound, the first two (bielectronic) reduction processes
can again be assigned to the first and second simultaneous
monoelectronic reductions of the two paraquat-type units of
the L4�


1 ligand, slightly displaced toward less negative
potentials compared with uncoordinated L4�


1 (40 mV for the
second reduction process). The three following (monoelec-
tronic) waves can be assigned to the successive one-electron
reduction of the three bpy moieties. These three processes
occur practically at the same potentials as in the [Ru(bpy)3]2�


model compound, showing once again that, after reduction of
the paraquat units, the cyclophane ligand behaves as a simple
bpy ligand. On the oxidation side, [Ru(bpy)2L1]6� exhibits the
one-electron wave due to metal oxidation, displaced by
80 mV toward more positive potentials compared with
[Ru(bpy)3]2�. This displacement can be attributed to the large
increase in the positive charge of the complex caused by the
tetracationic L4�


1 ligand.
The electrochemical behavior of the [Re(CO)3L4(Cl)]4�


(Figure 11) and [Ru(bpy)2L4]6� complexes, which contain
the L4�


4 catenane ligand, is very interesting. In the accessible
potential window, [Re(CO)3L4(Cl)]4� can lose three and
accept five electrons and [Ru(bpy)2L4]6� can lose three and
accept seven electrons. According to these expectations, the
reduction of the two complexes shows two monoelectronic
waves and one bielectronic wave involving the paraquat-type
units, followed by the monoelectronic reduction waves of the
bpy moietiesÐone for [Re(CO)3L4Cl]4� and three for
[Ru(bpy)2L4]6� (Figure 12). For both complexes, the first
and second reduction waves of the paraquat units are
displaced toward less negative potentials compared with the
free ligand L4�


4 (also compared with free L4�
1 ). These


displacements suggest that the charge-transfer interaction
between the paraquat units of L4�


1 and 1/5DN38C10 weakens
upon coordination. This outcome could be due to i) structural
constraints (imposed by the metal coordination of the bpy


unit of L4�
4 ) that prevent optimization of the charge-transfer


interaction in the coordinated catenane, and/or ii) the
increased electron-acceptor character of the bpy moiety upon
coordination, which could partially compete with the para-
quat units for the electron donor units of the crown ether. The
presence of structural constraints could also account for the
fact that the second reduction of the two paraquat units of the
coordinated catenane occurs at the same potential, contrary
to what happens with the uncoordinated catenane. For
[Re(CO)3L4Cl]4�, the reduction potential of the bpy-type unit
of L4�


4 is clearly displaced toward more negative potentials
compared with that of [Re(CO)3L1(Cl)]4�, an effect most
likely due to the interaction of the coordinated bpy moiety
with the electron-donating units of 1/5DN38C10, which is
expected to become stronger once the paraquat units have
been reduced (vide supra). For [Ru(bpy)2L4]6�, the reduction
of the three bpy moieties (i.e. , the two bpy ligands and the
bpy-type unit of L4�


4 in an unknown sequence) occurs at
almost the same potentials, just as it does in the case of
[Ru(bpy)2L1]6�


Upon oxidation, [Re(CO)3L4(Cl)]4� and [Ru(bpy)2L4]6� are
expected to exhibit a reversible metal-centered process and
two not fully reversible processes involving the 1/5DMN
moieties of the crown ether component of the L4�


4 catenane.
[Re(CO)3L4(Cl)]4� actually undergoes three not fully rever-
sible processes (Table 5). Comparison with the behavior of
L4�


4 and [Re(CO)3L1(Cl)]4� suggests that the first process is
due to the oxidation of the alongside 1/5DMN unit of the
catenane ligand and the second process to oxidation of the
metal. The oxidation of the alongside 1/5DMN unit does not
affect the potential of metal oxidation, but compromises its
reversibility because of the partial overlap of the two waves.
The third process can be assigned to the oxidation of the
inside 1/5DMN unit of the catenane ligand. [Ru(bpy)2L4]6�


undergoes only two processes. The first process, being
reversible, is assigned to the oxidation of the metal center,
and the second one, not fully reversible, to the oxidation of the
alongside 1/5DMN unit. Such a wave is displaced toward
more positive potentials, indicating that oxidation of the metal
affects the oxidation of the external 1/5DMN unit presumably
because of a change in the structure of the catenane caused by
an increased electron donation of the bpy moiety to the
oxidized metal. The oxidation of the inside 1/5DMN unit of
the crown is displaced outside the accessible potential
window. It should also be noted that at this stage the complex
has a very large (8� ) positive charge, so that further
oxidation becomes very difficult.


All the electrochemical processes observed for the binu-
clear complexes [{Re(CO)3(Cl)}2L2]4� and [{Ru(bpy)2}2L2]8�


are bielectronic in nature (Table 5), showing that i) the two
paraquat- and two bpy-type units of the L4�


2 ligand behave
almost independently, and ii) the two metal-based moieties
bridged by L4�


2 largely ignore each other. Thus, one expects to
observe three reduction waves and one oxidation wave for the
Re complex, and five reduction waves and one oxidation wave
for the Ru complex. In the case of [{Re(CO)3Cl}2L2]4�, the
four expected processes are observed. On the reduction side,
the first two processes are due to the first and second
simultaneous monoelectronic reduction of the two paraquat-
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type units of the bridging ligand, slightly displaced (60 mV for
the second reduction) toward less negative potentials com-
pared with uncoordinated L4�


2 . The successive reduction
process, due to the bpy moieties of the L4�


2 bridge, is very
close to the reduction process involving the bpy ligand of the
model compound. The simultaneous oxidation of the two Re
centers is displaced (60 mV) toward more positive potentials
compared with the model compound, that is, at practically the
same potential as for [Re(CO)3L1(Cl)]4�. In the case of
[{Ru(bpy)2}2L2]8�, only four reduction waves were observed.
The first two processes are again due to the first and second
simultaneous monoelectronic reductions of the two paraquat-
type units of the L4�


2 ligand, slightly displaced toward less
negative potentials compared with uncoordinated L4�


2 . The
following wave (ÿ1.29 V) can be assigned to the simultaneous
one-electron reduction of two bpy moieties (either two bpy
ligands coordinated to different metals, or the bpy-type units
of the L4�


2 bridge). The fourth process at about ÿ1.5 V is
affected by adsorption phenomena, which also preclude
observation of the other expected reduction processes. On
oxidation, a bielectronic process takes place at the same
potential as for the one-electron oxidation of the mononu-
clear [Ru(bpy)2L1]6� compound.


In conclusion, the electrochemical behavior of the various
redox active units present in the L4�


1 , L4�
2 , and L4�


4 ligands and
their complexes can be illustrated on the basis of Figure 11,
which explicitly refers to the L4�


1 and L4�
4 ligands and their


[Re(CO)3L1(Cl)]4� and [Re(CO)3L4(Cl)]4� complexes. In
going from the cyclophane L4�


1 to the catenane L4�
4 , the


charge-transfer interaction and the fact that the two paraquat-
type units of the cyclophane and the two 1/5 DMN units of the
crown ether are no longer topologically equivalent i) shift the
reduction processes to more negative potentials and the
oxidation processes to more positive potentials, and ii) split
the two degenerate reductions of L4�


1 into four separated
processes. On going from free L4�


1 to its metal complexes, the
reduction potentials of the paraquat-type units are scarcely
affected, while that of the bpy moiety, which is directly
involved in the metal coordination, moves a long way toward
less negative values. In the L4�


1 complexes, metal oxidation
occurs at practically the same values as in the respective
model compounds, indicating that the presence of the two
paraquat-type units is of no relevance to this process. The
changes observed in going from the free catenane ligand L4�


4


to its complexes are different from those observed in the case
of L4�


1 , suggesting that the catenane structure changes upon
coordination. The most noticeable feature is the lack of
splitting of the second reduction of the two paraquat-type
units. Comparison between the complexes of the L4�


1 and L4�
4


ligands shows that the metal-centered oxidation occurs at
practically the same potential, indicating that the presence of
the crown ether does not affect metal oxidation. We can also
note that oxidation of the metal and of the alongside 1/5DMN
unit of the catenane ligand L4�


4 occur at comparable
potentials. The results obtained show that oxidation of the
alongside 1/5DMN unit of the L4�


4 ligand does not affect the
subsequent oxidation of the metal (in [Re(CO)3L4(Cl)]4�),
whereas oxidation of the metal affects the successive oxida-
tion of this unit (in [Ru(bpy)2L4]6�). Furthermore, we notice


that the oxidation of the inside 1/5DMN unit, which occurs
after metal oxidation, is strongly displaced toward more
positive potentials (400 mV for [Re(CO)3L4(Cl)]4�, and out-
side the examined potential window for [Ru(bpy)2L4]6�).


Conclusions


We have synthesized the tetracationic cyclophanes L4�
1 and


L4�
2 , which contain paraquat-type units together with one and


two 2,2'-bipyridine moieties, respectively, as binding sites for
the coordination of transition metals. L4�


1 has also been used
to obtain the [2]catenanes L4�


3 and L4�
4 , made of the


tetracationic cyclophane and the macrocyclic polyethers
BPP34C10 and 1/5DN38C10, respectively. The L4�


1 and L4�
2


cyclophanes and the L4�
4 [2]catenane ligands have then been


used to synthesize novel mono- and binuclear ruthenium(ii),
rhenium(i), silver(i), and copper(i) complexes.


The L4�
1 , L4�


2 , and L4�
4 ligands and their [Re(CO)3L1(Cl)]4�,


[Re(CO)3L4(Cl)]4�, [{Re(CO)3(Cl)}2L2]4�, [Ru(bpy)2L1]6�,
[Ru(bpy)2L4]6�, and [{Ru(bpy)2}2L2]8� complexes display sev-
eral redox processes that can be assigned to reduction or
oxidation of specific redox-active units: i) reduction of the
paraquat- and bpy-type moieties of the cyclophane or
catenane ligands, ii) reduction of the bpy ligands (in the Ru
complexes), iii) oxidation of the metal (in the Ru and Re
complexes) and iv) oxidation of the dioxynaphthalene moi-
eties of the 1/5DN38C10 crown ether (in the L4�


4 ligand and in
its complexes).


The L4�
1 , L4�


2 , and L4�
4 ligands and their [Re(CO)3L1Cl]4�,


[Re(CO)3L4Cl]4�, [{Re(CO)3Cl}2L2]4�, [Ru(bpy)2L1]6�, [Ru-
(bpy)2L4]6�, and [{Ru(bpy)2}2L2]8� complexes exhibit the
absorption bands of their chromophoric subunits. Unlike the
[Ru(bpy)3]2� and [Re(CO)3(Cl)(bpy)] model compounds, the
RuII and ReI complexes do not exhibit any MLCT lumines-
cence at room temperature because of an electron-transfer
quenching process caused by the paraquat-type units of the
L4�


1 , L4�
2 , and L4�


4 ligands. In a rigid matrix at 77 K, where
electron transfer cannot occur, emission is observed from the
complexes containing the tetracationic cyclophane ligands
L4�


1 and L4�
2 , but not from those containing the catenane


ligand L4�
4 , where quenching can still occur by energy transfer


to the low-energy CT excited state.
The photoinduced electron-transfer process taking place at


room temperature from the 3MLCT excited state to a
paraquat-type unit in the [Re(CO)3L1(Cl)]4�, [{Re(CO)3-
(Cl)}2L2]4�, [Ru(bpy)2L1]6�, and [{Ru(bpy)2}2L2]8� complexes
could be useful in the design of new types of photodriven
molecular machines.


Experimental Section


Materials and methods : Solvents were purified and dried by literature
methods.[29] Reagents were purchased from Aldrich and used as received.
BPP34C10,[18] 1/5DN38C10,[30] 1,1'-[phenylenebis(methylene)]bis-4,4'-bi-
pyridinium bis(hexafluorophosphate)[31] (6 ´ 2PF6), tetrakis(acetonitrile)
copper(i) hexafluorophosphate,[32] and 4,4'-bis(hydroxymethyl)-2,2'-bipyr-
idine[17] were prepared as described in the literature. Reactions requiring
ultrahigh pressures were carried out in a Teflon vessel by means of a
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custom-built ultrahigh-pressure press, manufactured by PSIKA Pressure
Systems of Glossop (UK). Thin-layer chromatography (TLC) was carried
out on aluminum sheets precoated with silica gel 60F (Merck 5554) or with
alumina 60 (Merck 5550). The plates were inspected by UV light and
developed with iodine vapor. Flash column chromatography was per-
formed on silica gel H (5 ± 40 mm, Fluka 60770) with the solvents specified.
Analytical samples were dried in vacuo (0.1 Torr) at 60 ± 70 8C. Melting
points were determined on an Electrothermal 9200 apparatus and are not
corrected. 1H NMR spectra were recorded on a Joel 270 (270 MHz), a
Bruker AC 300 (300 MHz), or a Bruker AMX 400 (400 MHz) spectrometer
with either the solvent or TMS as internal standard. 13C NMR spectra were
recorded on Jeol 270, Bruker AC 300, or a Bruker AMX 400 spectrometer
at either 67.5, 75.5, or 100.0 MHz, respectively, using the JMOD pulse
sequence, with either the solvent or TMS as internal standard. All chemical
shifts are quoted on the d scale. Electron impact (EI) mass spectra were
recorded at 70 eV on a VG ProSpec mass spectrometer. Low-resolution
liquid secondary ion mass spectra (LSIMS) were obtained using a VG
ZabSpec mass spectrometer equipped with a cesium ion source operating
at � 30 keV. The matrix used was m-nitrobenzyl alcohol and the scan rate
5 s per decade. High-resolution mass spectra were obtained from the
ZabSpec in narrow range voltage scanning mode at � 6000 resolution and
employing a cesium/rubidium iodide reference mixture. Microanalyses
were performed by the University of Birmingham and the University of
North London Microanalytical Service. The equipment and procedures
used for the absorption, emission, and electrochemical measurements have
been described in detail in a previous paper.[24]


4,4'-Dicarboxy-2,2'-bipyridine (5b): The compound was prepared as
reported in the literature.[16] Yield 92 %, m.p.> 350 8C; the 1H NMR
spectrum was in accordance with that reported in the literature.[33] The
product was used without further purification in the next step.


4,4'-Dimethoxycarbonyl-2,2'-bipyridine (5 c): The compound was prepared
following a literature procedure[17] in 84 % yield, m.p. 210 ± 211 8C; 1H
NMR (270 MHz, CDCl3, 25 8C, TMS): d� 4.00 (s, 6 H; CH3), 7.91 (dd, J�
4.7, 1.7 Hz, 2H; PyH-5,5'), 8.87 (d, J� 4.9 Hz, 2H; PyH-6,6'), 8.96 (s, 2H;
PyH-3,3'); C14H12N2O4 (272.3): calcd C 61.76, H 4.44, N 10.29; found C
61.52, H 4.39, N 10.45.
4,4'-Bis(hydroxymethyl)-2,2'-bipyridine (5d): The compound was prepared
following a literature procedure[17] in 79 % yield, m.p. 170 ± 171 8C; 1H
NMR (270 MHz, CD3SOCD3, 25 8C): d� 4.7 (d, J� 5.4 Hz, 4H; CH2), 5.54
(t, J� 5.7 Hz, 2 H; OH), 7.38 (d, J� 5.2 Hz, 2H; PyH-5,5'), 8.41 (s, 2H;
PyH-3,3'), 8.61 (d, J� 4.9 Hz, 2H; PyH-6,6'); 13C NMR (67.5 MHz,
CD3SOCD3, 25 8C): d� 61.8, 117.8, 121.4, 148.9, 152.8, 155.3.


4,4'-Bis(bromomethyl)-2,2'-bipyridine (5 e): A mixture of the diol 5 d (5.0 g,
0.023 mol) and hydrobromic acid (200 mL, 48 %) was heated under reflux
for 3 h before being poured onto ice and neutralized with 10n NaOH. The
white suspension was extracted with several portions of EtOAc (700 mL).
The combined extracts were dried (MgSO4) and concentrated in vacuo, and
the crude product was subjected to flash column chromatography (SiO2,
eluent CH2Cl2/EtOAc, 5:1) to afford 5e (6.5 g, 75%), m.p. 128 ± 129 8C (n-
hexane/EtOAc); 1H NMR (270 MHz, CDCl3, 25 8C, TMS): d� 4.48 (s, 4H;
CH2), 7.35 (dd, J� 4.9, 1.7 Hz, 2H; PyH-5,5'), 8.44 (s, 2 H; PyH-3,3'), 8.67
(dd, J� 4.9, 1.7 Hz, 2H; PyH-6,6'); 13C NMR (67.5 MHz, CD3SOCD3,
25 8C): d� 31.6, 120.5, 124.1, 147.7, 149.7, 155.2; MS (70 eV, EI): m/z (%)�
342 (100) [M]� , 296 (10), 261 (21), 199 (46), 182 (38), 152 (12), 119 (13), 102
(34), 80 (12), 40 (20); C12H10Br2N2 (342.0): calcd C 42.14, H 2.95, N 8.19;
found C 42.12, H 3.04, N 8.51. A second fraction, after recrystallization
from n-hexane/EtOAc, gave 1.3 g (18 %) of 4-bromomethyl-4-hydroxy-
methyl-2,2'-bipyridine, m.p. 121 8C. 1H NMR (270 MHz, CDCl3, 25 8C,
TMS): d� 4.48 (s, 2H; CH2Br), 4.81 (s, 2H; CH2OH), 5.30 (s, 1 H; OH),
7.33 (dd, J� 4.8, 1.6 Hz, 2 H; PyH-5,5'), 8.35 (s, 1 H; PyH-3), 8.40 (s, 1H;
PyH-3'), 8.63 (dd, J� 4.8 Hz, 1.6 Hz, 2H; PyH-6,6'); 13C NMR (67.5 MHz,
CDCl3, 25 8C): d� 30.7; 63.5, 118.6, 121.1, 121.5, 123.7, 147.4, 149.4, 149.6,
151.3, 155.5, 156.7; MS (70 eV, EI): m/z (%)� 280 (88) [81Br, M]� , 278 (100)
[79Br, M]� , 199 (49), 169 (56), 119 (20), 69 (38), 40 (11); C12H11BrN2O
(279.1): calcd C 51.64, H 3.97, N 10.04; found: C 51.80, H 4.11, N 10.16.


1,1'-[4,4'-Bis(methylene)-2,2'-bipyridyl]bis-4,4'-bipyridinium bis(hexa-
fluorophosphate) (7 ´ 2 PF6): A solution of the dibromide 5e (2.2 g,
6.4 mmol) in dry MeCN (150 mL) was added dropwise over 2 h to a
stirred and refluxing solution of 4,4'-bipyridine (6.0 g, 38.4 mmol) in dry
MeCN (70 mL) under an N2 atmosphere. The reaction mixture was heated
under reflux for 2 d and then cooled in an ice bath. The precipitate was


filtered off, washed with ice-cooled MeCN and Et2O and dried. The solid
(4.1 g) was dissolved in warm H2O (400 mL), treated with charcoal, and
filtered. The filtrate was cooled to room temperature and then a 50%
aqueous solution of NH4PF6 was added. The resulting white precipitate was
filtered off, washed with H2O and Me2CO, and dried in vacuo (70 8C/
0.1 Torr) to give 4.5 g (90 %) of 7 ´ 2 PF6, m.p. 297 ± 298 8C (decomp.); 1H
NMR (400 MHz, CD3CN, 25 8C): d� 5.87 (s, 4H; NCH2), 7.37 (dd, J� 5.0,
2.0 Hz, 2H; H-5), 7.79 (dd, J� 6.0, 2.0 Hz, 4H; b-CH), 8.36 (d, J� 7 Hz,
4H; b'-CH), 8.50 (d, J� 2 Hz, 2H; H-3), 8.74 (d, J� 5 Hz, 2H; H-6), 8.85
(dd, J� 6.0, 2.0 Hz, 4 H; a-CH), 8.87 (d, J� 7 Hz, 4 H; a'-CH); 13C NMR
(75.5 MHz, CD3SOCD3): d� 61.8 (CH2), 120.3, 122.1, 123.8, 126.1, 145.8,
150.4, 151.0 (CH), 140.9, 144.3, 153.2, 155.5 (Cq); MS (LSIMS): m/z� 639
[MÿPF6]� , 493 [Mÿ 2PF6]� ; C32H26F12N6P2 (784.5): calcd C 48.99, H 3.34,
N 10.71; found C 49.25, H 3.51, N 10.80.


[2]Catenane 8 ´ 4PF6: The dibromide 5e (104 mg, 0.31 mmol), 7 ´ 2 PF6


(200 mg, 0.26 mmol) and the macrocyclic polyether BPP34C10 (273 mg,
0.51 mmol) were dissolved in dry MeCN (30 mL). The solution was stirred
at room temperature for 14 d. The red solution was concentrated in vacuo
and the residue was purified by flash column chromatography (SiO2, eluent
MeOH/2m NH4Cl/MeNO2, 7:2:1) affording, after counterion exchange, 8 ´
4PF6 as a red solid (10 mg, 3%). 1H NMR (300 MHz, CD3COCD3, 25 8C,
TMS): d� 3.37 (m, 8 H; OCH2), 3.54 (m, 8H; OCH2), 3.85 (m, 8 H; OCH2),
3.92 (m, 8 H; OCH2), 5.63 (s, 8 H; OC6H4), 6.22 (s, 8 H; NCH2), 7.91 (d, J�
5 Hz, 4 H; PyH-5), 8.27 (d, J� 7 Hz, 8 H; b-CH), 8.38 (s, 4H; PyH-3), 8.82
(d, J� 5 Hz, 4H; PyH-6), 9.38 (d, J� 7 Hz, 8 H; a-CH); MS (FAB): m/z :
1647 [MÿPF6]� , 1502 [Mÿ 2 PF6]� , 1357 [Mÿ 3PF6]� .


[3]Catenane 9 ´ 4 PF6: A mixture of 7 ´ 4 PF6 (118 mg, 0.15 mmol), the
dibromide 5 e (61 mg, 0.19 mmol), and the macrocyclic polyether
BPP34C10 (161 mg, 0.30 mmol) was warmed until all the solid dissolved.
A solution was transferred to a high pressure Teflon cell and subjected to
12 kbar for 3 d at room temperature. The resulting red solution was
concentrated in vacuo and the residue was purified by flash column
chromatography (SiO2, eluent MeOH/2m NH4Cl/MeNO2, 7:2:1). The
fractions containing the catenane were combined and concentrated in
vacuo. The solid residue was dissolved in H2O and treated with an excess of
50% NH4PF6 solution. The precipitate was filtered off, washed with H2O
and dried in vacuo (70 8C/0.1 Torr) to afford 7.0 mg (2%) [3]catenane 9 ´
4PF6 as a deep red solid. MS (LSIMS): m/z� 2330 [M]� , 2185 [MÿPF6]� ,
2040 [Mÿ 2 PF6]� , 1894 [Mÿ 3 PF6]� , 1647 [MÿPF6ÿCE]� , 1502 [Mÿ
2PF6ÿCE]� , 1357 [Mÿ 3PF6ÿCE]� , 1111 [MÿPF6ÿ 2CE]� , 966 [Mÿ
2PF6ÿ 2CE]� , 821 [Mÿ 3 PF6ÿ 2 CE]� ; HRMS (LSIMS)
C100H116F12N8O20P2: [Mÿ 2 PF6]� calcd 2038.7537, found 2038.7590.


Cyclophane L1 ´ 4PF6: A solution of 6 ´ 2PF6 (3.53 g, 5.0 mmol) in dry
MeCN (150 mL) and a solution of the dibromide 5e (1.62 g, 5.0 mmol) in
dry MeCN (150 mL) were added simultaneously under an atmosphere of
N2 to stirred and refluxing MeCN (300 mL) over a period of 6 h. The
reaction mixture was maintained under reflux for 4 d and then concen-
trated in vacuo. The crude product was purified by flash column
chromatography (SiO2, eluent MeOH/2m NH4Cl/MeNO2, 7:2:1). After
evaporation of the solvent, the product was dissolved in H2O and treated
with an excess of 50% NH4PF6 solution. The precipitate was filtered off,
washed with H2O and dried in vacuo (70 8C/0.1 Torr). Yield 1.12 g (24 %),
m.p. 268 8C (decomp.). 1H NMR (400 MHz, CD3CN, 25 8C): d� 5.77 (s, 4H;
xylyl NCH2), 5.87 (s, 4 H; PyNCH2), 7.56 (s, 4 H; C6H4), 7.88 (dd, J� 5.0,
1.0 Hz, 2 H; PyH-5), 8.13 (s, 2H; PyH-3), 8.18 (d, J� 7 Hz, 4H; b-CH), 8.21
(d, J� 7 Hz, 4H; b'-CH), 8.83 (d, J� 5 Hz, 2 H; PyH-6), 8.86 (d, J� 7 Hz,
4H; a-CH), 8.92 (d, J� 7 Hz, 4 H; a'-CH); 13C NMR (100 MHz, CD3CN,
25 8C): d� 64.2, 65.6 (CH2), 123.9 (C-3), 127.5 (C-5), 128.5 (b-CH), 128.6
(b'-CH), 131.4 (xylyl), 146.2 (a-CH), 146.5 (a'-CH), 150.5 (C-6), 136.7,
150.8, 151.2 (Cq); MS (LSIMS): m/z� 1033 [MÿPF6]� , 888 [Mÿ 2PF6]� ,
743 [Mÿ 3PF6]� ; C40H34F24N6P4 (1178.6): calcd C 40.76, H 2.91, N 7.13;
found C 40.51, H 2.99, N 6.96.


Cyclophane L2 ´ 4 PF6: A solution of 7 ´ 2 PF6 (0.784 g, 1.0 mmol) in dry
MeCN (75 mL) and a solution of the dibromide 5e (0.324 g, 1.0 mmol) in
dry MeCN (75 mL) were added simultaneously under an atmosphere of N2


to stirred and refluxing MeCN (80 mL) over a period of 4 h. The reaction
mixture was maintained under reflux for 4 d and then concentrated in
vacuo. The crude product was purified by flash column chromatography
(SiO2, eluent MeOH/2m NH4Cl/MeNO2, 7:2:1). After evaporation of the
solvent the product was dissolved in water and treated with an excess of
50% NH4PF6 solution. The precipitate was filtered off, washed with H2O,
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and dried in vacuo (70 8C/0.1 Torr). Yield 0.31 g (25 %), m.p.> 300 8C; 1H
NMR (300 MHz, CD3SOCD3, 25 8C): d� 5.97 (s, 8H; NCH2), 7.93 (d, J�
5 Hz, 4 H; PyH-5), 8.39 (s, 4 H; PyH-3), 8.58 (d, J� 7 Hz, 8 H; b-CH), 8.81
(d, J� 5 Hz, 4 H; PyH-6), 9.55 (d, J� 7 Hz, 8H; a-CH); 13C NMR
(75.5 MHz, CD3SOCD3, 25 8C): d� 62.3 (CH2), 121.6, 125.0, 127.3, 145.4,
150.8 (CH), 144.3, 149.0, 156.2 (Cq); MS (LSIMS): m/z� 1111 [MÿPF6]� ,
966 [Mÿ 2 PF6]� , 821 [Mÿ 3PF6]� ; C44H34F24N8P4 (1256.7): calcd C 42.05,
H 2.89, N 8.92; found C 42.03, H 2.81, N 8.76.


[2]Catenane L3 ´ 4PF6: The dibromide 5 e (40 mg, 0.12 mmol), 6 ´ 2 PF6


(75 mg, 0.11 mmol), and the macrocyclic polyether BPP34C10 (142 mg,
0.27 mmol) were dissolved in dry MeCN (30 mL). The solution was stirred
at room temperature for 14 d. The deep red solution was concentrated in
vacuo and the residue was purified by flash column chromatography (SiO2,
eluent MeOH/2m NH4Cl/MeNO2, 7:2:1) affording, after counterion
exchange, L3 ´ 4 PF6 as a red solid (55 mg, 30 %). M.p.> 250 8C; 1H NMR
(300 MHz, CD3COCD3, 25 8C, TMS): d� 3.51 ± 4.12 (m, 32H; OCH2), 5.23
(br s, 8 H; OC6H4), 6.12 (s, 4 H; NCH2), 6.18 (s, 4 H; NCH2), 7.93 (d, 2H;
PyH-5), 8.04 (s, 4H; C6H4), 8.12 (m, 8H; b-CH), 8.18 (s, 2 H; PyH-3), 8.92
(d, 2H; PyH-6), 9.38 and 9.43 (2� d, 2� 4 H; a-CH); 13C NMR (75.5 MHz,
CD3COCD3, 25 8C): d� 64.2, 65.5, 68.0, 68.7, 70.6, 70.8, 71.3 (CH2), 123.5,
125.0, 126.7, 126.9, 131.6, 146.0, 146.3, 151.8 (CH), 137.2, 144.2, 148.0, 159.4
(Cq); MS (LSIMS): m/z� 1570 [MÿPF6]� , 1424 [Mÿ 2PF6]� .
C68H74F24N6O10P4 (1712.4): calcd C 47.61, H 4.4.32, N 4.90; found C 47.54,
H 4.39, N 4.93.


[2]Catenane L4 ´ 4PF6: The dibromide 5e (150 mg, 0.44 mmol), 7 ´ 2PF6


(282 mg, 0.4 mmol),[4] and the macrocyclic polyether 1/5DN38C10 (127 mg,
0.2 mmol) were dissolved in warm, dry DMF (7 mL). The solution was
transferred to an ultrahigh-pressure Teflon reaction vessel, which was then
compressed (12 kbar) at 20 8C for 3 d. After decompression of the reaction
vessel, the deep red solution was concentrated in vacuo. The residue was
purified by flash column chromatography (SiO2, eluent MeOH/2m NH4Cl/
MeNO2, 7:2:1). The fractions containing the catenane were combined and
concentrated in vacuo. The solid residue was dissolved in H2O and treated
with an excess of 50% NH4PF6 solution. The precipitate was filtered off,
washed with H2O, and dried in vacuo (70 8C/0.1 Torr) to afford 150 mg
(41 %) [2]catenane L4 ´ 4 PF6 as a deep pink solid, m.p. 262 8C (decomp.). 1H
NMR (400 MHz, CD3COCD3, 243 K, 2D COSY 45): d� 3.29 (d, 1H;
NpH), 3.53 ± 4.33 (m, 32H; OCH2), 4.65 (d, 1 H; NpH), 5.38 (t, 1 H; NpH),
5.62 (t, 1H; NpH), 5.92 ± 6.30 (m, 8 H; NCH2), 6.07 (d, 1H; NpH), 6.18 (d,
1H; NpH), 6.36 (d, 1H; NpH), 6.46 (d, 1 H; NpH), 7.00 (m, 3H; NpH and
PyH-5), 7.14 (d, 3H; NpH and PyH-5'), 7.33 (br s, 2 H; b-CH), 7.69 (br s, 2H;
b'-CH), 7.84 (br s, 2 H; b-CH), 7.98 (br s, 2 H; b-CH), 8.00 (br s, 2 H; C6H4),
8.15 (br s, 1 H; PyH-3), 8.31 (br s, 2 H; C6H4), 8.38 (br s, 1H; PyH-3'), 8.73
(br s, 1 H; PyH-6), 8.79 (br s, 1 H; PyH-6'), 9.04 (d, 2 H; a-CH), 9.11 (br s,
2H; a-CH), 9.20 (br s, 2H; a-CH), 9.38 (br s, 2H; a-CH); 13C NMR
(100 MHz, CD3COCD3, 213 K): d� 64.2, 65.6, 68.1, 68.5, 70.4, 70.6, 71.2,
72.1 (CH2), 104.6, 105.5, 106.5, 110.2, 111.1, 114.5, 125.3, 125.6, 126.3, 126.9,
131.6, 145.2, 145.5 (CH), 124.6, 124.9, 137.5, 144.0, 152.5, 154.1 (Cq); MS
(LSIMS): m/z� 1814 [M]� , 1669 [MÿPF6]� , 1524 [Mÿ 2 PF6]� , 1379 [Mÿ
3PF6]� ; C76H78F24N6O10P4 (1815.4): calcd C 50.28, H 4.33, N 4.63; found C
50.39, H 4.19, N 4.82. Single crystals suitable for X-ray crystallography were
grown by vapor diffusion of iPr2O into a 1:1 MeCN/MeNO2 solution of L4 ´
4PF6.


General procedure for synthesis of bis-heteroleptic RuII complexes
[Ru(bpy)2L1](PF6)6, [Ru(bpy)2]2L2](PF6)8, [Ru(bpy)2L3](PF6)6, [Ru-
(bpy)2L4](PF6)6 : A mixture of [Ru(bpy)2Cl2] ´ 2 H2O and the appropriate
ligand (L1 ´ 4PF6 ± L4 ´ 4 PF6) in EtOH/H2O (3:1, v/v) was heated under
reflux under an N2 atmosphere for 48 h. The solvent was removed in vacuo,
and H2O was added to the residue and filtered (to remove an excess of the
ligand). The filtrate was treated with 50% aqueous solution NH4PF6, the
resulting precipitate was filtered off, washed with H2O and Et2O, and dried
in vacuo (60 8C/0.1 Torr). The compounds were further purified by
precipitation after vapor diffusion of iPr2O into MeCN solutions of the
complexes.


[Ru(bpy)2L1](PF6)6 : From [Ru(bpy)2Cl2] (73 mg, 0.15 mmol) and L1 ´ 4PF6


(194 mg, 0.165 mmol) in EtOH/H2O (35 mL); yield 222 mg (94 %), m.p.
238 8C (decomp.); 1H NMR (300 MHz, CD3CN, 25 8C, 2D COSY 45): d�
5.79 (s, 4 H; xylyl NCH2), 5.81 (s, 4H; PyNCH2), 7.38 (m, 4 H; bpyH-4), 7.63
(s, 4 H; C6H4), 7.63 ± 7.67 (m, 6 H; bpyH-3 and PyH-5), 7.90 (d, J� 6 Hz, 2H;
PyH-6), 8.06 (t, J� 8 Hz, 4 H; bpyH-5), 8.17 (d, J� 8 Hz, 8 H; b-CH and b'-
CH), 8.33 (s, 2H; PyH-3), 8.50 (d, J� 8 Hz, 4 H; bpyH-6), 8.84 (d, J� 7 Hz,


4H; a-CH), 8.88 (d, J� 7 Hz, 4H; a'-CH); 13C NMR (75.5 MHz, CD3CN,
25 8C): d� 63.2, 65.7 (CH2), 125.1, 126.1, 128.4, 128.6, 130.0, 131.4, 18.9,
145.9, 146.4, 152.4, 152.8, 153.7 (CH), 136.8, 141.9, 151.0, 151.3, 157.6, 158.5
(Cq); MS (LSIMS): m/z� 1737 [MÿPF6]� , 1592 [Mÿ 2 PF6]� , 1447 [Mÿ
3PF6]� ; C60H50F36N10P6Ru (1882.0): calcd C 38.29, H 2.68, N 7.44; found C
38.27, H 2.84, N 7.42.


[{Ru(bpy)2}2L2](PF6)8 : From [Ru(bpy)2Cl2] (53.2 mg, 0.11 mmol) and L2 ´
4PF6 (62.8 mg, 0.05 mmol) in EtOH/H2O (20 mL); yield 127 mg (97 %),
m.p. 240 8C (decomp.); 1H NMR (400 MHz, CD3CN, 25 8C, 2D COSY 45):
d� 5.89 (s, 8H; NCH2), 7.39 (m, 8 H; bpyH-4), 7.64 (dd, J� 6.0, 2.0 Hz; 4H;
PyH-5), 7.69 (m, 8H; bpyH-3), 7.89 (d, J� 6 Hz, 4H; PyH-6), 8.07 (m, 8H;
bpyH-5), 8.28 (d, J� 7 Hz, 8 H; b-CH), 8.30 (br s, 4H; PyH-3), 8.50 (d, J�
8 Hz, 8 H; bpyH-6), 8.96 (d, J� 7 Hz, 8 H; a-CH); 13C NMR (75.5 MHz,
CD3CN, 25 8C): d� 63.2 (CH2), 125.2, 125.6, 128.7, 129.5, 139.0, 146.7, 152.3,
152.7, 153.6 (CH), 142.5, 157.6, 158.4 (Cq); MS (LSIMS): m/z� 2519 [Mÿ
PF6]� , 2375 [Mÿ 2 PF6]� , 2229 [Mÿ 3PF6]� ; C84H68F48N16P8Ru2 (2663.4):
calcd C 37.88, H 2.57, N 8.41; found C 37.66, H 2.62, N 8.42. Single crystals
suitable for X-ray crystallography were obtained by slow evaporation of
Me2CO from a mixture Me2CO/C6H6 solution of the complex.


[Ru(bpy)2L3](PF6)6 : From [Ru(bpy)2Cl2] (48 mg, 0.03 mmol) and L3 ´ 4PF6


(13 mg, 0.03 mmol) in EtOH/H2O (20 mL); yield 60 mg (82 %). 1H NMR
(300 MHz, CD3COCD3, 25 8C): d� 3.3 ± 4.0 (m, 36H; OCH2� alongside
OC6H4), 6.12 (s, 4H; NCH2), 6.24 (br s, 4H; inside OC6H4), 6.24 (s, 4H;
NCH2), 7.9 ± 8.3 (m, 26H; b-CH and C6H4 and PyH), 7.5 ± 7.7 (m, 4H; PyH),
8.75 ± 8.84 (m, 6H; PyH-6), 8.96 and 9.24 (2�d, 2� 4 H; a-CH); 13C NMR
(75.5 MHz, CD3COCD3, 25 8C): d� 63.0, 65.5, 70.6, 70.8, 70.9 (CH2), 125.2,
125.4, 125.5, 125.6, 126.3, 126.9, 128.6, 128.8, 128.9, 129.2, 131.5, 131.9, 157.6,
157.8 (CH), 115.8, 139.2, 139.4, 146.7, 152.5, 152.9, 154.5, 157.9, 158.5 (Cq);
MS (LSIMS): m/z� 2273 [MÿPF6]� , 2128 [Mÿ 2 PF6]� .


[Ru(bpy)2L4](PF6)6 : From [Ru(bpy)2Cl2] (24.2 mg, 0.05 mmol) and L4 ´
4PF6 (100 mg, 0.054 mmol) in EtOH/H2O (40 mL); yield 118 mg (82 %);
m.p. 201 8C (decomp.); 13C NMR (100 MHz, CD3CN, 31 8C): d� 62.9, 66.0,
68.9, 69.1, 69.2, 69.4, 70.2, 70.4, 70.7, 71.1, 71.2, 71.5, 72.0, 72.2, 72.6 (CH2),
105.5, 106.5, 106.9, 106.9, 110.4, 111.4, 114.7, 115.0, 124.4, 124.5, 125.5, 125.6,
125.6, 125.7, 126.4, 126.6, 127.0, 127.2, 127.7, 128.9, 129.0, 129.1, 131.7, 131.9,
132.0, 139.5, 139.7, 145.0, 146.2, 152.4, 152.4, 152.6, 152.8, 155.1, 155.2 (CH),
137.8, 137.9, 142.4, 153.3, 154.2, 154.8, 157.7, 157.8, 158.0, 158.0, 158.1 (Cq);
MS (LSIMS): m/z� 2373 [MÿPF6]� , 2229 [Mÿ 2PF6]� , 2084 [Mÿ 3PF6]� ;
C96H94F36N10O10P6Ru (2518.7): calcd C 45.78, H 3.76, N 5.56; found C 45.87,
H 3.85, N 5.49.


General procedure for synthesis of ReI complexes [Re(CO)3ClL1](PF6)4,
[Re(CO)3Cl]2L2](PF6)4, and [Re(CO)3ClL4](PF6)4 : A mixture of [Re-
(CO)5Cl] and the appropriate ligand (L1 ´ 4PF6, L2 ´ 4PF6, or L4 ´ 4PF6) in
anhydrous MeOH was heated under reflux and under an atmosphere of N2


for 24 h. After cooling in a refrigerator, the yellow precipitate was filtered
off, washed with THF and Et2O, and dried in vacuo.


[Re(CO)3ClL1](PF6)4 : From [Re(CO)5Cl] (80 mg, 0.22 mmol) and L1 ´ 4PF6


(236 mg, 0.20 mmol) in of MeOH (25 mL); yield 234 mg (79 %), m.p. 268 8C
(decomp.). 1H NMR (300 MHz, CD3CN, 25 8C): d� 5.79 (s, 4H; xylyl
NCH2), 5.96 (s, 4H; Py NCH2), 7.64 (s, 4H; C6H4), 7.96 (dd, J� 6.0, 2.0 Hz;
2H; PyH-5), 8.22 (d, J� 7 Hz, 4 H; b-CH), 8.25 (d, J� 7 Hz, 4 H; b'-CH),
8.94 (d, J� 7 Hz, 4H; a-CH), 9.02 (br s, 2H; PyH-3), 9.15 (d, J � 6 Hz, 2H;
PyH-6), 9.34 (d, J� 7 Hz, 4H; a'-CH); 13C NMR (75.5 MHz, CD3CN,
25 8C): d� 63.4, 65.7 (CH2), 126.5, 128.4, 128.6, 130.2, 131.5, 146.0, 147.2,
155.1 (CH), 136.9, 145.1, 151.0, 151.4, 157.2 (Cq), 198.3 (C�O); MS
(LSIMS): m/z� 1339 [MÿPF6]� , 1194 [Mÿ 2PF6]� , 1049 [Mÿ 3PF6]� ;
C43H34ClF24O3P4Re (1484.3): calcd C 34.80, H 2.31, N 5.66; found C 34.61, H
2.24, N 5.87. Single crystals suitable for X-ray crystallography were
obtained by vapor diffusion of benzene into a MeNO2 solution of
[Re(CO)3ClL1](PF6)4.


[Re(CO)3Cl]2L2](PF6)4 : From [Re(CO)5Cl] (40.0 mg, 0.11 mmol) and L2 ´
4PF6 (64.0 mg, 0.05 mmol) in MeOH (25 mL); yield 62 mg (66 %), m.p.>
300 8C (decomp.); 1H NMR (300 MHz, CD3SOCD3, 25 8C): d� 6.12 (s, 8H;
NCH2), 8.15 (d, J� 5 Hz, 4 H; PyH-5), 8.73 (d, J� 5.5 Hz, 8H; b-CH), 8.89
(br s, 4 H; PyH-3), 9.20 (d, J� 5 Hz, 4 H; PyH-6), 9.59 (d, J� 6 Hz, 8 H; a-
CH); MS (LSIMS): m/z� 1723 [MÿPF6]� , 1578 [Mÿ 2PF6]� , 1433 [Mÿ
3PF6]� ; C50H36Cl2F24O6P4Re2 (1868.1): calcd C 32.15, H 1.94, N 6.00; found
C 32.06, H 1.92, N 5.93.


[Re(CO)3ClL4](PF6)4 : From [Re(CO)5Cl] (12.0 mg, 0.033 mmol) and L4 ´
4PF6 (54.4 mg, 0.030 mg) in MeOH (10 mL). After 24 h under reflux, the
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reaction mixture was concentrated in vacuo to about one third of its
original volume. Addition of Et2O precipitated the product, which was
treated with 50 % aqueous NH4PF6, washed with H2O and dried in vacuo;
yield 52.1 mg (82 %), m.p. 261 8C (decomp.); 1H NMR (100 MHz, CD3CN,
313 K, 2D COSY 45): d� 3.08 (d, 1H; NpH), 3.6 ± 4.2 (m, 32H; OCH2),
5.7 ± 6.1 (m, 8H; NCH2), 6.05 (d, 1 H; NpH), 6.28 (d, 1 H; NpH), 6.38 (d,
1H; NpH), 6.51 (t, 1 H; NpH), 6.63 (d, 1 H; NpH), 6.95 ± 7.15 (m, 8H; b-CH
and b'-CH), 7.02 (t, 1H; NpH), 7.07 (d, 1 H; NpH), 7.23 (t, 1H; NpH), 7.31
(d, 1H; NpH), 7.95 (br s, 4 H; C6H4), 8.01 (d, 2H; PyH-5), 8.27 (br s, 2H;
PyH-3), 8.37 (m, 4 H; a-CH), 8.74 (m, 4 H; a'-CH), 9.36 (d, 2 H; PyH-6);
MS (LSIMS): m/z� 2120 [M]� , 1975 [MÿPF6]� , 1830 [Mÿ 2PF6]� , 1685
[Mÿ 3PF6]� ; C79H78ClN4O13P4F24 (2121.0): calcd C 44.74, H 3.71, N 3.96;
found C 44.55, H 3.97, N 4.10.


General procedure for synthesis of AgI complexes [Ag(L1)2](PF6)9,
[Ag(L3)2](PF6)9, and [Ag(L4)2](PF6)9 : A solution of silver(i) triflate in
dry MeCN was added to a stirred solution of the appropriate ligand (L1 ´
4PF6, L3 ´ 4 PF6, and L4 ´ 4 PF6) in dry MeCN under an atmosphere of N2 at
room temperature. After 8 h of stirring in the dark, the solvent was
removed in vacuo, and the residue was treated with a 50% aqueous
solution of NH4PF6. The precipitate was filtered off, washed with H2O and
Et2O, and dried in vacuo.


[Ag(L1)2](PF6)9 : From L1 ´ 4PF6 (118 mg, 0.1 mmol) and AgCF3SO3


(13.0 mg, 0.05 mmol) in 12 mL MeCN; yield 112 mg (82 %), m.p. 280 8C
(decomp.); 1H NMR (300 MHz, CD3CN, 25 8C): d� 5.75 (s, 8H; xylyl
NCH2), 5.83 (s, 8 H; PyNCH2), 7.55 (s, 8 H; C6H4), 7.73 (d, J� 4 Hz, 4H;
PyH-5), 8.11 (s, 4 H; PyH-3), 8.20 (m, 16 H; b-CH and b'-CH), 8.76 (d, J�
5 Hz, 4H; PyH-6), 8.88 (d, J� 6.6 Hz, 8H; a-CH), 9.00 (d, J� 6.6 Hz, 8H;
a'-CH); 13C NMR (75.5 MHz, CD3CN, 25 8C): d� 64.1, 65.4 (CH2), 123.4,
126.7, 128.3, 128.4, 131.2, 145.9, 146.2, 151.6 (CH), 136.6, 144.2, 150.7, 151.0,
155.7 (Cq); MS (LSIMS): m/z� 2465 [MÿPF6]� , 2320 [Mÿ 2PF6]� , 2212
[MÿAgÿ 2 PF6]� , 2176 [Mÿ 3PF6]� , 2067 [MÿAgÿ 3 PF6]� , 1923 [Mÿ
Agÿ 4PF6]� ; C80H68AgF54N12P9 (2610.1): calcd C 36.81, H 2.63, N 6.44;
found C 36.91, H 2.58, N 6.46. Single crystals suitable for X-ray
crystallography were obtained by vapor diffusion of benzene into a MeCN
solution of [Ag(L1)2](PF6)9.


[Ag(L3)2](PF6)9 : From L3 ´ 4PF6 (13 mg, 0.04 mmol) and AgCF3SO3


(2.1 mg, 0.02 mmol) in MeCN (10 mL); yield 72 mg (93 %); 1H NMR
(300 MHz, CD3CN, 25 8C): d� 3.44 ± 3.92 (m, 36 H; OCH2 and inside
OC6H4), 6.10 (s, 4 H; NCH2), 6.25 (br s, 4 H; alongside OC6H4), 6.39 (s, 4H;
NCH2), 7.99 (m, 6 H; C6H4 and PyH-4), 8.15 (m, 8H; b-CH), 8.65 (s, 2H;
PyH-6), 9.18 (d, 2 H; PyH-3), 9.00 and 9.32 (2�d, 2� 4 H; a-CH); 13C
NMR (75.5 MHz, CD3COCD3, 25 8C): d� 63.3, 65.5, 70.6, 70.9, 71.3, 73.7
(CH2), 118.4, 120.9, 131.6, 137.3, 139.2, 141.5, 146.1, 146.4, 147.4 (CH), 148.6,
148.7, 150.7, 151.5 (Cq); MS (LSIMS): m/z� 3538 [Mÿ 2 PF6]� , 3393 [Mÿ
2PF6]� , 3248 [Mÿ 3PF6]� , 3103 [Mÿ 4 PF6]� .


[Ag(L4)2](PF6)9 : From L4 ´ 4PF6 (72.6 mg, 0.04 mmol) and AgCF3SO3


(5.1 mg, 0.02 mmol) in MeCN (10 mL); yield 72 mg (93 %), m.p. 267 8C
(decomp.); 13C NMR (100 MHz, CD3CN, 31 8C): d� 64.4, 65.9, 68.9, 70.8,
71.3, 72.1 (CH2), 106.8, 114.8, 123.6, 125.6, 125.8, 126.3, 1216.8, 131.8, 145.2,
145.5, 152.6 (CH2), 137.5, 144.0, 159.2 (Cq); MS (LSIMS): m/z� 3485 [Mÿ
Agÿ 2PF6]� , 3340 [MÿAgÿ 3PF6]� , 3195 [MÿAgÿ 4PF6]� , 3051 [Mÿ
Agÿ 5PF6]� ; C152H156AgF54N12O20P9 (3883.5): calcd C 47.01, H 4.05, N 4.33;
found C 46.85, H 4.12, N 4.43.


General procedure for synthesis CuI complexes [Cu(L1)2](PF6)9 and
[Cu(L4)2](PF6)9 : A solution of [Cu(MeCN)4] PF6 in dry MeCN was added
by means of a syringe to a stirred solution of the appropriate ligand (L1 ´
4PF6 or L4 ´ 4 PF6) in dry MeCN under an atmosphere of N2 in a Schlenk
flask at room temperature. The solution immediately became brown. After
4 h, the solution was concentrated in vacuo to about a third of its volume.
Addition of Et2O precipitated the product, which was filtered off, washed
with Et2O, and dried in vacuo.


[Cu(L1)2](PF6)9 : From L1 ´ 4 PF6 (118.0 mg, 0.1 mmol) and [Cu(-
MeCN)4]PF6 (18.0 mg, 0.05 mmol) in MeCN (10 mL); yield 106 mg
(83 %), m.p. 239 8C (decomp.); 1H NMR (300 MHz, CD3SOCD3, 25 8C):
d� 5.83 (s, 8H; xylyl NCH2), 5.92 (s, 8 H; PyNCH2), 7.67 (s, 8H; C6H4), 7.90
(s, 4H; PyH-5), 8.24 (s, 4H; PyH-3), 8.59 (br s, 16 H; b-CH and b'-CH), 8.77
(s, 4H; PyH-6), 9.44 (br s, 8H; a-CH), 9.51 (s, 8H; a'-CH); MS (LSIMS): m/
z� 2420 [MÿPF6]� , 2274 [Mÿ 2 PF6]� , 2130 [Mÿ 3PF6]� ;
C80H68CuF54N12P9 (2565.7): calcd C 37.45, H 2.67, N 6.55; found C 37.67,
H 2.51, N 6.72.


[Cu(L4)2](PF6)9 : From L4 ´ 4 PF6 (72.6 mg, 0.04 mmol) and [Cu-
(MeCN)4]PF6 (7.45 mg, 0.02 mmol) in MeCN (10 mL); yield 72.8 mg
(95 %), m.p. 209 8C (decomp.); 13C NMR (100 MHz, CD3CN, 31 8C): d�
65.9, 69.0, 70.7, 71.1, 71.5, 71.7, 71.9, 72.2, 72.6 (CH2), 105.5, 106.9, 111.2,
114.7, 114.9, 125.6, 126.3, 126.6, 126.9, 127.4, 131.8, 145.1, 145.5, 145.7 (CH),
96.4, 125.0, 137.7, 143.5, 146.6, 152.8, 153.7, 154.2, 154.7 (Cq); MS (LSIMS):
m/z� 3693 [MÿPF6]� , 3549 [Mÿ 2 PF6]� , 3403 [Mÿ 3PF6]� , 3258 [Mÿ
4PF6]� ; C152H156CuF54N12O20P9 (3839.2): calcd C 47.55, H 4.10, N 4.38;
found 47.77, H 3.91, N 4.49.


X-ray crystallography : Table 6 summarizes the crystal data, data collection,
and refinement parameters for the complexes [Re(CO)3(Cl)L1](PF6)4,
[Ag(L1)2](PF6)9, [{Ru(bpy)2}2L2](PF6)8, and for the [2]catenane L4 ´ 4PF6.
All four structures were solved by direct methods and were refined by full
matrix least-squares based on F2. In [Re(CO)3ClL1](PF6)4, [Ag(L1)2](PF6)9,
and L4 ´ 4PF6, the cationic complexes were ordered and were refined
anisotropically. In [{Ru(bpy)2}2L2](PF6)8, however, the centrosymmetric
complex was found to exhibit 50/50 disorder in the orientation of the two
chelating bipyridyl ligands, giving rise to both D and L configurations at the
unique ruthenium center; all of these half-occupancy atoms, together with
the full-occupancy atoms of the ordered macrocyclic ligand and the
ruthenium center, were refined anisotropically. In [Ag(L1)2](PF6)9 and
[Re(CO)3ClL1](PF6)4, there was found to be a mixture of both full and
partial occupancy PFÿ6 anions, the major occupancy atoms of which were
refined anisotropically, the minor occupancy atoms isotropically. In L4 ´
4PF6, the PFÿ6 and Clÿ anions were ordered and refined anisotropically. In
[{Ru(bpy)2}2L2](PF6)8, two of the PFÿ6 anions were ordered and were
refined anisotropically, another was found to be disordered over two partial
occupancy sites (the major occupancy orientation of which was refined
anisotropically), and the remaining anion was found to be ordered but of
only half occupancy, and was refined isotropically. The included benzene
solvent molecules in [Ag(L1)2](PF6)9 were ordered and refined anisotropi-
cally; the MeCN molecules were distributed over multiple partial-
occupancy sites and were refined isotropically. In [Re(CO)3ClL1](PF6)4,
the benzene molecules were ordered (with one molecule sited on a center
of symmetry) while the MeNO2 molecules were distributed over a mixture
of full and partial occupancy sites; the benzene molecules and major
occupancy atoms of the nitromethane molecules were refined anisotropi-
cally, the minor occupancy atoms isotropically. The included MeCN
molecules of L4 ´ 4PF6 were also distributed over both full- and partial-
occupancy positions, the full-occupancy atoms being refined anisotropically
and the partial-occupancy atoms isotropically. In [{Ru(bpy)2}2L2](PF6)8, the
two acetone molecules were found to be distributed over a mixture of three
full- and partial-occupancy sites, with only the major occupancy atoms
being refined anisotropically. The hydrogen atoms of all the structures were
placed in calculated positions, assigned isotropic thermal parameters,
U(H)� 1.2Ueq(C) [U(H)� 1.5Ueq(C ± Me)], and allowed to ride on their
parent atoms. Computations were performed with the SHELXTL PC
program system.[34] Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-100691. 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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Synthesis, Structure and Photophysics of Neutral p-Associated [2]Catenanes


Darren G. Hamilton, John E. Davies, Luca Prodi, and Jeremy K. M. Sanders*


Abstract: The supramolecular utility of
a neutral p-stacking system of aromatic
donors and acceptors is illustrated with
the syntheses of three neutral [2]cate-
nanes. These templated syntheses are
based on the oxidative dimerisation of
electron-deficient aromatic diimide de-
rivatives, equipped with terminal acety-
lene functions, in the presence of a
preformed crown macrocycle containing
complementary electron-rich aromatic
diethers. X-ray crystallographic study of
one of the catenanes and a precatenane
crown/diimide inclusion complex re-
veals the ordered donor ± acceptor
stacking responsible for templating the
catenane syntheses and subsequently
organising the packing of the inter-


locked molecules in the solid state.
NMR investigation of the catenanes
reveals a dominant dynamic process at
room temperature involving the sweep-
ing of the crown macrocycle around the
periphery of the interlocked structures;
NOESY exchange spectra reveal a high-
er-energy process involving the revolu-
tion of the crown macrocycle through
the centre of the second ring. This
combined dynamic picture has been
used to support the observed photo-
physical behaviour. Room-temperature


fluorescence of the catenanes is only
partially quenched by neighbouring
chromophores, implying some mobility
in the constituent rings; for one of the
catenanes fluorescence quenching data
enables an estimate to be made of the
ratio of translational isomers present in
solution. In contrast, low-temperature
(77 K) fluorescence is totally quenched
as a consequence of freezing all dynamic
movement. Collectively, the results pre-
sented in this work lend support to the
assertion that the robust, neutral build-
ing blocks employed in the catenane
syntheses are ideal vehicles for the
development of complex [n]catenane
syntheses.


Keywords: catenanes ´ donor ± ac-
ceptor systems ´ photochemistry ´
template synthesis


Introduction


The development of several efficient templating mechanisms
for the covalent assembly of topologically complex molecules
has facilitated the synthesis of numerous catenanes, rotaxanes,
and even knots.[1] Isolated yields are often impressively high,
this efficiency being the direct consequence of the high level
of structural ordering imposed by the specific noncovalent
interactions established between the converging molecular
precursors. Accordingly, one method for the classification of
studies of mechanically interlocked molecules is by the nature
of the intermolecular association employed in templating
their formation. Contemporary organic synthesis has yielded


three distinct approaches to such templating: i) chelation of
metal cations, ii) stacking of electron-deficient aromatic
dications with electronically complementary aromatic mole-
cules and iii) amide hydrogen-bonding interactions.[2] The
application of these disparate approaches has allowed the
construction of an array of topologically fascinating molecules
and has provided considerable impetus to the development of
supramolecular chemistry in the past decade.[3]


Stoddart�s development of a methodology for the synthesis
of interlocked molecules based on the p-stacking of electron-
rich aromatic ethers with electron-poor bipyridinium deriva-
tives remains a landmark in the field.[4] The work we present
here represents an attempt to answer two questions raised by
the sheer simplicity, efficiency and elegance of Stoddart�s
syntheses. Firstly, because the molecular recognition process
responsible for templating the synthesis of existing p-associ-
ated systems arises as a consequence of the first bond-forming
reaction, the question is raised whether such in situ program-
ming of components is a prerequisite for efficient molecular
interlocking.[5] Secondly, if we can utilise building blocks with
preprogrammed recognition characteristics, are there other
macrocyclisation reactions of potential utility in the synthesis
of complex structures? These two approaches are illustrated
for the assembly of a tetracationic catenane using the
methodology of Stoddart (Figure 1), and for our proposed
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Figure 1. Tetracationic catenane assembly strategy of Stoddart, highlight-
ing the crucial recognition step involving a tricationic intermediate formed
on the reaction pathway.


construction of a neutral catenane from precursors with
established, complementary recognition characteristics (Fig-
ure 2).[6]
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Figure 2. Catenane assembly from neutral building blocks: preexisting
recognition characteristics are employed to ensure assembly in a geometry
favouring molecular interlocking.


The photophysical[7] and electrochemical[8] properties of
pyromellitic and related diimides have led to their incorpo-
ration in a variety of supramolecular systems. Some of the
earliest examples involved the use of a pyromellitimide
derivative to bridge a porphyrin centre in macrocyclic species
designed as model photosynthetic systems.[9] A variety of
electron donor ± acceptor cyclophanes derived from pyromel-
litic and 1,4,5,8-naphthalenetetracarboxylic diimides have
also been reported.[10] The naphthalenediimide is a rather
strong electron acceptor and has previously been employed in
several supramolecular systems which rely on p-stacking
associations: a cryptand that effectively binds nitrobenzene,[11]


a molecular host that self-assembles in the presence of
dimethoxybenzene[12] and a linear covalently linked alternat-
ing donor ± acceptor oligomer that spontaneously adopts a
pleated conformation in aqueous solution.[13]


We have previously shown that pyromellitic diimide, like
1,4,5,8-naphthalenetetracarboxylic diimide, forms alternating
donor ± acceptor p-stacks with electron-rich naphthalene
diethers.[14] The packing arrangement of donor and acceptor
subunits revealed by these solid-state analyses led to the
design of a [2]catenane synthesis: pairs of electron-rich
naphthalene residues are linked with polyether chains to
form the known macrocycle bis(1,5-dinaphtho)-38-crown-
10;[15] this preformed ring is then used as the template to
direct the coupling and cyclisation of two bis-acetylenic
diimide derivatives, one bound inside the crown macrocycle,
the other stacked outside (Figure 3). We selected the oxida-
tive coupling of terminal acetylenes as the key ring-closing
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Figure 3. From neutral donor ± acceptor p-stacks to neutral interlocked
supermolecules.


reaction for several reasons. This process has previously been
employed in the synthesis of a variety of macrocyclic host
systems,[16] including some phenanthroline-based catenates,[17]


and the butadiyne linker generated from the coupling of two
terminal acetylenes is ideally suited to bridge the ca. 7 � span
demanded by the target structure. Additionally, the reaction
proceeds under the mild conditions conducive to effective
supramolecular templating by means of weak noncovalent
interactions.


In this paper[18] we do not present the exhaustive analyses of
a series of closely related systems that would be required for
the detailed examination of subtle structural and dynamic
characteristics. Our intention is to demonstrate the applic-
ability and versatility of a neutral system of p-complementary
components for the templated formation of interlocked
molecules. The solid-state structures of a bis-acetylene build-
ing block, a representative preassembled complex and one of
the [2]catenanes are used to illustrate this programmed
structural approach. NMR experiments are described which
reveal the nature of the dynamic solution processes occurring
within the [2]catenane structures, and also serve as a model
for rationalising the results of photophysical measurements.
By way of conclusion, a brief discussion of the applicability of
this system to the development of reversible, thermodynami-
cally controlled catenane syntheses is presented.
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Results and Discussion


Synthesis : Bis-1,5-(dinaphtho)-38-crown-10 5 is a known
compound,[15] and we first prepared this macrocycle utilising
the literature synthesis briefly described in 1987
(Scheme 1).[19] Whilst the chemistry involved in this route is
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Scheme 1. Literature synthesis of dinaphtho crown 5 from a protected
naphthalenediol.


straightforward and provided adequate quantities of the
desired crown for our early studies, we found the initial
monobenzylation protection step (to yield 2) rather trouble-
some. The yield of this aromatic monoether could be raised
substantially from that reported in the original synthesis by
use of an excess of 1,5-dihydroxynaphthalene in the alkylation
step, but the procedure remains difficult to reproduce on a
reasonable scale. However, the synthesis of 5 from 2 proceeds
satisfactorily, and a typical overall yield for the four-step route
detailed in Scheme 1 is around 10 %. Recently a two-step
route to the well-known hydroquinone analogue of 5 was
reported.[20] Adaptation of this chemistry to the synthesis of 5
involved alkylating the starting naphthalenediol 6 with a large
excess of glycol ditosylate 1 to afford naphthalene ditosylate 7
(Scheme 2). Macrocyclisation of 7 with a further equivalent of
6 in a refluxing suspension of potassium carbonate in acetone
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Scheme 2. Two-step synthesis of crown 5 from 1,5-dihydroxynaphthalene.


afforded the dinaphtho crown ether 5 after chromatographic
separation and recrystallisation from methanol. The overall
yield for this more reliable, two-step procedure is around
20 %.


To equip the electron-accepting diimide components of our
system with terminal acetylene functions we condensed each
dianhydride with two equivalents of commercially available
propargylamine. In each case, treatment of a dimethylforma-
mide (DMF) solution of the appropriate dianhydride, 8 or 9,
with the amine led to precipitation of the ring-opened diacid
diamide derivatives. This precipitate could then be collected
and heated in acetic anhydride to form the desired diimide
products. More conveniently, simple warming of the DMF
suspension obtained in the first step also leads to ring closure
and dehydration (Scheme 3). The crystalline bis-acetylene
derivatives 10 and 11 are obtained in analytically pure form
following recrystallisation from aqueous DMF.
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Scheme 3. Synthesis of terminal acetylene functionalised aromatic di-
imides 10 and 11.


A 2:1 molar ratio of bis-acetylene 10 and crown 5, when
mixed in dry DMF (approx. 15 mm crown concentration),
gave a strongly orange-coloured solution indicative of donor ±
acceptor complex formation. The weak, reversible nature of
this interaction is readily demonstrated by warming the
mixture to around 80 8C, whereupon the colour virtually
disappears; it is gradually restored as the solution cools. To
effect the coupling process, large excesses of anhydrous
copper(i) chloride and copper(ii) chloride were added to the
mixture under an atmosphere of dry air (Scheme 4). After
stirring for two days, [2]catenane 12 was isolated from the
reaction mixture by simple work-up and chromatography as
an orange-red solid in 38 % yield.[52] Compelling evidence that
molecular interlocking had been accomplished was provided
by the observation that solutions of the crude reaction
products remained deeply orange at elevated temperatures.


It was found that 10 and 5 tended to precipitate from the
reaction solvent at ambient temperature, and the initial
couplings were performed at 50 8C simply to ensure dissolu-
tion of all material. However, couplings at ambient temper-
ature, despite containing suspended material, proceed per-
fectly well and afford generally higher yields than the coupling
experiments at higher temperature. Under identical reaction
conditions (50 8C, DMF, 15 mm concentration), a 2:1 mixture
of 11 and 5 gave the [2]catenane 13 as a purple solid in 29 %
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Scheme 4. Synthesis of catenane 12.


yield. When the reaction was repeated at ambient temper-
ature the isolated yield of 13 rose to 52 %,[21] a yield which
demonstrates the comparable efficiency of this templating
process to previous catenane syntheses. The increase in yield
obtained at lower temperatures also highlights the predictably
weak nature of the intermolecular association between the
molecular components.


Since 1,4,5,8-naphthalenetetracarboxylic diimide deriva-
tives are known to be rather stronger electron acceptors than
pyromellitic diimides it is perhaps unsurprising that the
isolated yields of [2]catenane are higher with the naphthalene
derivative. Support for this hypothesis is provided by exposing
a 1:1:1 ratio of diimide 10, diimide 11 and crown 5 to the
standard coupling conditions. After work-up and preparative
chromatographic separation the red unsymmetrical catenane
14 (the two translational isomers are shown) was obtained as
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the major product (23 %), accompanied by smaller amounts
of the symmetrical catenanes 12 (5 %) and 13 (6%).[22] This
product distribution is the inevitable consequence of the
majority of the crown binding sites being occupied by
naphthalenediimide 11, so ensuring that the bulk of the
catenation process occurs by coupling with the excess of
diimide 10 left uncomplexed in solution.


The unequivocal demonstration of molecular interlocking
requires the joint application of a number of spectroscopic
techniques. However, catenanes have long been regarded as
having a unique mass-spectral signature since the first bond-
breaking process is highly likely to involve rupture of one of
the macrocyclic rings and unthreading of the interlocked


molecule. Mass spectra of catenanes display peaks at the
molecular weight of the parent catenane and then present no
further spectral features until the weight of one or other of the
component rings is reached. Liquid secondary ion mass
spectral (LSIMS) analyses of catenanes 12, 13 and 14 all
reveal this distinctive behaviour. Mass spectral analysis under
electrospray ionisation (ESI) conditions, a more gentle
ionisation source, did not induce fragmentation, and each
catenane could be detected intact, typically as its sodium ion
adduct, [M�Na]� .


X-ray crystal structures : Contrary to our expectation, cocrys-
tallisation of a 2:1 ratio of bis-acetylene 11 with crown 5
afforded a mixture of high-quality crystals of both the 1:1 11 ´ 5
inclusion complex, and of free bis-acetylene 11. Our intention
in selecting this host:guest ratio was to allow the potential
formation of an alternating internal ± external complex stack
and so demonstrate the validity of the structural design
outlined in Figure 3; it is surprising that crystal packing forces
lead to a structural arrangement that does not display
extended donor ± acceptor stacks.[23]


A view of the solid-state structure of terminal bis-acetylene
11 is shown in Figure 4. The rather simple structure presents a


Figure 4. View of the solid-state structure of diimide 11 (displayed with
Cerius Molecular Simulations software).


planar tetracyclic framework ideally suited for complexation
between complementary aromatic planes.[24] The bond angles
for the sp and sp3 hybridised centres of the N-propargyl
substituents are 176.2(4)8 and 112.9(3)8, respectively. Inclu-
sion complexation of bis-acetylene 11 within the cavity of
crown 5 appears to have few structural consequences other
than to increase the angle between the diimide framework
and the axis of the propargyl substituents from 628 to 898.[25]


The sp and sp3 bond angles for the propargyl substituents of
the included substrate are 179.8(8)8 and 110.3(5)8, respective-
ly. The perpendicular arrangement of propargyl substituents
neatly highlights the degree of preorganisation of the complex
towards an eventual catenation process (Figure 5). In the
crystal structure, the included diimide is inserted centrosym-
metrically through the centre of the crown with an interplanar
spacing between the electron-rich aromatic ethers and
electron-deficient diimide units of around 3.5 �, although
the planes of the respective p systems subtend an angle of
around 48. The value of the interplanar spacing is very similar
to that observed in a 4,4'-bipyridinium complex of the same
crown; unsurprisingly the all-gauche conformation of the
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Figure 5. View of the solid-state structure of the 11 ´ 5 inclusion complex.


crown polyether chains is also noted in both complexes.[15] The
overlap orientation of the complementary p systems, with the
long axes of the components approximately parallel (Fig-
ure 6), is similar to that noted in a related cocrystal,[13] though


Figure 6. Plan view of the solid-state structure of the 11 ´ 5 inclusion
complex showing the overlap of the aromatic components.


this previously reported system does display alternating
donor ± acceptor stacks.[26]


The solid-state structure of catenane 12 was obtained from
a rather tiny crystal (0.30� 0.12� 0.10 mm) by synchrotron
X-ray diffraction, the crystals being too small to allow the
structure to be solved using commercial radiation sources.[18]


The orders-of-magnitude increase in X-ray intensity provided
by the synchrotron allowed the structure to be solved with
comparative ease. The solid-state structure of 12 is repre-
sented in Figure 7. The mutually interlocked neutral macro-
cycles that comprise the catenane adopt a relative orientation
where the electronically complementary p systems are aligned
such that their long axes are nearly perpendicular. Similar
overlap orientation has previously been reported for an
alternating donor ± acceptor stack comprised of the same


Figure 7. View of the solid-state structure of [2]catenane 12.


aromatic components, but lacking any macrocyclic architec-
ture.[14] Further vindication of the choice of supramolecular
building blocks is provided by the generation of a packing
diagram for 12 that reveals stacks of individual catenane
molecules parallel to the crystallographic a axis, continuing
the donor ± acceptor stack (Figure 8). The interplanar spac-


Figure 8. View of the packing of enantiomeric [2]catenanes in the solid-
state structure of 12.


ings of the p-rich and p-poor components, both within
individual catenane molecules and between adjacent mem-
bers of the extended stacks, are around 3.4 �. The hexadiyne
linkers between the pyromellitimide units are substantially
bowed, the average sp bond angle being around 1718 (<C ±
C�C). It is clear that all of the conformational flexibility
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required to form the pyromellitimide macrocyclic component
is provided by these nominally linear connections since the sp3


hybridised centres at the corners of the cyclophane exhibit
almost ideal tetrahedral geometry (aN ± CH2 ± C 109.4 ±
110.18).


The planes of the aromatic components of 12 are essentially
parallel (deviation <18), but the two identical aromatic
subunits of each neutral ring are twisted relative to each other.
For the crown macrocycle the twist angle is only 68, but for the
pyromellitimide ring a twist of 158 is subtended by the long
axes of the diimide components. The result of this skewing is
to induce a distinct helical turn and thus, in the solid state, to
confer chirality on the macrocycle, and therefore also the
catenane.[27] Close inspection of the packing (Figure 8) of the
individual catenanes reveals that each donor ± acceptor col-
umn contains a single helical enantiomer. Adjacent columns
are comprised of catenanes in which the pyromellitimide
macrocycle exhibits the opposite helical twist. The two
catenane molecules in the unit cell are enantiomers (space
group P1Å), related by an inversion centre, and the crystals are
therefore racemic. A similar phenomenon has been noted by
Breslow in the binding of benzene by a host containing three
diyne linkers.[28] The rigidity, in a linear sense, of the diyne link
ensures that the only mechanism by which Breslow�s receptor
can adjust its binding of a guest species is for the top and
bottom components of the host to rotate in opposite
directions, inducing a helical twist and conferring chirality
on the inclusion complex. Crystals of Breslow�s complex form
in the same space group as 12, and the unit cell contains one
left- and one right-handed helical enantiomer. The helicity of
the diimide macrocycle of 12 arises from the need for the
aromatic planes to conform with the consistent 3.4 � inter-
planar spacing that characterises donor ± acceptor arrays. The
chirality of this catenane in the solid state may thus be
considered a result of freezing conformational mobility during
crystallisation.


The solid-state structure of the 11 ´ 5 inclusion complex does
not reveal any significant intramolecular hydrogen bonding
interactions of the sort that characterise the structures of
donor ± acceptor complexes involving bipyridinium units as
the electron-deficient components. However, relatively strong
intramolecular hydrogen bonds (2.20, 2.24 �) linking the
NCH2 protons of the included pyromellitimide unit to the
central oxygen atoms of the crown polyether chains may be
identified in the structure of 12.[29] Although these interactions
may play a role in directing the templated synthesis of 12,
their importance is difficult to quantify. The donor ± acceptor
overlap orientation revealed in the solid-state structure of the
11 ´ 5 complex does not permit the formation of similar
hydrogen bonds, yet the formation of catenane 13 proceeds
efficiently. The success of this catenane synthesis, apparently
directed solely by favourable donor ± acceptor interactions,
leads one to question the importance of the polyether link to
the efficiency of assembly of this particular class of inter-
locked structures. Our recent synthesis of an unusual [2]cat-
enane[30] containing three hexadiyne linkers demonstrates
that one of the crown polyether chains in 5 may indeed be
replaced without preventing molecular interlocking. How-
ever, the flexible polyether chains in crowns such as 5 also


allow these macrocycles to breathe and adjust to the inclusion
of a guest, and the effects of completely removing this degree
of flexibility have not as yet been addressed.


1H NMR spectroscopy : The building blocks employed in our
catenane syntheses present rather simple 1H NMR spectral
characteristics and allow the changes enforced by the
mechanical interlocking of components to be followed with
relative ease. The room-temperature 1H NMR spectra of
catenanes 12 and 13 present distinctive shifts of the aromatic
resonances of both their p-electron-deficient diimide and p-
electron-rich aromatic ether constituents (Figure 9). These
shifts are the result of the ordered donor ± acceptor inter-


Figure 9. Aromatic region of the 400 MHz 1H NMR spectra (CDCl3) of
a) crown 5, b) [2]catenane 12 and c) [2]catenane 13. Key: Naphthalene H2,6


(.), naphthalene H3,7 (*), naphthalene H4,8 (~), pyromellitimide (^),
naphthalenediimide (&). Coupling patterns (a, b) were determined from
500 MHz COSY spectra (these patterns cannot be unambiguously assigned
to inside and outside residues and are therefore simply designated as two
distinct sets).


actions revealed in the solid-state analysis of 12 being retained
in solution. The spectra clearly demonstrate how the symme-
try of the preformed crown ether macrocycle is broken by
catenation with a second ring, the doublet ± triplet ± doublet
pattern arising from coupling of the aromatic protons of the
1,5-substituted naphthalene systems being doubled in each
case. For 12 the aromatic pyromellitimide protons appear as a
sharp singlet (d� 6.90) indicating fast exchange of the two
diimide subunits on the chemical shift time scale. Ortho
coupling of the aromatic protons on the naphthalenediimide
macrocycle in 13 results in two doublets (d� 8.07, 7.86; 3J�
8 Hz), but the observation of just one set of doublets again
confirms fast exchange of the two constituent diimide
subunits. For both 12 and 13 the NCH2 protons appear as an
AB system (2J� 17 ± 18 Hz) between d� 4 and 5.


The relative shifts of the aromatic resonances in these
structures can to some extent be rationalised by considering
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the nature of the overlap of the respective p systems. From
our solid-state analyses we know that the preferred overlap
orientation of the subunits in 12 places the long axes of the
components essentially perpendicular to one another (Fig-
ure 10). Such an arrangement situates the pyromellitimide
protons directly over the p-rich naphthalene ring system and
leads to a significant upfield shift of this resonance (�
1.4 ppm).[31] In contrast, the naphthalene protons do not
overlap significantly with the pyromellitimide p system and
are not appreciably shifted from their positions in the free
crown 5. The reverse situation is observed with [2]catenane
13, for which the predicted overlap orientation places the
crown naphthalene protons directly over the naphthalenedi-
imide p system and induces large upfield shifts of these


Figure 10. Optimum relative p-system overlaps for catenanes a) 12 and
b) 13.


resonances (Figure 10). The naphthalenediimide protons are
situated clear of the adjacent p-rich aromatic system and as a
consequence are not shifted appreciably from their positions
in typical naphthalenediimide precursors.


The number and appearance of the resonances in the
400 MHz 1H NMR spectrum of unsymmetrical [2]catenane 14
are a predictable composite of those recorded for symmetrical
analogues 12 and 13, but the observed chemical shifts do not
represent a linear combination of these spectra. The reso-
nances of the crown naphthalene systems once again appear
as two distinct sets, confirming environmental differences for
these subunits. Further signals in the aromatic region may be
ascribed to the aromatic protons of the pyromellitic and
naphthalenediimide units. However, the overlap of the p


systems in this unsymmetrical derivative must of necessity
reflect a compromise between the situations found for the
individual diimides in the symmetrical catenanes; the envi-
ronmental differences of the naphthalenediimide subunits in
[2]catenanes 13 and 14 are confirmed by the chemical shift
difference of the ortho protons of this component in each
system: for 13, Dd� 0.25 ppm; for 14, Dd� 1.00 ppm. It is,
therefore, not possible to use the relative shifts of these signals
from their positions in 12 and 13 to gain a measure of the
conformational equilibrium of 14 between the two transla-
tional isomeric states where each of the electron-deficient
diimide units is bound within the cavity of the electron-rich
crown.


The observation of a single resonance for the pyromelliti-
mide protons in catenane 12 implies that, at ambient temper-
ature in CDCl3, the two sites of each diimide subunit and the
two subunits themselves are in rapid exchange on the


chemical shift time scale, and are therefore magnetically
equivalent. The pyromellitimide singlet does not represent a
very informative structural probe since no dynamic process
need be invoked to explain the equivalence of the two protons
of a single subunit.[32] However, site exchange of the two
distinct diimide subunits does demand molecular reorganisa-
tion, and two mechanisms are possible. Either the pyromelli-
timide macrocycle can revolve through the centre of the
crown ring or, alternatively, the outer naphthalene diether can
sweep around the periphery of the catenane, thus encircling
the formerly outer diimide (Processes A and B, Figure 11).
Additionally, the latter process requires only one donor ± ac-
ceptor stacking interaction to be broken during the exchange
process. The extensive studies of crown-containing [2]cate-
nanes by the Stoddart group suggest that the latter of these
mechanisms is the lower energy dynamic process.[33] This


Figure 11. Site-exchange processes in a [2]catenane leading to equivalence
of subunits A and C, whilst differentiating B and D. Process 1: exchange of
A and C by rotation of the AC ring through the BD ring. Process 2:
exchange of A and C by sweeping of the BD ring around the periphery of
the AC ring.


exchange mechanism is also consistent with the presence of
the two distinct naphthalene diether components revealed in
the 1H NMR spectrum since the outside diether always
remains on the outside of the catenane, and the inner remains
bound within the diimide macrocycle. However, the 500 MHz
NOESY spectrum[34] of 12 does reveal exchange cross-peaks
for the interchange of the two naphthalene diether compo-
nents, implying that whilst this process is slow on the chemical
shift time scale it is fast on the NOESY time scale.[35]


Additional exchange cross-peaks are revealed between the
diastereotopic NCH2 protons; the similarity of intensity with
those for the naphthalene diether components indicates that a
single exchange mechanism is responsible for equilibrating
both sets of resonances.


As before, two site-exchange mechanisms may be envis-
aged which lead to magnetic equivalence of the aromatic
diether subunits. The crown ring can revolve through the rigid
diimide macrocycle, or this more rigid ring can sweep around
the outside of the catenane to encircle the outer diether
residue. CPK models reveal that this latter process is most
unlikely, as the short linkers confer far greater rigidity on this
macrocycle than the flexible polyether chains present in the
crown component. Therefore, the exchange mechanism must
involve the revolution of the crown through the diimide
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macrocycle, a process which inevitably breaks all of the
donor ± acceptor interactions within the catenane. Necessarily,
this exchange is energetically expensive, and therefore
relatively slow, and is only apparent on the NOE time scale.
The observed exchange of the NCH2 signals is consistent with
this process. These protons are distinct by virtue of their
different spatial relationship to the adjacent naphthalene
diether systems: equivalence can only be achieved by rotating
the adjacent p-rich systems about their O ± O axes (Fig-
ure 12).[36] Reformation of the ordered catenane structure,
after the total disruption of the donor ± acceptor stack
required by exchange of the two aromatic diether units,
would not favour the orientation of a particular combination
of p-faces, and the environments of the neighbouring NCH2


protons would become averaged as a result.
The 1H NMR spectrum of [2]catenane 13 reveals just two


doublets for the ortho protons of the diimide component,
confirming the same environmental exchange on the chemical


Figure 12. Dynamic process leading to equivalence of Ha and Hb through
reorientation of the neighbouring naphthalene diether.


shift time scale of the two diimide subunits of the hexadiyne-
linked macrocycle witnessed in 12. All of the arguments
presented for catenane 12 also apply to this system, suggesting
that the same dynamic processes are in operation. This is also
the situation for the unsymmetrical composite [2]catenane 14
where, despite the inevitable complication of the spectrum
arising from the desymmetrising of the diimide-derived ring,
the 500 MHz COSY and NOESY spectra support the
proposition of identical dynamic phenomena.


Absorption spectra, luminescence spectra and excited-state
lifetimes : Photophysical experiments were conducted in
CH2Cl2 solution at room temperature and in an opaque rigid
CH2Cl2 matrix for the low temperature (77 K) luminescence
measurements. The results are summarised in Table 1.


The absorption spectra of the catenanes differ from the sum
of the absorption spectra of their respective components.
Most noticeably, the absorption bands of crown 5, and of the
diimides 10 and 11, undergo a noticeable decrease in intensity
when incorporated into a catenated structure. These decreas-
es are accompanied by small red-shifts of these features, the
appearance of a tail in the 340 ± 440 nm region, and, signifi-
cantly, the presence of a new broad band in the 480 ± 650 nm
region (Figure 13). All these observations are consistent with
the introduction of a reasonably strong donor ± acceptor
interaction between the electron-rich naphthalene diethers
and the electron-deficient diimide derivatives.[37] The new
absorption bands may be assigned to a charge-transfer
transition, and it is important to note the following character-
istics: i) the absorption maximum depends on the nature of
the electron acceptor; the stronger the acceptor, the lower the
energy of the transition, and ii) the absorption band of the
unsymmetrical [2]catenane 14 appears as approximately half


Figure 13. Absorption spectra (CH2Cl2) of [2]catenanes 12, 13 and 14.


the sum of the bands noted for 12 and 13. The implication is
that in the ground state both the pyromellitimide and
naphthalenediimide units of 14 interact with the macrocyclic
crown component 5, and the absorption spectrum represents
the sum of the absorptions of the different conformers present
in solution. The difficulty involved in extracting quantitative
data from these measurements, because of the number of
structural factors involved to which the electronic interaction
is sensitive, means that it is not possible to measure a ratio of
conformers for 14 from absorption measurements.


At room temperature the crown macrocycle 5 presents a
structured luminescence band, with maxima at 330 and
345 nm (t� 7.5 ns), previously ascribed to a p ± p* transi-
tion.[38] A structured, weak fluorescence band is also exhibited
by naphthalenediimide 11 (387 and 408 nm; t< 400 ps), that
may also be assigned to a p ± p* transition. No room-
temperature luminescence was observed for pyromellitimide
derivative 10. The naphthalenediimide-containing catenanes
13 and 14 display a similar, but lower-intensity, fluorescence
band to that observed for the free diimide 11 (Figure 14), and
again the lifetime is shorter than 400 ps. All three catenanes
12 ± 14 exhibit a similar, though once again weakened,
fluorescence band to that observed for the parent crown 5 if
excitation is performed at wavelengths shorter than 330 nm.
The lifetime of this band for catenanes 12 and 14 is equal to


Table 1. Luminescence properties of the catenanes 12 ± 14 and their parent
compounds 5, 10 and 11.


Room temperature 77 K
lmax (nm) t (ns) Irel (%) lmax (nm) t (ns) lmax (nm) t (ms)


5 345 7.5 100[a] 345 9.6 488 1200
10 ± ± ± ± ± 477 410
11 408 <0.4 100[b] 413 0.5 619 41
12 345 7.5 6[a] ± ± ± ±
13 345 1.7, 7.5 15[a] ± ± ± ±


411 <0.4 49[b]


14 345 7.5 51[a] ± ± ± ±
411 <0.4 15[b]
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Figure 14. Corrected fluorescence spectra (CH2Cl2, lexc� 345 nm) of
naphthalenediimide 11 and its derivative [2]catenane 13.


that observed for the fluorescence of 5 (7.5 ns), whilst for
catenane 13 the decay profile can be fitted only by employing
two exponential terms revealing the presence of a double
lifetime (t1� 1.3 ns and t2� 7.5 ns, attributed to diimide 11
and crown 5, respectively).


Luminescence spectra measured at 77 K reveal that whilst
pyromellitimide derivative 10 does not show any fluorescence,
both the crown ether 5 (lmax� 345 nm, t� 9.6 ns) and the
naphthalenediimide 11 (lmax� 413 nm, t� 0.5 ns) exhibit
intense, structured fluorescence bands. All the parent compo-
nents (5, 10 and 11) show relatively strong phosphorescence.
In stark contrast both to these observations and to the room-
temperature measurements, neither fluorescence nor phos-
phorescence is observed for any of the catenanes at this lower
temperature.


The modification of the p ± p* transition of the parent
chromophores when incorporated in catenates 12, 13 and 14,
and the previously mentioned introduction of new low-energy
absorption bands, clearly indicate the presence of an elec-
tronic donor ± acceptor interaction. The presence of the new
charge-transfer excited state in the interlocked molecules
results in the partial (room-temperature) and total (77 K)
quenching of the luminescence of the parent compounds. The
total quenching observed in the low-temperature experiments
demonstrates that the intense residual emission observed for
the catenanes at room temperature cannot be due to the
presence of emitting impurities, since contamination by
noncatenated chromophores would also be observed at
77 K. Quenching must therefore be ascribed to a frozen
molecular structure where each diimide subunit is locked in
close proximity with a naphthalene diether. Incomplete
fluorescence quenching at room temperature can be attrib-
uted to the dynamic movement of the catenane donor and
acceptor subunits. The NMR investigation revealed that for
all three catenanes a dominant dynamic process involves the
circumrotation of one of the electron-rich naphthalene units
of the crown around the periphery of the molecule, weakening
its interaction with the electron-deficient diimides and con-
sequently its ability to quench the fluorescence of these units.
In the case of [2]catenane 13, at any given time only one of the
naphthalenediimide units will be complexed between the
naphthalene diether components. If this complexed form is
assumed to lead to efficient quenching then this scenario
would explain the 50 % residual luminescence intensity of this


catenane. Additionally, if we accept that efficient fluorescence
quenching can only occur when the naphthalenediimide
subunit is bound within the crown, the 15 % residual
luminescence of this diimide in unsymmetrical [2]catenane
14 could indicate a ratio of solution conformers of 85:15 in
favour of that with the naphthalenediimide included within
the crown.


The residual fluorescence of the naphthalene diether
components of each of the catenanes can also be rationalised
in terms of the strength of the interaction between adjacent
donor and acceptor units. In the case of pyromellitimide
catenane 12 the residual luminescence is rather low (6 %),
indicating that only a small fraction of the naphthalene
diethers find themselves distanced from fluorescence-quench-
ing pyromellitimide units. The considerable residual fluores-
cence of unsymmetrical catenane 14 (51 %) indicates a
nonoptimal orientation of donor and acceptor units, support-
ing the proposition from NMR evidence that the overlap of
subunits must necessarily reflect a compromise of the
preferred overlap orientations of the different constituent
diimides. The preexponential terms for 13 show that about
50 % of the naphthalene diether chromophores have a
relatively short lifetime, presumably those sandwiched be-
tween the two naphthalenediimide components. Once again,
the residual fluorescence with the longer lifetime can be
ascribed to a peripheral, less strongly interacting diether residue.


The significant room-temperature fluorescence of the
naphthalenediimide-containing catenanes 13 and 14 may be
contrasted with the complete quenching observed for bipyr-
idinium-derived [2]catenanes containing the same crown.[38]


The conclusion is that catenanes 13 and 14 do not have
available radiationless decay routes, as a result of unfavour-
able donor ± acceptor overlap or dynamic reorientation of
these units.


Conclusion


In this work we have shown how donor ± acceptor interactions
between neutral aromatic components may be used to
assemble superstructures favouring, under macrocyclisation
conditions, the formation of [2]catenane supermolecules. The
use of a familiar coupling reaction and building blocks with
preexisting recognition characteristics serves to demonstrate
that the rather special combination of reactivity and self-
assembly involved in the synthesis of the Stoddart catenanes
does not represent the only viable approach to these systems.
We regard our modular approach as essentially complemen-
tary to existing methods: some building blocks are common to
both approaches, while others present complementary elec-
trochemical and photochemical properties;[39] one approach is
reagent-free whereas that presented in this paper utilises a
traditional reagent-mediated coupling procedure. In an emerg-
ing area of chemical technology and development, such
flexibility and diversity of approach must be regarded as both
desirable and important.


In particular, the present systems offer possibilities for post-
assembly modification of the catenated structure, in the
reduction of the imide or acetylenic groups, that would be
expected to modify or eliminate the donor ± acceptor proper-
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ties of the catenanes. Removal of the templating interaction
employed to assemble these structures would represent an
irreversible counterpart to Sauvage�s use of transition metal
ion coordination to assemble [n]catenates, from which the
templating metals can subsequently be removed. Addition-
ally, the use of rather robust and readily functionalised imide
derivatives allows the consideration of different ways in which
to close macrocyclic links and achieve catenation. Of partic-
ular current interest is the area of coupling or macrocyclisa-
tion using reversible, thermodynamically controlled reactions
such as transesterification[40] or olefin metathesis;[41] in recent
studies using the former of these reactions we have introduced
the concept of predisposition as a thermodynamic driving
force for the formation of particular macrocyclic architec-
tures.[42] In the present context, the establishment of favour-
able donor ± acceptor interactions between two macrocyclic
components would ensure a thermodynamic preference for
the interlocked form of two separate, complementary rings
(Scheme 5).[43] We envisage that the promise of potentially
high macrocyclisation efficiency provided by thermodynamic
ring closure, and the robust characteristics of our neutral
building blocks, may allow access to thus far inaccessible
[n]catenanes with fascinating topologies.[44,53]


Catenation
+


=  Reversible Linker


Scheme 5. Schematic representation of thermodynamic catenation.


Experimental Section


General methods : All chemicals were purchased from Aldrich and were
used without further purification. Solvents were dried according to
literature procedures:[45] tetrahydrofuran (THF) from Na/benzophenone
ketal, acetone from 4 � molecular sieves, DMF from CaH2 (under reduced
pressure). N,N,N',N'-Tetramethylethylenediamine (TMEDA) was distilled
prior to use. Anhydrous CuCl[46] and CuCl2


[47] were prepared according to
literature procedures, stored in an efficient desiccator and used within one
week of preparation. Thin-layer chromatography (TLC) was performed on
glass sheets coated with silica gel 60 (Merck 5554). Column chromatog-
raphy was performed on silica gel (Merck 9385, 230 ± 400 mesh). Melting
points were determined on a Gallenkamp Electrothermal melting point
apparatus and are uncorrected. 1H NMR spectra were recorded on Bruker
AC-250, AM-400 or DRX-500 MHz spectrophotometers; chemical shifts in
CDCl3 are expressed relative to CHCl3 (7.25 ppm); J values are given in Hz.
The following abbreviations are employed: pyro (pyromellitimide), naph
(naphthalenediimide). 13C NMR spectra (100 MHz) were recorded on the
AM-400 Bruker machine. Liquid secondary ion mass spectrometry
(LSIMS) was performed with a Kratos MS50 double-focussing electric/
magnetic sector instrument (NOBA matrix). Electrospray mass spectrom-
etry (ESMS) was performed with a VG BioQ triple quadrupole spectrom-
eter (MeCN solution). Absorption spectra were recorded with a Perkin
Elmer l16 spectrophotometer. Uncorrected emission spectra, corrected
excitation spectra, and phosphorescence lifetimes were obtained with a
Perkin Elmer LS50 spectrofluorimeter. The fluorescence lifetimes (un-
certainty � 5 %) were obtained with an Edinburgh single-photon counting
apparatus (D2-filled flash lamp). Emission spectra in a CH2Cl2 rigid matrix
at 77 K were recorded in quartz tubes immersed in a quartz Dewar filled
with liquid nitrogen. In order to allow comparison of emission intensities,
corrections for instrumental response, inner filter effects and phototube
sensitivity were performed.[48]


1-Benzyloxy-5-hydroxynaphthalene (2): Dry, powdered potassium carbon-
ate (1.44 g, 10 mmol) was added in small portions over 3 h to a stirred
solution of 1,5-dihydroxynaphthalene (5.00 g, 31 mmol) and benzyl bro-
mide (1.78 g, 1.24 mL, 10 mmol) in dry DMF (120 mL). After stirring
further for 16 h the solvents were removed under vacuum, and the residue
was extracted with boiling dichloromethane (3� 75 mL). The organic
extracts were washed with water (50 mL), dried (MgSO4) and purified by
column chromatography (SiO2, CHCl3; typically two sequential purifica-
tions were required) to afford the product as a pale yellow solid (1.10 g,
44%). M.p. 135 ± 137 8C (ref. [15] 136 ± 138 8C); Rf� 0.40 (SiO2, MeOH/
CHCl3, 0.2:99.8); 1H NMR (200 MHz, CDCl3): d� 7.96 (d, 1H, 3J� 6 Hz),
7.78 (d, 1H, 3J� 6 Hz), 7.55 (d, 2H), 7.47 ± 7.27 (m, 5H), 6.94 (d, 1H, 3J�
6 Hz), 6.87 (d, 1H, 3J� 6 Hz), 5.27 (s, 2 H).


1,11-Bis(5'-benzyloxy-1'-naphthoxy)-3,6,9-trioxaundecane (3): This mate-
rial was prepared by a procedure directly analogous to that described for its
1,4-phenyl analogue.[33] Column chromatography (SiO2; DCM/Et2O, 98:2)
afforded the pure material as an oil that slowly crystallised on standing
(71 %). M.p. 103 ± 104 8C (ref. [15] 106 ± 108 8C); Rf� 0.30 (SiO2; DCM/
Et2O, 98:2); 1H NMR (250 MHz, CDCl3): d� 8.01 ± 7.86 (m, 4H), 7.53 ± 7.30
(m, 14H), 6.89 ± 6.80 (m, 4 H), 5.13 (s, 4H), 4.27 (m, 4 H), 3.97 (m, 4H), 3.79
(m, 4 H), 3.74 (m, 4H).


1,11-Bis(5'-hydroxy-1'-naphthoxy)-3,6,9-trioxaundecane (4): This material
was prepared, directly prior to use in macrocyclisation reactions, by the
procedure previously reported for its 1,4-phenyl analogue[33] (quantitative
yield). 1H NMR (250 MHz, CDCl3): d� 7.82 (d, 2 H, 3J� 8 Hz), 7.71 (d, 2H,
3J � 8 Hz), 7.32 (t, 2 H, 3J� 8 Hz), 7.22 (t, 2 H, 3J� 8 Hz), 6.78 (t, 4 H, 3J�
8 Hz), 5.49 (s, 2 H), 4.23 (t, 4H, 3J� 5 Hz), 3.95 (t, 4H, 3J� 5 Hz), 3.78 (m,
4H), 3.73 (m, 4 H).


Bis(1,5-naphtho)-38-crown-10 (5) by Method A : A suspension of sodium
hydride (140 mg, 5.7 mmol) in dry THF (100 mL) was treated dropwise
under Ar over 2 h with a solution of dinaphthol 4 (910 mg, 1.9 mmol) and
ditosylate 1 (960 mg, 1.9 mmol) in dry THF (100 mL). The reaction was
stirred under reflux for 5 days and cooled to ambient temperature, and
excess hydride was quenched with water, added dropwise. The solvent was
removed under reduced pressure, and the residue was partitioned between
DCM and water. The organic layer was separated and dried (MgSO4). The
pure crown was obtained by column chromatography (SiO2; CHCl3/Et2O/
MeOH, 30:69:1) and recrystallisation from MeOH as a cream-coloured
crystalline solid (363 mg, 30%). M.p. 125 ± 126 8C (ref. [15] 125 ± 127 8C);
Rf� 0.30 (SiO2; CHCl3/Et2O/MeOH, 30:69:1); 1H NMR (400 MHz,
CDCl3): d� 7.78 (d, 4 H, 3J� 8 Hz), 7.17 (t, 4H, 3J� 8 Hz), 6.49 (d, 4H,
3J� 8 Hz), 4.05 (m, 8 H), 3.92 (m, 8H), 3.77 (m, 8 H), 3.73 (m, 8H).


1,5-Bis[13-(p-toluenesulfonyl)-1,4,7,10,13-pentaoxatridecyl]naphthalene
(7): A solution of 1,5-dihydroxynaphthalene (6, 0.46 g, 2.9 mmol) and
ditosylate 2 (7.23 g, 14.4 mmol) in dry acetone (75 mL) was added dropwise
over 2 h under N2 to a refluxing suspension of K2CO3 in dry acetone
(75 mL). The mixture was refluxed for 2 days and subsequently allowed to
cool to room temperature, filtered and evaporated to dryness under
reduced pressure. The residue was partitioned between DCM and water,
and the organic layer was separated and washed with 3n NaOH (100 mL)
and water (100 mL). The organic layer was then dried (MgSO4) and
evaporated, and the residue was purified by flash column chromatography
(SiO2; EtOAc/60 ± 80 8C petroleum ether, 3:1) to afford the ditosylate as a
pale yellow oil (1.48 g, 63%). Rf� 0.53 (SiO2; EtOAc/60 ± 80 8C petroleum
ether, 3:1); 1H NMR (250 MHz, CDCl3): d� 7.83 (d, 3J� 8 Hz, 2 H), 7.76 (d,
3J� 8 Hz, 4H), 7.31 (t, 3J� 8 Hz, 2 H), 7.30 (d, 3J� 8 Hz, 4 H), 6.81 (d, 3J�
8 Hz, 2H), 4.26 (t, 3J� 5 Hz, 4 H), 4.10 (t, 3J� 5 Hz, 4 H), 3.96 (t, 3J� 5 Hz,
4H), 3.77 ± 3.72 (m, 4H), 3.65 ± 3.52 (m, 16H), 2.38 (s, 6H); HRMS (FAB� ):
found 821.2893, C40H53S2O4 [M�H]� calcd 821.2877.


Bis(1,5-naphtho)-38-crown-10 (5) by Method B : A solution of ditosylate 7
(1.13 g, 1.4 mmol) and 1,5-dihydroxynaphthalene (6, 0.22 g, 1.4 mmol) in
dry acetone (50 mL) was added dropwise over 3 h under N2 to a refluxing
suspension of K2CO3 in dry acetone (150 mL). The reaction was stirred
under reflux for 2 days, cooled, filtered and evaporated to dryness under
reduced pressure. The residue was partitioned between DCM and water,
and the organic layer was separated, dried (MgSO4) and evaporated. The
pure crown was obtained after column chromatography and recrystallisa-
tion from methanol (232 mg, 26%); this material had identical spectral
characteristics to that obtained by Method A.
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Bis-N,N'-(prop-2-ynyl)pyromellitic diimide (10): Pyromellitic dianhydride
(8, 1.07 g, 5 mmol) was added to a stirred solution of propargylamine
(0.54 g, 10 mmol) in dry DMF (20 mL). Soon after dissolution of the
anhydride a thick precipitate started to form. After 2 h the reaction was
warmed to 140 ± 150 8C (complete dissolution of precipitate) and stirred
further for 2 h. The reaction was cooled to ambient temperature and
poured into ice-cold water, and the solid precipitate was collected at the
pump. Recrystallisation from DMF/water afforded a cream-coloured
crystalline solid (400 mg, 28%). M.p. >280 8C; 1H NMR (250 MHz,
[D6]DMSO): d� 8.30 (s, 2 H), 4.44 (d, 4J� 2.5 Hz, 4H), 3.33 (t, 4J� 2.5 Hz,
2H); 13C NMR (100 MHz, [D6]DMSO): d� 165.20, 137.02, 118.04, 79.28,
74.42, 27.35; MS (EI): m/z (%)� 292.0 M� (100); C16H8N2O4 (292.25): calcd
C 65.76, H 2.76, N 9.59; found C 65.74, H 2.77, N 9.58.


Bis-N,N'-(prop-2-ynyl)-1,4,5,8-naphthalenetetracarboxylic diimide (11):
Condensation of 1,4,5,8-naphthalenetetracarboxylic dianhydride 9 (1.34 g,
5 mmol) with propargylamine (0.54 g, 10 mmol) in dry DMF (35 mL), by an
identical procedure for that described for 10, gave fine, brown-pink needles
(1.14 g, 67 %) after work-up and recrystallisation from DMF/water. M.p.
>280 8C; 1H NMR (250 MHz, [D6]DMSO): d� 8.73 (s, 4H), 4.81 (d, 4J�
2.5 Hz, 4 H), 3.23 (t, 4J� 2.5 Hz, 2H); 13C NMR (100 MHz, [D6]DMSO):
d� 161.94, 130.82, 126.34, 79.24, 73.55, 29.57; MS (EI): m/z (%): 343.1
[M�H]� (50), 307.1 (100); C20H10N2O4 (342.31): calcd C 70.18, H 2.94, N
8.18; found C 70.12, H 2.90, N 8.16.


[2]-{[Cyclobis(pyromellitimide-hexa-2,4-diyne)][bis(1,5-naphtho)-38-
crown-10]}-catenane (12): Crown 5 (144 mg, 0.23 mmol) and bis-acetylene
10 (132 mg, 0.45 mmol) were added to dry DMF (12 mL) in an atmosphere
of dry air. Anhydrous CuCl (2.25 g, 23.0 mmol) and anhydrous CuCl2


(0.61 g, 4.5 mmol) were then added, and the reaction was stirred for two
days. The mixture was diluted with dichloromethane (100 mL), extracted
with water (2� 50 mL), dried (MgSO4) and evaporated. Residual DMF
was removed under high vacuum, and the residue was purified by column
chromatography (SiO2; MeOH/CHCl3, 1:99 increasing to MeOH/CHCl3,
10:90) to afford the [2]catenane as an orange-red solid (105 mg, 38 %). M.p.
>280 8C; 1H NMR (500 MHz, CDCl3, 27 8C): d� 7.16 (d, 3J� 8.7 Hz, 2H;
a-H2,6), 6.93 (s, 4H; diimide-H), 6.83 (d, 3J� 8.2 Hz, 2H; b-H2,6), 6.75 (t,
3J� 7.8 Hz, 2H; a-H3,7), 6.69 (t, 3J� 7.8 Hz, 2 H; b-H3,7), 6.47 (d, 3J� 7.6 Hz,
2H; b-H4,8), 6.28 (d, 3J� 7.5 Hz, 2H; a-H4,8), 4.39 (d, 2JAB� 17.7 Hz, 4H;
NCH2), 4.22 (d, 2JAB� 18.1 Hz, 4H; NCH2), 4.11 (m,
4H; OCH2), 4.01 (m, 8H; OCH2), 3.93 ± 3.86 (m, 20H;
OCH2); MS (ES�): m/z (%)� 1241.1 [M�Na]� (100),
1256.6 [M�K]� (12); MS (LSI): m/z (%)� 1239.2
[M�Na]� (100), 766.0 (20), 659.1 (30), 636.1 (20);
C68H56N4O18 (1217.22): calcd C 67.10, H 4.64, N 4.60;
found C 66.92, H 4.74, N 4.43.


[2]-{[Cyclobis(1,4,5,8-naphthalenetetracarboxylic diim-
ide-hexa-2,4-diyne)][bis(1,5-naphtho)-38-crown-10]}-c-
atenane (13): A solution of crown 5 (34 mg, 53 mmol)
and bis-acetylene 11 (37 mg, 107 mmol) in dry DMF
(8 mL) was treated with anhydrous CuCl (0.53 g,
5.3 mmol) and anhydrous CuCl2 (0.14 g, 1.1 mmol),
and the mixture was stirred in an atmosphere of dry
air for 2 days. It was then poured into water (50 mL) and
extracted with CHCl3 (2� 50 mL). The organic extracts
were dried (MgSO4) and evaporated to afford a residue
which was purified by column chromatography (SiO2;
MeOH/CHCl3, 0.5:99.5 increasing to MeOH/CHCl3,
2:98) to yield the [2]catenane as a purple solid (36 mg,
52%). M.p. >280 8C; 1H NMR (500 MHz, CDCl3,
27 8C): d� 8.14 (d, 3J� 7.5 Hz, 4H; diimide H), 7.92 (d,
3J� 7.5 Hz, 4 H; diimide H), 6.78 (d, 3J� 8.2 Hz, 2H; a-
H2,6), 6.58 (t, 3J� 7.9 Hz, 2H; b-H3,7), 6.48 (t, 3J� 7.9 Hz,
2H; a-H3,7), 6.23 (d, 3J� 8.3 Hz, 2H; b-H2,6), 5.96 (d,
3J� 7.5 Hz, 2H; a-H4,8), 5.71 (d, 3J� 7.5 Hz, 2H; b-H4,8),
4.86 (d, 2JAB� 17.1 Hz, 4H; NCH2), 4.79 (d, 2JAB�
16.9 Hz, 4H; NCH2), 4.07 ± 3.69 (m, 28 H; OCH2), 3.49
(m, 4H; OCH2); MS (ES�): m/z (%)� 1341.2 [M�Na]�


(100); MS (LSI): m/z (%)� 1317.5 M� (36), 636.3 (100);
C76H60N4O18 (1317.34): calcd C 69.29, H 4.59, N 4.25;
found C 69.02, H 4.41, N 4.14.


[2]-{[Cyclo(1,4,5,8-naphthalenetetracarboxylic diim-
ide)(pyromellitimide)bis(hexa-2,4-diyne)][bis(1,5-naph-


tho)-38-crown-10]}-catenane (14): A mixture of crown 5 (50 mg, 79 mmol),
bis-acetylene 10 (23 mg, 79 mmol) and bis-acetylene 11 (27 mg, 79 mmol) in
dry DMF (6 mL) was treated with anhydrous CuCl (780 mg, 7.9 mmol) and
CuCl2 (210 mg, 1.6 mmol) and subsequently stirred in an atmosphere of dry
air for 2 days. The mixture was poured into water (100 mL) and
continuously extracted with CHCl3 for 4 h. The chloroform extracts were
evaporated, and the residue was subjected to preliminary chromatography
(SiO2; MeOH/CHCl3, 7:93) to afford a mixture of catenane products. The
mixture was successfully separated by preparative thin layer chromatog-
raphy (SiO2; MeOH/CHCl3, 7:93) to afford (in order of increasing polarity)
symmetrical [2]catenane 13 (5 mg, 5%), the desired red unsymmetrical
[2]catenane 14 (24 mg, 24 %) and symmetrical [2]catenane 12 (6 mg, 6%).
The unsymmetrical catenane had m.p. >280 8C; 1H NMR (400 MHz,
CDCl3, 25 8C): d� 8.31 (d, 3J� 7 Hz, 2H; naph), 7.83 (d, 3J� 7 Hz, 2H;
naph), 6.98 (s, 2H; pyro), 6.84 (d, 3J� 8 Hz, 2H; a-H2,6), 6.62 (t, 3J� 8 Hz,
2H; b-H3,7), 6.52 (overlapping d and t, 4 H; b-H2,6 and a-H3,7), 6.01 (d, 3J�
8 Hz, 2 H; a-H4,8), 5.98 (d, 3J� 8 Hz, 2 H; b-H4,8), 4.94 (d, 2JAB� 17 Hz, 2H;
naph ± CH2), 4.75 (d, 2JAB� 17 Hz, 2H; naph ± CH2), 4.35 (d, 2JAB� 18 Hz,
2H; pyro ± CH2), 4.22 (d, 2JAB� 18 Hz, 2H; pyro ± CH2, and 2H; over-
lapping OCH2 resonance), 4.10 ± 3.75 (m, OCH2; 30 H); 13C NMR
(100 MHz, CDCl3, 25 8C): d� 164.25, 163.98, 161.66, 161.50, 153.07,
152.83, 134.64, 134.37, 130.86, 130.00, 125.34, 124.96, 124.83, 124.03,
123.68, 115.72, 113.71, 112.77, 104.91, 103.89, 78.06, 74.52, 71.00, 70.86,
69.74, 69.27, 68.00, 67.38, 67.18, 29.97, 28.02; MS (ES�): m/z (%)� 1290.5
[M�Na]� (100); MS (LSI): m/z (%)� 1290.5 [M�Na]� (20), 1267.5 M�


(50), 636.5 (20); C72H58N4O18 (1267.28): calcd C 68.24, H 4.61, N 4.42; found
C 68.10, H 4.50, N 4.37.


X-ray structure determinations : Single crystals of both bis-acetylene 11 and
the 11 ´ 5 inclusion complex were obtained from a slowly cooled DMF/
water mixture of 11 and 5 (2:1 molar ratio). Data reduction was performed
within the TEXSAN program.[49] The structures were solved by direct
methods with SIR 92[50] and refined by full-matrix least-squares on F 2 with
SHELXL93.[51] Hydrogen atoms were fixed geometrically, riding on the
relevant heavy atom and refined with isotropic temperature factors. Crystal
data and collection parameters for the structures are given in Table 2.
Details of the data collection and structural solution of 12 have been
reported elsewhere.[18]


Table 2. Crystal data and data collection parameters for 11 and 11 ´ 5.


Bis-acetylene 11 Complex 11 ´ 5


formula C20H10N2O4 C56H54N2O14


formula weight 342.3 979.0
colour colourless red
T, K 150 150
l(MoKa), � 0.71069 0.71069
crystal system monoclinic monoclinic
space group P21/c P21/n
cell dimensions
a, � 9.746(5) 11.704(4)
b, � 6.310(6) 11.628(5)
c, � 12.867(5) 17.963(7)
a, 8 90 90
b, 8 111.78(3) 97.91(4)
g, 8 90 90
V, �3 734.8(8) 2421(2)
Z 2 2
1calcd , gcmÿ3 1.547 1.343
m, mmÿ1 0.110 0.097
2qmax, 8 22.49 22.50
crystal size, mm 0.30� 0.12� 0.10 0.25� 0.22� 0.20
q range, 8 3.32 ± 22.49 2.63 ± 22.50
reflns collected 1761 3349
independent reflns 964 3164
absorption correction none none
data/restraints/parameters 962/0/119 3159/0/325
goodness-of-fit on F 2 1.042 1.016
final R indices [I> 2s(I)] R1� 0.0402, wR2� 0.0906 R1� 0.0586, wR2� 0.1240
R indices (all data) R1� 0.1111, wR2� 0.1141 R1� 0.1899, wR2� 0.1793
largest diff. peak and hole, e �ÿ3 0.211 and ÿ0.257 0.274 and ÿ0.228







[2]Catenanes 608 ± 620
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Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-100717 (11 ´
5) and CCDC-100718 (11). 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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NMR Studies on the Self-Association of Uridine and Uridine Analogues


Anita Dunger, Hans-Heinrich Limbach, and Klaus Weisz*


Abstract: Association constants for the
dimerization of acylated uridine and two
analogues, 4-thiouridine and 6-oxadihy-
drouridine, have been determined in
chloroform solution. At 293 K, self-as-
sociation constants K were found to
decrease in the order uridine> 6-
oxadihydrouridine> 4-thiouridine. Low-
temperature 1D and 2D NMR measure-
ments in a deuterated freon mixture
allowed the unambiguous assignment of


the different dimeric species formed.
For homodimers of uridine, the 2- and 4-
carbonyl groups act as H-bond acceptors
with equal frequency, whereas for the 6-
oxa analogue the 2-carbonyl is strongly
favored over the 4-carbonyl group. No


hydrogen bonding of the 4-S atom is
observed in the 4-thio analogue. In
agreement with the more negative atom-
ic charge on the O4 oxygen predicted
from ab initio calculations, 1H chemical
shifts of the H-bonded proton in uridine
dimers indicate a stronger hydrogen
bond in the 4- as compared to the 2-
position.Keywords: hydrogen bonds ´ iso-


topic labeling ´ nucleic acids ´
nucleosides


Introduction


Association of nucleobases by specific hydrogen bonds is a
major determinant of nucleic acid structure. Thus, the double
helix of DNA is based on the specific recognition of guanosine
(G) by cytidine (C) and of adenosine (A) by thymidine (T) to
form Watson ± Crick base pairs. However, because of the
multiple proton donor and acceptor sites, configurations other
than Watson ± Crick pairings are conceivable for the associ-
ation of nucleobases. Such nonstandard base pairs, far from
being mere curiosities, frequently occur in DNA and RNA
structures. Examples include reverse Watson ± Crick base
pairs in parallel-stranded DNA,[1] Hoogsteen hydrogen bond-
ing in triple helices[2] or U ± U base pairing in RNA.[3a±c]


Besides their central role in determining the three-dimen-
sional structure of nucleic acids, the properties of hydrogen-
bond donor and acceptor sites in nucleobases are crucial for
the rapidly developing technologies based on molecular
recognition. These include the design of synthetic host
compounds[4] or of DNA-specific ligands like antisense and
antigene agents.[5]


Because of this importance, numerous theoretical[6a±d] and
some experimental studies[7a±f] on the association of nucleo-
bases have been performed in the past. While a considerable
amount of thermodynamic data for base ± base interactions in


aprotic solvents has been collected, the detailed structure of
the associates in solution is still a matter of debate. On the
basis of IR[8] as well as NMR spectroscopic studies[9a±d] at
ambient temperature, preferred association modes for homo-
and heterodimers of nucleobases have been proposed, yet no
reliable evaluation of the various dimer populations has been
possible so far.


As a first step we have performed NMR measurements on a
uridine derivative at very low temperatures in a freon
mixture.[10] This enabled us for the first time to observe
individual nucleoside base pairs in solution by NMR methods.
To further explore the preferred hydrogen-bonding scheme of
nucleobases and its modulation by chemical modifications, we
have studied the association of suitably derivatized 15N-
labeled uridine and of two uridine analogues by homo- and
heteronuclear NMR spectroscopic techniques at low and
ambient temperatures. The uridine analogues are derived
from the uracil base by replacing the exocyclic 4-carbonyl
oxygen by sulfur and the 6-methine group by an oxygen atom.
4-Thiouracil is formed in post-transcriptional reactions and
found as a constituent in tRNA molecules. The synthetic 6-
oxa analogue is an isoster of 5,6-dihydrouracil and has been
shown to be an apparent competitive antagonist of uracil in
bacterial systems.[11] Whereas the first substitution directly
alters an H-bond acceptor site of the uracil base, the second
analogue is composed of a different heterocyclic ring system
with unchanged H-bond donor and acceptor functionalities.
The modifications introduced in 2 and 3 are shown to have a
marked effect on the association modes of the nucleoside. In
addition, 15N NMR data are presented and discussed for their
potential use for monitoring hydrogen bonding.


[*] Dr. K. Weisz, Dipl.-Phys. A. Dunger, Prof. Dr. H.-H. Limbach
Institut für Organische Chemie der Freien Universität Berlin
Takustr. 3, D-14195 Berlin (Germany)
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Results and Discussion


Nucleoside self-association : We have studied the self-associ-
ation of the specifically 15N-labeled nucleosides [3-15N]-2'-
deoxyuridine (1), [3-15N]-2'-deoxy-4-thiouridine (2), and [3-
15N]-6-oxadihydrouridine (3) (Figure 1 a). As shown in Ta-


ble 1, the pKa of the nucleoside decreases by about a unit from
uridine to the 6-oxa- and the 4-thioketo analogue. However,
irrespective of their structural differences, the same possible
association modes must be considered for each of the three
bases. In contrast to DNA or RNA oligonucleotides, hydrogen
bonding and base pairing of the free monomers can be studied


without restrictions imposed by
steric and electrostatic interac-
tions of the sugar ± phosphate
backbone. Theoretical and exper-
imental evidence suggests that at
least two cyclic hydrogen bonds
must form to produce a stable base
pair.[13] Accordingly, nucleosides 1,
2, and 3 can be arranged in four
different configurations depend-
ing on the use of the 4- or 2-
carbonyl group as proton acceptor
for each of the two bases in the
homodimer (Figure 1 b). Dimers I
and II with an O(S)4 ± O(S)4 and
an O2 ± O2 pairing have a C2 axis
of symmetry. The two configura-
tions O(S)4 ± O2 and O2 ± O(S)4
are of course identical in the case
of self-association and are repre-
sented by the asymmetric dimer
III.


In order to determine equilibri-
um constants for self-association,
we measured 1H chemical shifts
for the imino proton of the nucleo-
sides as a function of concentra-
tion. For apolar solvents, acylation
of the free sugar OH groups is
necessary to enhance nucleoside
solubility. Isotherms for the three
nucleosides in CDCl3 at 20 8C are


shown in Figure 2. A nonlinear least-squares fit of the data to
a fast monomer ± dimer equilibrium yields association con-
stants that are summarized in Table 1. The self-association


constants decrease by an overall factor of 4 in the order 1>
3> 2. Available literature values for 1-cyclohexyluracil in
chloroform range from 3.2<K< 6.1mÿ1,[7d, e, 9a] while for 1-
cyclohexyl-4-thiouracil a value of K� 2.7mÿ1 was determined
using infrared methods.[7d] Although our values are noticeably
higher, there is still good agreement with the published data


Abstract in German: Die Assoziationskonstanten für die
Dimerisierung von acyliertem Uridin und der beiden Analoga
4-Thiouridin und 6-Oxadihydrouridin in Chloroform wurden
ermittelt. Die Gleichgewichtskonstanten für die Selbstassozia-
tion nehmen dabei in der Reihe Uridin> 6-Oxadihydrouri-
din> 4-Thiouridin bei 293 K ab. 1D- und 2D-NMR-Messun-
gen in einem Gemisch aus deuterierten Freonen bei tiefen
Temperaturen ermöglichten eine eindeutige Zuordnung der
unterschiedlichen Dimerstrukturen. In den Homodimeren von
Uridin fungieren die 2- und die 4-Carbonylgruppe in gleichem
Maûe als H-Brückenacceptoren, während die 2-Carbonylgrup-
pe in der analogen 6-Oxa-Verbindung ein wesentlich besserer
Acceptor ist als die 4-Carbonylfunktion. Für die 4-Thio-
Verbindung kann keine Beteiligung des 4-S-Atoms an Wasser-
stoffbrücken nachgewiesen werden. In Übereinstimmung mit
dem durch Ab-initio-Rechnungen erhaltenen Befund, daû die
Ladung an O4 etwas negativer ist als die an O2, deuten die 1H-
NMR-Verschiebungen der H-Brücken-gebundenen Protonen
in den Uridindimeren auf eine stärkere Wasserstoffbrük-
kenbindung unter Einbeziehung der 4-Position hin.


Figure 1. a) Structure of acylated [3-15N]-2'-deoxyuridine (1), [3-15N]-2'-deoxy-4-thiouridine (2), and [3-
15N]-6-oxadihydrouridine (3) with atom numbering indicated.[12] b) Possible cyclic dimers formed by self-
association of 1, 2, and 3.


Table 1. pKa values, equilibrium constants K and free enthalpies DG of
self-association for nucleosides 1, 2, and 3 at 293 K.


Nucleoside Solvent pKa
[a] K (mÿ1) DG (kJ molÿ1)


1 CDCl3 9.3[13] 12.7 ÿ 6.2
2 CDCl3 8.2[13] 3.1 ÿ 2.8
3 CDCl3 8.7[14] 5.3 ÿ 4.1
1[a] H2O 9.3[13] 0.0[b] � 0.0[b]


[a] Nonacylated derivatives in aqueous solution. [b] From concentration
dependent 3-15N chemical shift.
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Figure 2. Concentration dependence of the imino proton chemical shift in
CDCl3 for 1 (*), 2 (&), and 3 (~) at 293 K. Lines represent the least-squares fit.


given the different residues and the lower temperature in our
studies (293 K vs. 298 ± 303 K). Note also that self-association
of nonderivatized uridine in H2O is negligible, that is, 3-15N
chemical shifts were found to be essentially independent in
this solvent within the concentration range 416> c> 13 mm
(data not shown). Clearly, the water molecules effectively
compete for the H-bond donor and acceptor sites, thus
disrupting any homodimeric species.


Structure of nucleoside dimers : Data obtained from 1H
chemical shift measurements at room temperature represent
averages over all coexisting dimeric species and do not allow a
detailed evaluation of type and relative population of the self-
associates present in solution. However, concentration-de-
pendent 13C chemical shifts measured for both the C-2 and C-
4 carbonyl carbon of 1-cyclohexyluracil in chloroform in-
dicated that both the 4- and 2-carbonyl act as proton acceptor
sites in dimer formation.[9a] Also, the probability that the 4-
carbonyl group was used was found to decrease in the 4-
thiouracil derivative. In contrast, similar 13C NMR experi-
ments on a uridine derivative in acetonitrile were interpreted
to indicate a predominant O4 ± O4 dimer.[9c] Such a dimer is
also observed in the solid state of 1-methyluracil[15] and was
considered the major dimeric species based on 17O NMR
measurements of uracil in dimethylsulfoxide.[9b] Finally,
Kyogoku et al. concluded from IR spectroscopic studies on
1-cyclohexyluracil that one U ± U dimer predominates in
chloroform solution, although which one could not be
determined.[8] However, similar association constants for all
three dimers, as calculated for the 5-methyl analogue 1-
methylthymine in the gas phase,[6b] could also account for their
experimental data.


In order to study the preferred association modes of the
nucleosides 1, 2, and 3 in more detail we performed NMR
measurements at temperatures low enough for any coexisting
dimers to be in slow exchange. For this purpose, a deuterated
freon mixture CDClF2/CDF3 was used as solvent, allowing
measurements in the liquid state down to 100 K.[16a±c] Besides
serving as a nuclear probe for H-bond interactions, the 15N


isotope has the advantage in 1H NMR measurements of
reducing the linewidth of the attached imino proton upon 15N
decoupling.


[3-15N]-3',5'-Diacetyl-2'-deoxyuridine (1): 1H NMR spectra
showing the imino proton resonances of 1 in freon are plotted
as a function of temperature in Figure 3 a. Upon cooling, the


Figure 3. a) Imino proton spectral region of 1H{15N} NMR spectra of 1 in
freon as a function of temperature. b) Portion of a 1H{15N} 2D NOE
spectrum of 1 in freon showing imino ± imino (bottom) and imino ± base/
sugar proton crosspeaks (top). The spectrum was acquired at 113 K with a
60 ms mixing time.


signal initially shifts downfield as a result of increased
formation of hydrogen-bonded dimers. At 133 K the reso-
nance broadens considerably and finally splits into four
separate signals at 123 K with chemical shifts of d� 12.36
(A), 12.24 (B), 11.84 (C), and 11.72 (D). Obviously, these
resonances can be attributed to different coexisting dimeric
species in slow exchange (Figure 1 b).
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In order to unambiguously assign the four imino resonances
at low temperatures, we performed a homonuclear 2D NOE
experiment at 113 K. At this temperature no crosspeaks due
to chemical exchange are observed and NOE contacts directly
identify protons in close spatial proximity. Regions of the 2D
NOE spectrum showing imino proton contacts are plotted in
Figure 3 b. Prominent crosspeaks connect the two imino
resonances HA and HD at d� 12.36 and 11.72, the two
downfield-shifted imino signals HA and HB with H5 and the
two upfield-shifted imino signals HC and HD with H1' protons.
In a model for the three cyclic dimers of 1, short interproton
distances involving imino protons can be identified (Figure 4).


Figure 4. Models of the three cyclic dimers of 1 in their anti conformation.
Arrows indicate short interproton distances< 4 � to the imino protons,
with dashed arrows connecting two equivalent imino protons that give no
observable NOE contact.


Thus, intermolecular NOE connectivities are expected be-
tween the two nonequivalent imino protons of the O4 ± O2
dimer III, as well as between imino protons hydrogen-bonded
to the 4-carbonyl group and H5 with distances of about 3.0
and 3.6 �, respectively. Intermolecular distances between
imino protons hydrogen-bonded to the 2-carbonyl group and
the anomeric H1' proton depend on the O4'-C1'-N1-C2
glycosidic torsion angle k. However, the two main conforma-
tions, syn and anti, are easily distinguished by their different
NOE patterns between the base H6 and sugar protons.[17] For
1, intramolecular NOE contacts observed between H6 and


H2' and missing contacts between H6 and H1' protons clearly
establish an anti orientation with glycosidic torsion angles in
the 1808 range at low temperatures (spectral region not shown).
For this conformation, another short intermolecular distance
of about 3.3 � connects imino protons hydrogen-bonded to
the 2-carbonyl group and the anomeric H1' proton (Figure 4).


These considerations allow the straightforward assignment
of all imino resonances. From their NOE contacts, A and D
can be associated with imino protons hydrogen-bonded to the
4- and 2-carbonyl in the asymmetric O4 ± O2 dimer III.
Correspondingly, B and C arise from the symmetric O4 ± O4
and O2 ± O2 dimers I and II, respectively. Additional weak
crosspeaks between downfield-shifted imino protons and H1',
as well as between upfield-shifted imino protons and H5, can
be attributed to intramolecular contacts involving distances
greater 4 �. The observation of individual NMR resonances
also allowed us to quantitatively determine the population of
the different dimeric species in solution. Deconvoluting the
signals by spectral simulation and accounting for the number
of equivalent imino protons within the three dimeric struc-
tures results in relative populations at 123 K of 1:1:1.6 for
dimers I, II, and III. If we take into account the twofold
degeneracy of the latter, the relative populations of homo-
dimers indicate that all base-pair configurations are of similar
stability and both carbonyl groups contribute almost equally
as proton acceptor sites to the uridine dimers.


We also recorded 13C NMR spectra of 1 in freon to follow
the chemical shift of the C2- and C4-carbonyl carbon as a
function of temperature (Figure 5). There is a downfield shift


Figure 5. Temperature dependence of the C2 (*) and the C4 (&) 13C
chemical shifts of 1 in freon.


for both resonances upon cooling owing to increased self-
association. The larger shift of C-4 relative to C-2 in freon is
consistent with temperature-dependent measurements on a
uridine derivative in acetonitrile,[9c] precluding significant
solvent effects on the relative dimer populations. Two factors
may account for the 13C NMR data: i) larger perturbations
experienced by the C-4 carbonyl carbon in a hydrogen bond
and/or ii) a larger temperature dependence of the association
constant for O4 ± O4 self-associates. The latter implies differ-
ent enthalpy and entropy changes, DH8 and DS8, for the
formation of the O4 ± O4 and O2 ± O2 homodimers. Given
roughly equal populations at 123 K, a growing fraction of
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O2 ± O2 homodimers would be anticipated with increasing
temperature. Clearly, such a situation is not supported by the
available experimental data, nor is it compatible with the larger
shift of the C-4 relative to the C-2 13C signal in concentration-
dependent NMR measurements at temperatures> 300 K.[9a, c]


Consequently, the carbonyl carbons are likely to be differently
affected in a hydrogen bond, prohibiting a quantitative
analysis of 13C NMR data without knowledge of the individual
perturbation in their electron distribution.


[3-15N]-2'-deoxy-4-thiouridine (2): The temperature depend-
ence of the imino proton resonance for the 4-thio analogue 2
in freon is shown in Figure 6 a. Again, a downfield shift of the
signal with decreasing temperature is indicative of a self-
association process. However, unlike that of 1, the imino


Figure 6. a) Imino proton spectral region of 1H{15N} NMR spectra of 2 in
freon as a function of temperature. b) Portion of a 1H{15N} 2D NOE
spectrum of 2 in freon showing regions with imino ± base/H1' (bottom) and
base/H1' ± base/sugar proton crosspeaks (top). The connectivity between
the imino and H1' proton is indicated by the dotted line. The spectrum was
acquired at 123 K with a 100 ms mixing time.


resonance of 2 undergoes no exchange broadening and there is
only a continuously increasing linewidth with decreasing tem-
perature owing to a slower molecular reorientation. At 123 K
the chemical shift of the imino proton has reached its limiting
value and does not change when the temperature is further
decreased. If we disregard the possibility of complete signal
overlap, the observation of a single resonance at low temper-
atures indicates the existence of only one dimer in solution.


To further characterize the self-association mode of 2, we
performed a 2D NOE experiment at 123 K. Portions of the
spectrum are shown in Figure 6 b. Of course, the above-
mentioned considerations for 1 concerning interproton dis-
tances are also valid in this case. Crosspeaks between H1' and
H2'/H2'' protons, a strong crosspeak between H5 and H6 and
the absence of any contacts between H5 and sugar protons
clearly identify the partially overlapping H1' and H5 reso-
nances. Moreover, a strong crosspeak between H6 and H2'
and the absence of a NOE connectivity between H6 and H1'
indicates an anti glycosidic torsion angle for 2. For the imino
proton a prominent crosspeak to the H1' proton is observed,
that is, the NH proton can be assigned to HC of the O2 ± O2
dimer II. As there is no indication of an imino ± H5 contact,
the presence of significant amounts of dimeric structures I and
III, which use the 4-thiocarbonyl as proton acceptor, can be
safely precluded. The sulfur atom is known to be inferior to
the oxygen as a proton acceptor and obviously cannot
effectively compete as acceptor in a dimer. Assuming a
similar situation at higher temperatures, the fourfold decrease
in the association constant for 2 at 293 K can be attributed to
the statistical disadvantage of having only one efficient H-
bond acceptor site, whereas for 1 all four base-pair arrange-
ments are nearly isoenergetic and contribute equally to the
dimer (see Table 1).


[3-15N]-6-oxadihydrouridine (3): For the uridine analogue 3, a
shift in the equilibrium towards a dimeric structure at lower
temperatures results in a downfield shift of the imino proton
signal, as was observed for 1 and 2 (Figure 7 a). At 143 K the
resonance is noticeably broadened but sharpens again at
123 K. At the same temperature, a second signal of much
lower intensity appears at d� 10.63, upfield of the larger
resonance at d� 10.80. Deconvolution by peak fitting gives an
integral ratio of 8 to 1. The large population differences
associated with these two signals can account for the relatively
small exchange broadening around the coalescence point at
143 K when compared to 1.


Portions of the 2D NOE spectrum of 3 acquired at 118 K
are shown in Figure 7 b. Apparently the higher molecular
weight and hence the slower molecular reorientation increas-
es the linewidth of individual resonances of 3 compared with 1
and 2. Nevertheless, by means of additional 1H ± 13C correla-
tion data (not shown) all resonances have been unambigu-
ously assigned. Connectivity patterns expected between base
and sugar protons for 3 are similar to those of 1, except for the
absence of H6 protons in the 6-oxa analogue. This prevents a
distinction between syn and anti conformations based on H6-
H1'/H2' contacts. However, the observation of a NOE cross-
peak between the imino signal at d� 10.80 and H1' not only
identifies dimer II with O2 ± O2 geometry as the predominant
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structure at this temperature, but also precludes a syn
conformation with corresponding distances to H1'> 4.5 �.
Having assigned the downfield signal to the O2 ± O2 config-
uration, we must attribute the upfield-shifted low-intensity
NH signal to imino protons hydrogen-bonded to the 4-
carbonyl in an O4 ± O4 and/or O4 ± O2 geometry. On the basis
of energy-minimized models, intermolecular distances be-
tween imino protons hydrogen-bonded to O4 and the two H5
protons in 3 are in the range 3.6 ± 3.9 � and should give rise to
observable NOE contacts. However, the low intensity of the


Figure 7. a) Imino proton spectral region of 1H{15N} NMR spectra of 3 in
freon as a function of temperature. b) Portion of a 1H{15N} 2D NOE
spectrum of 3 in freon showing imino ± base/sugar (bottom) and base/
sugar ± base/sugar proton crosspeaks (top). The connectivity between the
imino and H1' proton is indicated by the dotted line. The spectrum was
acquired at 118 K with a 60 ms mixing time.


upfield-shifted imino resonance does not permit the detection
of any crosspeak to H5 protons. Despite the strong preference
of the 6-oxa analogue to associate in an O2 ± O2 geometry, the
population of complexes formed through the C-4 carbonyl
group is more than 10 % of the total; this fact may account for
the somewhat larger association constant determined for 3
compared with that of 2 in a chloroform solution.


Hydrogen bond strength : 1H NMR chemical shifts of H-
bonded protons are often used as indicators of the hydrogen
bond energy. Thus, observation of a highly deshielded proton
suggests its participation in a strong hydrogen bond. Based on
a simple electrostatic model, the hydrogen bond energy
should increase as the donor becomes more acidic and the
acceptor becomes more basic as a result of an increase in
partial positive and partial negative charge on the donor and
acceptor, respectively.[18] In order to obtain partial charges on
the two H-bond acceptor sites, we performed 6-31 G* ab initio
calculations on the 1-methyl derivatives of 1, 2, and 3. Atomic
charges on the carbonyl oxygen or sulfur derived from fits to
electrostatic potentials are shown for all three bases in
Figure 8. Although these values were determined for the gas


Figure 8. Electrostatic fit charges on the O2 and O(S)4 atom for the 1-
methyl derivatives of 1, 2, and 3, obtained from 6-31 G* ab initio
calculations.


phase, there is nevertheless a qualitative agreement between
calculated charges and experimental 1H chemical shifts. In the
case of uridine, the calculated difference in partial charges on
the O-4 and O-2 atom is small, but in line with a more
downfield-shifted imino proton H-bonded to the 4-carbonyl.
In contrast, for the 6-oxa- and in particular for the 4-thio
analogue a higher negative charge resides on the O-2 oxygen,
indicating a stronger hydrogen bond through the 2-carbonyl
group. However, from the small 1H chemical shift differences
of A/B or C/D imino protons in the uridine dimer it becomes
apparent that geometrical factors may contribute to the
hydrogen bond energy as well (see Figure 3). It should also be
emphasized that it is not only the H-bond energy which
determines the dimer population. Rather, the dimer free
energy is also influenced by solvation effects and by additional
long-range and steric interactions.


15N NMR spectroscopy: The 15N isotope was found to be a
sensitive probe for hydrogen bonding in nucleosides[9d, 19] and
DNA fragments.[20a±c] To explore the potential of 15N chemical
shifts in monitoring the formation and strength of hydrogen
bonds in more detail, we acquired temperature-dependent 15N
NMR spectra of the specifically 3-15N-labeled nucleosides 1, 2,
and 3 in freon. For all three nucleobases self-association
results in similar chemical shift changes for the imino proton
and the imino nitrogen, yet in all cases changes in 15N
chemical shifts are slightly smaller than changes in the 1H
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chemical shift. Thus, lowering the temperature from 293 K to
173 K leads to a downfield shift of the NH proton and
nitrogen resonances of 1 by 2.14 and 1.90 ppm, respectively
(data not shown). We found no change in the 1H ± 15N 1J scalar
coupling upon hydrogen bond formation, in contrast to
previous studies on A ± U base pairs.[19]


Because proton chemical shifts are also indicative of the
hydrogen bond strength, we wanted to examine possible
correlations between 1H and 15N chemical shifts for the
various hydrogen-bonded self-associates. For this purpose we
acquired 2D 1H ± 15N heteronuclear multiple-quantum coher-
ence (HMQC) spectra at temperatures low enough for
observation of the individual dimers. A representative 1H ±
15N HMQC spectrum of 1 at 123 K is shown in Figure 9.


Figure 9. Portion of a gradient-selected 1H ± 15N HMQC spectrum of 1 in
freon at 123 K.


Obviously, 1H and 15N chemical shifts correlate among the
dimeric species of nucleoside 1, in that NH groups with a more
downfield-shifted proton resonance also have a more down-
field-shifted 15N resonance. However, this correlation is not
necessarily valid among different nucleosides (Table 2). Thus,


in contrast to its 3-15N signal, the imino proton resonance of
dimeric 2 is most downfield-shifted among all dimers of 1, 2,
and 3. For dimeric 3, both 1H and 15N resonances are most
upfield-shifted, but no crosspeak could be observed for the
low-intensity 1H resonance in a HMQC spectrum at 123 K for
reasons of sensitivity (see Figure 7 a). Clearly, 15N NMR
spectroscopy will be particularly useful under conditions of
fast imino proton exchange in protic solvents or in the case of
oligonucleotides where proton resonances severely overlap.


Conclusions


The results obtained from low-temperature NMR measure-
ments show that all possible cyclic uridine homodimers are of
equal stability and coexist in solution. However, chemical
shifts of the H-bonded proton and nitrogen indicate that
hydrogen bonds through the 4-carbonyl are more stable than
hydrogen bonds through the 2-carbonyl; this fact is consistent
with ab initio calculations.


The introduction of modifications, as in the 6-oxa and 4-thio
analogue, significantly reduces the probability of the 4-
carbonyl participating in hydrogen bonding, and only O2 ±
O2 dimers are observed for the 4-thio analogue at low
temperatures. Obviously, this situation results in a statistical
disadvantage of dimer formation for the two analogues and
might explain the lower association constants compared with
uridine, with its four nearly isoenergetic configurations.
However, care must be exercised when interpreting associa-
tion constants at 293 K because we only know relative
populations at low temperatures. While enthalpies DH8 for
the formation of the uridine homodimers are unlikely to be
very different, this need not be true for the two uridine
analogues resulting in changing populations at higher temper-
atures.


Modified pairing geometries may have important implica-
tions in view of the post-transcriptional introduction of the 4-
thio group into uridine. However, knowledge of the favored
H-bond donor and acceptor sites of various natural and
nonnatural nucleosides is not only important for understand-
ing nucleic acid structures, which are mostly determined by
base ± base hydrogen bonding. It is also a prerequisite for the
rational design of new base analogues for a wide range of
biochemical and pharmaceutical applications. Moreover, the
results presented also provide thermodynamic and structural
data against which theoretical calculations can be tested.


Experimental Section


General : NMR experiments were performed on a Bruker AMX500
spectrometer. Temperatures were adjusted by a Eurotherm variable
temperature unit to an accuracy of � 1.0 8C. 1H and 13C chemical shifts in
chloroform at 293 K were referenced relative to CHCl3 (dH� 7.24, dC� 77)
and in a freon mixture relative to CHClF2 (dH� 7.13, dC� 116.36). For 15N
chemical shifts an external reference of 15NH4Cl in 10% HCl was used
(dN� 0). Signal integrals were determined with a Lorentzian curve-fitting
routine of the UXNMR software package. Concentration-dependent
chemical shifts were fitted with an appropriate equation by employing
the Marquardt ± Levenberg algorithm. Electrostatic potentials were calcu-
lated with SPARTAN, Version 4.1.1.


Materials : The deuterated freon mixture CDClF2/CDF3 was prepared as
described[16b] and handled on a vacuum line, which was also used for the
sample preparation.15NH4Cl was purchased either from Chemotrade,
Leipzig (label 95 %) or Deutero GmbH, Kastellaun (label 99%). All
reactions were followed by TLC on silica gel plates (Merck silica gel 60
F254). If necessary, solvents were dried by standard procedures prior to use.


[3-15N]-3',5'-Diacetyl-2'-deoxyuridine (1): Published methods described for
ribonucleosides were adapted for the synthesis of 1.[21] After acetylation of
2'-deoxyuridine with acetic anhydride in dry pyridine, the 3',5'-diacetyl-2'-
deoxyuridine was N-nitrated with trifluoroacetic anhydride and NH4NO3 in
cold anhydrous CH2Cl2. Treatment of the resulting 3',5'-diacetyl-2'-deoxy-
3-nitrouridine with 15NH3 for 5 days at room temperature and final


Table 2. 1H and 15N chemical shifts of the NH imino group of dimeric
nucleosides 1, 2, and 3 at 123 K in freon.


Nucleoside Dimer d (1H) d (15N)


1 O2 ± O4 12.36 134.64
O4 ± O4 12.24 134.36
O2 ± O2 11.84 134.17
O2 ± O4 11.72 133.84


2 O2 ± O2 12.69 133.32
3 O2 ± O2 10.80 125.22


O2(4) ± O4 10.63 ±[a]


[a] Not observed.
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purification by HPLC (SiO2) with AcOEt as eluent afforded pure 1.
Overall yield: 31%. 1H NMR (500 MHz, 293 K, CDCl3): d� 2.08, 2.09 (2s,
6H; 2CH3), 2.14 (m, 1 H; H2'), 2.51 (m, 1H; H2''), 4.24 ± 4.35 (m, 3H; H4',
H5', H5''), 5.18 (m, 1H; H3'), 5.77 (d, 3J(H,H)� 8.2 Hz, 1 H; H5), 6.26 (dd,
1H; H1'), 7.47 (d, 3J(H,H)� 8.2 Hz, 1H; H6), 9.43 (d, 1J(N,H)� 91 Hz, 1H;
H3); 13C NMR (125 MHz, 293 K, CDCl3): d� 20.82, 20.90 (2 CH3), 37.81
(C2'), 63.81 (C5'), 74.05 (C3'), 82.30 (C4'), 85.23 (C1'), 102.96 (d, 2J(N,C)�
7 Hz; C5), 138.80 (C6), 150.17 (d, 1J(N,C)� 18 Hz; C2), 163.05 (d,
1J(N,C)� 10 Hz; C4), 170.25, 170.44 (2CH3CO).


[3-15N]-3',5'-Diacetyl-2'-deoxy-4-thiouridine (2): [3-15N]-3',5'-diacetyl-2'-
deoxy-4-thiouridine was prepared from 1 (940 mg, 3 mmol) in analogy to
published procedures for the benzoyl derivative.[22] After purification
690 mg of 2 were obtained. Yield: 71 %. 1H NMR (500 MHz, 293 K,
CDCl3): d� 2.08, 2.09 (2s, 6H; 2CH3), 2.14 (m, 1H; H2'), 2.56 (m, 1H;
H2''), 4.28 ± 4.36 (m, 3 H; H4', H5', H5''), 5.19 (m, 1 H; H3'), 6.19 (dd, 1H;
H1'), 6.42 (d, 3J(H,H)� 7.6 Hz, 1 H; H5), 7.33 (d, 3J(H,H)� 7.6 Hz, 1H;
H6), 9.40 (d, 1J(N,H)� 94 Hz, 1H; H3); 13C NMR (125 MHz, 293 K,
CDCl3): d� 20.80, 20.88 (2CH3), 38.02 (C2'), 63.69 (C5'), 73.96 (C3'), 82.67
(C4'), 85.85 (C1'), 113.62 (C5), 133.27 (C6), 147.39 (d, 1J(N,C)� 18 Hz; C2),
170.18, 170.39 (2CH3CO), 189.47 (d, 1J(N,C)� 8 Hz; C4).


[3-15N]-2',3',5'-Tribenzoyl-6-oxadihydrouridine (3): [3-15N]-6-oxadihy-
drouracil was synthesized with minor modifications according to literature
procedures.[23, 24] Starting with 15NH3, the free heterocyclic base was
obtained in three steps. The nucleoside was subsequently synthesized by
the Vorbrüggen method of glycosylation.[25] Accordingly, [3-15N]-6-oxadi-
hydrouracil (250 mg, 2.16 mmol) and 1-O-acetyl-2,3,5-tri-O-benzoyl-b-d-
ribofuranose (1.09 g, 2.16 mmol) were dissolved in dry acetonitrile (32 mL).
Trimethylchlorosilane (0.36 mL) and hexamethyldisilazane (0.22 mL) were
added and, after addition of SnCl4 (0.3 mL) in dry acetonitrile (10 mL), the
reaction mixture was stirred at room temperature for 3 h. Recrystallization
from ethanol and HPLC purification (SiO2, hexane/AcOEt 75:25) afforded
pure 3. Yield: 73%. 1H NMR (500 MHz, 293 K, CDCl3): d� 4.18 (d,
2J(H,H)� 15.6 Hz, 1H; H5A), 4.45 (d, 2J(H,H)� 15.6 Hz, 1H; H5B), 4.46
(dd, 2J(H,H)� 12.5 Hz, 3J(H,H)� 3.7 Hz, 1H; H5''), 4.65 (m, 1H; H4'),
4.85 (dd, 2J(H,H)� 12.5 Hz, 3J(H,H)� 3.7 Hz, 1 H; H5'), 5.85 (t, 3J(H,H)�
5.0 Hz, 1 H; H3'), 6.12 (t, 3J(H,H)� 5.3 Hz, 1 H; H2'), 6.17 (d, 3J(H,H)�
5.6 Hz; H1'), 7.32 ± 8.10 (m, 15 H; ArH), 8.91 (d, 1J(N,H)� 92 Hz, 1 H; H3);
13C NMR (125 MHz, 293 K, CDCl3): d� 63.4 (C5'), 70.5 (C2'), 70.6 (C5),
71.8 (C3'), 80.0 (C4'), 87.2 (C1').
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Self-Replication of Hexadeoxynucleotide Analogues:
Autocatalysis versus Cross-Catalysis


Dirk Sievers and Günter von Kiedrowski*


Abstract: In the presence of a water-
soluble carbodiimide, 5'-protected tri-
deoxynucleotide 3'-phosphates and 3'-
protected 5'-aminotrideoxynucleotides
reacted to give hexadeoxynucleotides
with a central 3' ± 5'-phosphoramidate
linkage. The trimer sequences were
CCG and CGG and were used as both
the 5'-amine and the 3'-phosphate de-
rivatives. The kinetics of the reactions
were monitored by HPLC and analyzed
with the SimFit program. In the first set
of experiments, the formation of a single
hexamer was studied in the absence of


any hexadeoxynucleotide and in the
presence of one of four hexadeoxynu-
cleotides with the sequence of the reac-
tion products. Here, self-complementary
hexamers were always found to be
formed faster than non-self-complemen-
tary hexamers because of autocatalytic
self-replication. In the second set of


experiments, the simultaneous forma-
tion of all four reaction products allowed
both autocatalysis and cross-catalysis to
occur. In this case all hexamers were
synthesized with similar rates. In all
experiments template effects were only
observed for those sequences which
were complementary to the reaction
product. Autocatalysis as well as cross-
catalysis was always accompanied by
product inhibition leading to parabolic
growth characteristics.


Keywords: kinetics ´ oligonucleo-
tides ´ reaction mechanisms ´
self-replication ´ template-directed
reactions


Introduction


The present design of artificial self-replicating systems is
based on the principle of self-complementary templates.[1]


Typically, a self-complementary template molecule is synthe-
sized autocatalytically from two complementary template
fragments; several examples for this type of self-replication
have been published since 1986.[2] In contrast, natural nucleic
acid replication utilizes two complementary strands rather
than one self-complementary strand. We recently reported a
minimal implementation of this type of replication based on
cross-catalytic rather than autocatalytic reactions.[3] The
general principle of a cross-catalytic self-replicating system
is illustrated in Scheme 1a.[4] The templates AA' and BB' pick
up their complementary fragments A, A', B, and B' to
reversibly form the termolecular complexes B ´ B' ´ AA' and
A ´ A' ´ BB', respectively. In these complexes the reactive ends
of the respective fragments are in close spatial proximity,


enabling ligation of the fragments by a covalent bond. Note
that two pathways exist for the irreversible and rate-deter-
mining formation of the template duplex AA' ´ BB'. Each
template acts as a catalyst for the formation of its comple-
mentary copy, which in the parallel pathway acts as a catalyst
for the formation of the original template (cross-catalysis). In
other words, each couple of ligation steps is expected to
double the total number of template molecules, if all template
duplexes dissociate into single-stranded template molecules.
As long as both templates are formed by the same type of
chemistry, conditions that enable the cross-catalytic formation
of complementary products AA' and BB' will also allow the
parallel autocatalytic synthesis of self-complementary prod-
ucts AB' and BA' (Scheme 1b). Therefore a cross-catalytic
self-replication cycle should be favoured if all four template-
directed reactions proceed with similar rates.


The question of nonenzymatic cross-catalytic self-replica-
tion of oligonucleotides was first addressed by L. E. Orgel and
colleagues.[5] Experiments on the template-directed polycon-
densation of nucleoside 5'-phosphoimidazolides revealed the
general result that pyrimidine-rich oligo- and polynucleotides
are operative as templates, whereas purine-rich strands are
not.[5b] Since each pyrimidine-rich template generates a
purine-rich product which in turn is inoperative as a template,
it was concluded that nonenzymatic self-replication is unlikely
to be achieved using activated mononucleotides as building
material.[5c] The reported examples of self-replicating hexa-
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Scheme 1. a) Cross-catalytic self-replication of complementary templates;
b) autocatalytic self-replication of self-complementary templates.


deoxynucleotides[2a,c,e] from trimeric building blocks were
considered as special cases, because these examples were not
based on arbitrary sequences but on self-complementary
sequences.[1j] It is therefore appropriate to think about a
generalization of replication schemes and to ask whether or
not purine-rich templates can self-replicate in the absence of
enzymes. Experiments on template-directed synthesis of
hexadeoxynucleotides from trimeric fragments revealed that
the condensation reactions are predominantly controlled by
the stacking of the nucleotide bases flanking the reaction
site.[6] The rate of condensations of trimers B1B2B3p and H2N-
B4B5B6 (where B1 to B6�C or G) decreased in the order B3B4:
GG>GC>CG>CC,[6] a reactivity order which was also
studied in chemical ligations of longer oligonucleotides.[7]


From the above observations we concluded that a cross-
catalytic self-replicating system may be operative if both the
pyrimidine-rich and the purine-rich strand bear the same
subsequence B3B4, since this would allow for similar con-
densation rates. For the case of hexamers containing only C
and G as bases, the subsequence B3B4 may be either CG or
GC, where GC was considered as the better choice for the
above reasons. If B3B4 is chosen to be GC, B1B6 must be CG,
since in the alternative combination of trimers B3B4 is
determined by B6B1 of the original combination. The remain-
ing bases of the trimer set, B2B5,were chosen such that one of
the self-complementary hexamers would have the same
sequence as in a system studied previously.[1e]


Another approach towards the implementation of a cross-
catalytic replication system based on reciprocal template
effects was recently described by Pieters et al.[8] In this system
a concave template bearing two artificial receptors for
adenine stimulated the synthesis of a convex bis-adenosine
derivative which in turn acted as a template for the synthesis
of the concave molecule. Although reciprocal template effects
could be confirmed by initial kinetics, evidence for a full cross-
catalytic replication cycle, which demands the simultaneous
formation of both templates, was not given. On the basis of
general conclusions from our present study, we are tempted to
predict that the existence of a cross-catalytic replication cycle
would be difficult to prove in this system, because the rates of
formation of the complementary templates differ significant-
ly. Moreover, since the self-complementary products are
formed substantially faster than the complementary products,
it seems most likely that the self-complementary products will
win the race in a competition situation where all four products
are synthesized simultaneously.


Results and Discussion


1. Experiments on the formation of single hexamers


Basic reactions : Self-replication experiments were performed
using a set of monoterminal protected trideoxynucleotides
(Set I). Generally, the nucleotide sequence CCG is abbrevi-
ated with A, whereas the sequence CGG is referred to as B;
symbols n and p always denote a 5'-amino- and a 3'-phosphate
group and are referred to as amino and phosphate com-
pounds, respectively. Compounds were synthesized by phos-
photriester chemistry.[9, 10] In analogy to our earlier systems
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tpl=-4mm>the water-soluble carbodiimide
1-(3-dimethylaminopropyl)-3-ethylcarbodii-
mide (EDC) was employed as a condensing
agent to activate the 3'-phosphate com-
pounds, which then react with the 5'-amino-
trideoxynucleotides to form hexadeoxynu-
cleotides bearing a central 3' ± 5'-phosphor-
amidate linkage (Scheme 2).


Preliminary studies : In the first series of 20
individual experiments, one single 5'-pro-
tected trideoxynucleotide 3'-phosphate,
N3CCGp (Ap, N3 is 5'-azido) or N3CGGp
(Bp), was reacted with one single 5'-amino-
trideoxynucleotide 3'-(2-phenylthioethyl)-
phosphate, nCCGpPTE (nA) or nCGGpPTE


(nB), both in the absence of any and in the
presence of one of the four hexadeoxynu-
cleotide templates CCGCCG (ApA),
CCGCGG (ApB), CGGCCG (BpA) and
CGGCGG (BpB). All four templates bear a
central 3' ± 5'-phosphodiester bond instead
of a phosphoramidate linkage. The lack of
any lipophilic protective groups at their
terminal ends caused shorter retention times
in reversed-phase chromatography. The tem-
plate effects, however, are comparable to the
respective products as follows from these
and earlier results. The idea was to find out
whether one or more templates are able to
catalyze the formation of one or more of the
following hexameric 3'-5'-phosphoramidates
ApnB, BpnA, ApnA and BpnB. Product
formation was monitored by HPLC. After a
reaction time of 1 h the reactions are far
from completion. Therefore, the yields of
the hexamer reaction products in each single
experiment provide a crude measure of the
respective initial reaction rates. From the
data in Table 1 three observations can be
made: Firstly, only one of the four hexameric
templates was able to catalyze the formation of one of the four
3' ± 5'-phosphoramidates. For each condensation reaction
three templates did not at all influence the yields, which were
found to be identical to those obtained in the absence of
any template molecule. Secondly, the active template is


always complementary to the phosphoramidate formed by
ligation of the trideoxynucleotides. Thirdly, our experi-
ments revealed similar yields for the pair of self-com-
plementary phosphoramidates ApnB and BpnA as well as
for the pair of complementary phosphoramidates ApnA and
BpnB; however, yields of complementary products were
significantly smaller than those of self-complementary tem-
plates.


Our findings suggest template-directed reactions are always
initiated by the formation of a termolecular complex. The
observed template effects reflect the expected stabilities of
these complexes, which in turn depend on the number of
complementary base pairs to be formed between the trideoxy-
nucleotides and the respective template molecule (Figure 1).
In the presence of a fully complementary active template the
termolecular complex is stabilized by a maximum of six
cytidine ± guanosine pairs. Even one single mismatch between
two pyrimidines or two purines hinders the formation of the


Table 1. A comparision of 20 single experiments using set I of trideoxy-
nucleotides: yields (%) of hexameric 3' ± 5'-phosphoramidates ApnB,
BpnA, ApnA and BpnB in the absence ( ± ) and in the presence of one
single hexadeoxynucleotide template (ApA, BpB, ApB and BpA) after a
reaction time of 60 min. Reaction conditions and initial concentrations
(indicated by subscript zero): T� 30 8C, [Ap]o� [Bp]o � [nA]o� [nB]o�
1mm, [template]o� 0/0.08 mm, [EDC]o� 0.2m, [HEPES (Na�/H�)]� 0.1m,
pH 7.55.


± �ApA �BpB �ApB �BpA


ApnB 23 % 23% 23% 32 % 23%
BpnA 21 % 21% 21% 21 % 29%
ApnA 4 % 4% 15% 4 % 4%
BpnB 4 % 15% 4% 4 % 4%


Scheme 2. Reactions of Ap, Bp, nA and nB in the presence of water-soluble carbodiimide
EDC.
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termolecular complex and therefore prevents any template-
directed reaction. Any hexameric 3' ± 5'-phosphoramidates
observed in these cases must result from the existence of
template-independent pathways. The difference in yields
observed between self-complementary and non-self-comple-
mentary products is expected if template effects are operative.
Only a self-complementary condensation product can auto-


Figure 1. Possible termolecular complexes as theoretically expected for
the separate formation of a single hexamer. Bold frames mark those
complexes that contain a maximum of six complementary C/G base pairs.
Terminal protective groups are omitted.


catalytically promote its own synthesis and hence accelerate
the reaction pathway leading to template formation. In
contrast a non-self-complementary product cannot catalyze
its own synthesis and therefore its yield is expected to be
significantly lower. The effect of external addition of a self-
complementary template relative to the external addition of a
non-self-complementary template is found to be less pro-
nounced. This is again expected, since in the former case most
of the product formation is catalyzed by the product itself
(internal template) and not by the external template. After
1 h, for example, in the presence of 8 % of external template
BpA, the yield of internally synthesized BpnA increases from
21 % to 29 %. However, the assumption of template effects
might be wrong and the higher yields of the self-complemen-
tary products might be due to the influence of complemen-
tarity between the trimers used. Self-complementary phos-
phoramidates are formed from complementary pairs of
trideoxynucleotides, whereas non-self-complementary tem-
plates are formed from non-complementary pairs. It seemed
conceivable that the formation of self-complementary prod-
ucts could involve complexes between complementary tri-
deoxynucleotides (Scheme 3b ± e). In order to distinguish
between template-caused (template-directed) and trimer-


Scheme 3. Possible pathways for the formation of a self-complementary
hexadeoxynucleotide: a) single-strand ligation, b/c) hemi-blunt-end liga-
tion, d) blunt-end ligation, e) intracomplex ligation, f) template-directed
ligation.


caused (complex-assisted) catalysis, the kinetics of the for-
mation of single hexamers had to be carefully scrutinized.


Kinetics of the individual formation of single hexamers : A
series of experiments were carried out in which the formation
of a single 3' ± 5'-phosphoramidate ApnB, BpnA, ApnA and
BpnB (systems 1 ± 4, respectively) was monitored as a func-
tion of the time in the presence of various concentrations of
the corresponding complementary template. For each phos-
phoramidate 19 experiments were performed, which were
organized into six groups for collective kinetic analysis. The
composition of each group with respect to the template
concentration is shown in Table 2. The HPLC elution profiles
allowed the separation of all individual peaks in all cases
(Figure 2). Time courses of product formation for all four


Table 2. Composition of each of the six groups with respect to template
concentrations. Note that in group 6 template concentration is 0.12 mm for
non-self-complementary sequences and 0.32 mm for self-complementary
sequences (see Table 1 for other conditions).


Group 0mm 0.04 mm 0.08 mm 0.12 mm/0.32 mm 0.16 mm


1 � ± � ± ±
2 � � � ± ±
3 � ± � ± �
4 � � ± ± �
5 � � � ± �
6 � ± � � �
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Figure 2. HPLC elution profiles for the separate formation of a single
hexamer ApnB (system 1), BpnA (system 2), ApnA (system 3) and BpnB
(system 4) from one single phosphate compound Ap or Bp and one single
amino compound nA or nB of Set I after a reaction time of 90 min. N3CCG
and N3CGG were used as standards and are shown as * and ** on the elution
profiles.


Figure 3. Experimental points and theoretical curves (always group 6)
describing the time courses of formation of ApnB (system 1), BpnA
(system 2), ApnA (system 3) and BpnB (system 4) from the respective
trimers of Set I in the absence and the presence of variable concentrations
of hexadeoxynucleotide templates ApB, BpA, ApA and BpB. In the
calculations using the program SimFit the initial concentrations of the
model species were calculated from the respective HPLC peak areas by
calibration data for each compound. Nonlinear optimization was based on
least-squares approximations employing the Newton ± Raphson algorithm.
The resulting rate constants, error estimates and covariances are presented
in Tables 3 and 4.


systems are shown for
groups 6 (Figure 3).
Experimental data
were rationalized using
our SimFit program.[11]


Calculations were
based on two different
simplified reaction
models (Scheme 4). It
was assumed that the
template properties of
externally added and
internally synthesized
templates are compa-
rable. The validity of
this assumption has
been explicitly demon-
strated in earlier sys-
tems, in which tem-
plates with a central
3' ± 5'-phosphorami-
date bond and with a
central 3' ± 5'-phospho-
diester linkage were
found to be barely distinguishable in their kinetic properties
even if different terminal groups were involved.[1e, 6]


Type-I fitting (Scheme 4) was employed to analyze both
self-complementary systems (systems 1 and 2). The reaction
model, based on the square-root law of autocatalysis, simply
considers one template-independent pathway (k1) and one
template-directed pathway (k2); the latter is characterized by
a reaction order of 1=2 for the template. The rationale for this
simplification is given in detail in our theory of minimal
replicators.[12] Alternatively, a kinetic analysis of such reaction
systems may be based on the full reaction model including all
conceivable elementary steps.[2o] Although SimFit is program-
med to deal with such situations, the experimental data do not
necessarily support full modelling. This is because several rate
and equilibrium constants are empirically linked and thus
cannot be determined independently from each other. For
example, the autocatalytic rate constant k2 comprises not only
the first-order rate constant for the transition of the termo-
lecular complex to the template duplex but also the associ-
ation constants for the latter complexes. Reliable thermody-
namic data for the formation of termolecular complexes from
self-complementary templates cannot be determined by
current methods, and even for relatively stable termolecular
complexes formed from non-self-complementary templates
reliable thermodynamic data are difficult to ascertain.[13a]


Consequently, full modelling requires the estimation of such
formation constants from individual interactions[2o] and
therefore a level of arbitrariness is introduced into the
determination of other rate constants. In contrast, minimal
modelling results in composite (apparent) rate constants
whose values are more reliable, and therefore comparison of
different systems is possible. The advantage of the computer
program SimFit is that it can help to decide which and how
many rate constants can be derived from the experimental
data with sufficient independence. This is done by computing


Scheme 4. Type-I and type-II fit-
ting. Both simplified reaction mod-
els were employed to analyze the
separate formation of single hex-
amers (systems 1 ± 4). A, B: trim-
ers; C: hexamer reaction product;
T: template; D: duplex (between
two hexamer strands). The reaction
order of 1=2 (type-I fitting) appears
as a consequence of the square-root
law of autocatalysis. kd was fixed to
106mÿ1 sÿ1 for all hexamers in our
calculations.
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the covariance matrix of the rate constants resulting from a
given model.


Type-II fitting (Scheme 4) was employed to analyze both
non-self-complementary systems (systems 3 and 4). In this
case the rate constant ka describes the template-independent
synthesis of the phosphoramidates. In contrast, kb results from
the reversible formation of the termolecular complex and the
irreversible template-directed reaction which yields the
respective hexamer duplex. kc deals with the reversible
dissociation of the hexamer duplexes to give single-stranded
hexadeoxynucleotides. The rate constant for the duplex
association (kd) can be chosen arbitrarily, so long as the
irreversible reactions remain rate-determining (internal equi-
librium). In our calculations we used a value of 106mÿ1 sÿ1 for
all hexamers. Note that the equilibrium constants of the
template ± product complexes are not explicitly involved as
parameters of the SimFit computation but can be easily
derived from kc and kd. Deriving rate instead of equilibrium
constants for reversible reactions offers the advantage that
slow equilibria can be treated as well. This is in contrast to
those fitting procedures where fast equilibria are computed
separately prior to an integration step.[2o]


Activation of the 3'-phosphates by EDC and the hydrolysis
of the activated species are not explicitly considered in either
model. These processes are known to proceed as fast
quasireversible reactions establishing the stationary concen-
tration of activated phosphates within some minutes.[13b]


Furthermore, as EDC is present in 100-fold excess over the
3'-phosphates, the degree of activation of the latter is assumed
to be independent of time over the first 90 min. Thus the rate
constants ka and kb are apparent rate constants, which depend
on the concentration of the carbodiimide.


Theoretically the rate constants k2 (type-I fitting), and kb


and kc (type-II fitting), which describe the template-depend-
ent product formation, are related by a simple approximation
[Eq. (1)].[12] An apparent rate constant k2 results from an


k2 � kb� (kd/kc)ÿ1/2 (1)


arbitrary number of kb/kc pairs. As long as no other condi-
tions specify this pair of rate constants, a splitting of k2 into its
component rate constants [Eq. (1)] inevitably surcharges the
input data. This limitation is true for both self-com-
plementary systems, where the time courses of product for-
mation for different kb/kc pairs are qualitatively equivalent in
shape. Therefore, type-II fitting failed to analyze the forma-
tion of self-complementary hexamers, but could be applied to
the formation of non-self-complementary hexadeoxynucleo-
tides, for which the ratio between template ± trimer com-
plexes and template ± hexamer complexes depends strongly
on the reaction time. At the beginning of the reaction the
concentration of single-stranded templates available to form
termolecular complexes is almost identical to the entire
concentration of externally added templates; thus, initially no
product inhibition can take place. At late reaction times, the
concentration of hexameric reaction products exceeds the
concentration of externally added templates and a significant
number of complementary template molecules are now de-
activated by duplex formation. Therefore different kb/kc pairs


(k2 fixed) cause different patterns of product formation. For
example a large kb (and small kc) describes a fast template-
directed reaction at early reaction times that slows down
significantly later in the reaction owing to the formation of
stable duplexes from hexameric phosphoramidates and the
corresponding templates. Therefore the number of single-
stranded templates, which are essential for the formation of
termolecular complexes, decreases significantly. In contrast, a
small kb (and large kc) describes a slow template-directed
reaction which, due to low duplex stability, slows down only
slightly as it proceeds. The obtained experimental data of
both complementary systems, that is, the pattern of the time
courses of product formation, could be precisely correlated
with one single kb/kc pair.


The apparent rate constant of the template-independent
formation of non-self-complementary hexamers (ka) could be
determined independently. For this purpose, experiments
were performed in the absence of any template molecule. No
sequence with inherent template properties was formed in
these experiments and no acceleration of product formation
took place. This is again in sharp contrast to the formation of
self-complementary hexadeoxynucleotides where, even in the
absence of any externally added templates, the reaction
products were able to autocatalytically promote their own
formation. The results obtained from numerical fitting of the
experimental data within each of the six groups of each of the
four systems are summarized in Tables 3 and 4. From Table 4
the average dissociation constants for the template ± product
complexes can be calculated to be Kass� 7.61� 0.07 mm for
system 3 and Kass� 7.07� 0.04 mm for system 4.


Template-independent product formation : Comparison of the
kinetic data showed very similar rate constants for self-
complementary systems and also for non-self-complementary
systems in template-independent reactions. Obviously reac-
tions proceed faster in the former case, where trimeric
template fragments are complementary to each other. These
findings can only be explained if one or more complex-
assisted pathways in the template-independent formation of
self-complementary products occurs. No such pathways can


Table 3. Results obtained from numerical fitting (type I) of the exper-
imental data of both self-complementary systems (systems 1 and 2). The
rate constants are listed together with their error estimates. Cov indicates
the respective covariances; R is the percentage of the mean absolute
difference between experimental and theoretical concentrations with
respect to the mean of experimental concentrations.


System/group k1 [10ÿ2mÿ1 sÿ1] k2 [mÿ3/2 sÿ1] Cov (k1 , k2) R [%]


1/1 1.77� 0.04 7.24� 0.05 ÿ 0.923 � 1.0229
1/2 1.76� 0.03 7.30� 0.03 ÿ 0.939 � 0.8698
1/3 1.77� 0.03 7.24� 0.03 ÿ 0.912 � 0.7597
1/4 1.78� 0.04 7.25� 0.03 ÿ 0.920 � 1.0225
1/5 1.74� 0.05 7.31� 0.04 ÿ 0.928 � 1.2695
1/6 1.79� 0.04 7.24� 0.03 ÿ 0.896 � 0.9341
2/1 1.73� 0.02 6.14� 0.02 ÿ 0.924 � 0.5555
2/2 1.78� 0.03 6.16� 0.03 ÿ 0.943 � 0.9519
2/3 1.76� 0.03 6.16� 0.03 ÿ 0.915 � 0.7343
2/4 1.75� 0.02 6.19� 0.02 ÿ 0.920 � 0.6226
2/5 1.71� 0.04 6.21� 0.03 ÿ 0.931 � 1.2605
2/6 1.73� 0.03 6.18� 0.02 ÿ 0.899 � 1.0106
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exist for the template-independent formation of non-self-
complementary strands. The difference in rate, however, is
only about 30 % under the conditions of the experiments. This
means that most of the hexadeoxynucleotides are synthesized
via single-stranded trimers (Scheme 3 a).


Our data are unable to distinguish between the possible
complex-assisted pathways (Scheme 4b ± e). The populations
of pathways b ± d, which describe hemi-blunt-end and blunt-
end ligations, are expected to be influenced by the stacking of
the nucleobases at the reaction site. We speculate that in
particular pathway d benefits from an increased stacking of
the nucleobases at the reaction site of the complex. Earlier
kinetic data did not reveal sufficient evidence for complex-
assisted pathways under the given conditions. However,
because of an increase in the accuracy of our data we now
find that there is some, albeit not very significant, involvement
of trimer ± trimer complexes in our reactions. This is kineti-
cally evident, although the equilibrium concentration of these
species appears to be rather small when thermodynamic data
are taken into account.[14a] Molecular modelling suggests that
the distance between the reactive ends in the complex formed
by pathway e (Scheme 3) is too large to allow for covalent
bond formation.


Template-directed product formation : Rate constants for
template-directed reactions differ only slightly. The major
influence on determining k2 for the self-complementary
systems, and kb and kc for the non-self-complementary
systems, is expected to arise from the stacking of the
nucleotide bases flanking the nick in the termolecular
complex. As well as the effects caused by this central stack
the nearby heterobases also exert a notable influence on the
ligation. Our findings are in excellent agreement with data
from previous experiments, where the kinetic properties of
the self-complementary sequence CCGCGG were ana-
lyzed.[2e] Rate constants kb and kc are comparable to k2


[Eq. (1)], so long as one considers that the formation of
self-complementary duplexes is entropically disfavoured by a
factor of 2 compared to the formation of complementary
duplexes.[14b] Thus k2 for a non-self-complementary sequence,
calculated from Equation 1, must be multiplied by


p
2 for


comparison with k2 for a self-complementary sequence. When
this symmetry factor is taken into account the rate constants
of the individual reactions are considered similiar enough to


be taken as identical in the elucidation of the parallel
formation of all four sequences simultaneously (Table 5).


2. Experiments on combinatorial hexamer formation


Kinetics of combinatorial synthesis : The following experi-
ments were performed with a new set of trimers (Set II, cf.
Scheme 1a) because the hexamers from Set I could not be
sufficiently resolved by HPLC when all four products were
synthesized simultaneously. The four trimers of set II were
reacted in the presence of a water-soluble carbodiimide EDC.
The formation of the four 3' ± 5'-phosphoramidate-linked
hexamers ApnA, BpnB, ApnB and BpnA from combinatorial
synthesis was again monitored by HPLC. Typical elution
profiles showing the composition of the reaction mixtures
after 0, 30, 60 and 90 min reaction time are depicted in
Figure 4. Figure 5 depicts the changes in the HPLC profile
(90 min) caused by seeding the reaction mixtures with the
respective templates. Figure 6a reflects the time course of
product formation in the absence of any template. All four
hexameric products are formed with similar rates, a result in
sharp contrast to those from experiments on the individual
formation of single hexamers (Figure 3), in which the yields of
the self-complementary products (after 1 h) were five times
higher than those of the non-self-complementary products
(Table 1). The observation of similar reaction rates in
combinatorial synthesis provides evidence for cross-catalysis
between the complementary hexamers (for a general scheme
see Scheme 1a). Cross-catalysis can occur if both comple-
mentary products are formed simultaneously. This is the case
only during combinatorial synthesis but not during the
individual formation of single hexamers.


Table 4. Results obtained from numerical fitting (type II) of the experimental data of both non-self-complementary systems (systems 3 and 4). See Table 3
for the quantities listed.


System ka [10ÿ2mÿ1 sÿ1] kb [103mÿ2 sÿ1] kc [sÿ1] Cov (ka ,kb) Cov (ka ,kc) Cov (kb,kc) R [%]


3/1 1.33� 0.01 1.76� 0.02 7.60� 0.24 ÿ 0.014 ÿ 0.226 ÿ 0.867 � 1.138
3/2 1.33� 0.01 1.82� 0.02 7.55� 0.18 � 0.021 ÿ 0.335 ÿ 0.867 � 0.955
3/3 1.27� 0.01 1.77� 0.02 7.51� 0.19 ÿ 0.016 ÿ 0.315 ÿ 0.800 � 1.033
3/4 1.30� 0.01 1.78� 0.01 7.67� 0.15 � 0.018 ÿ 0.344 ÿ 0.798 � 0.842
3/5 1.31� 0.01 1.77� 0.01 7.67� 0.15 � 0.013 ÿ 0.404 ÿ 0.788 � 0.911
3/6 1.29� 0.03 1.79� 0.03 7.66� 0.39 ÿ 0.015 ÿ 0.373 ÿ 0.794 � 2.367
4/1 1.31� 0.01 1.68� 0.02 7.01� 0.19 ÿ 0.013 ÿ 0.234 ÿ 0.862 � 0.876
4/2 1.31� 0.01 1.68� 0.01 7.03� 0.15 � 0.008 ÿ 0.340 ÿ 0.850 � 0.770
4/3 1.31� 0.01 1.65� 0.01 7.13� 0.12 ÿ 0.020 ÿ 0.333 ÿ 0.789 � 0.612
4/4 1.31� 0.01 1.69� 0.01 7.09� 0.16 � 0.017 ÿ 0.353 ÿ 0.783 � 0.896
4/5 1.31� 0.01 1.66� 0.01 7.06� 0.12 ÿ 0.005 ÿ 0.416 ÿ 0.771 � 0.766
4/6 1.29� 0.03 1.63� 0.03 7.09� 0.39 ÿ 0.036 ÿ 0.386 ÿ 0.767 � 2.213


Table 5. Mean values of the rate constants k1 (template-independent
reactions) and k2 (template-directed reactions) for all four systems
describing the separate formation of single hexadeoxynucleotides.


System/fitting k1 [10ÿ2 Mÿ1 sÿ1] k2 [mÿ3/2 sÿ1]


1/I 1.78 7.26
2/I 1.74 6.17
3/II 1.31 4.91[a]


4/II 1.31 4.43[a]


[a] Calculated from kb and kc by Equation (1).
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Figure 4. HPLC elution profile from the reaction between Ap, Bp, nA, nB
(Set II) and EDC in the absence of any hexadeoxynucleotide template
after reaction times of 0, 30, 60 and 90 min; N3CCG and MTMCGG were used
as standards, and are shown as * and ** on the elution profile. Reaction
conditions and initial concentrations (indicated by subscript zero) as
follows: T� 30 8C, [Ap]o� [Bp]o� [nA]o� [nB]o� 1mM, [EDC]o� 0.2M,
[HEPES (Na�/H�)]� 0.1M, pH 7.55.


The reactions were then followed in the presence of one of
the hexadeoxynucleotide templates ApA, BpB, ApB and
BpA. Elution profiles of the reaction mixtures after a reaction
time of 90 min are depicted in Figure 5a ± e. Figure 6b ± e
provides evidence that each hexamer template stimulates the
formation of the one and only reaction product whose
sequence is complementary to the respective template
sequence. Again, the effect of a single non-self-complemen-
tary template, ApA or BpB, is more pronounced than the
effect of a single self-complementary template. When both
ApA and BpB are present (Figure 5 e and 6 f), the effects are
comparable to those of the self-complementary templates.
Remarkably, the effects of ApA and BpB are similar,
although the base compositions are different.


Kinetic modelling : Experimental data from Figure 6a ± f were
analyzed by using type-II fitting as a simplified reaction
model. AA, BB, AB and BA are general species representing
both externally added and internally synthesized hexameric
templates. Equations (2 ± 12) were employed to calculate the
theoretical time courses of the entire experiments by means of
the computer program SimFit. The experimental time courses
of all experiments were evaluated simultaneously to generate
a single set of three apparent rate constants ka, kb and kc from


Figure 5. HPLC elution profiles from the reactions between Ap, Bp, nA,
nB (Set II) and EDC in the presence of approximately 0.16 mM concen-
trations of hexadeoxynucleotide templates ApB (a), BpA (b), ApA (c),
BpB (d), and ApA�BpB (e) after a reaction time of 90 min; N3CCG and
MTMCGG were used as standards, and are shown as * and ** on the elution
profile. For reaction conditions and initial concentrations see Figure 4.


Ap�nA!AA (2)


Bp�nB!BB (3)


Ap�nB!AB (4)


Bp�nA!BA (5)


Ap�nA�BB!AA ´ BB (6)


Bp�nB�AA!AA ´ BB (7)


Ap�nB�AB!AB ´ AB (8)


Bp�nA�BA!BA ´ BA (9)


AA�BB>AA ´ BB (10)


2AB>AB ´ AB (11)


2BA>BA ´ BA (12)
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which the theoretical time courses for all experiments were
derived. We assumed equally efficient template-independent
reactions for Equations (2 ± 5) (ka), equally efficient tem-
plate-directed reactions for Equations (6 ± 9) (kb), and
equally efficient duplex dissociations. The latter were char-
acterized by the backward rate constants of Equations (10 ±
12) (kc) providing a symmetry factor of 2 for the self-com-
plementary hexamers.[14b] The forward rate constants of re-
actions (10 ± 12) were fixed to a value of 106mÿ1 sÿ1 for all
hexamers. From the resulting value of kc it follows that the


dissociation constant of the complexes is around 10 mm at T�
30 8C, in good agreement with thermodynamic data on similar
hexadeoxynucleotides.[6] The numerical results of our calcu-
lations are summarized in Table 6.


A comparison of these rate constants with the ones
obtained from the analysis of the individual formation of
single hexamers reveals the following results: Firstly, the rate
constants for the template-directed processes (kb, kc) are in
good agreement if the simplification of combined analysis is
taken into account. Secondly the rate constants ka describing
the template-independent hexamer formation exhibit differ-
ences that cannot be explained by assuming similar reaction
pathways. Instead, the increase in rate found in the combina-
torial syntheses must be due to processes that cannot occur in
separate syntheses (systems 1 ± 4). In particular for trimer ±
trimer complexes, fully complementary complexes are twice
as likely in the combinatorial experiments compared to the
separate experiments involving self-complementary hexamers
(systems 1 and 2). This is due to the fact that a trideoxynu-
cleotide 3'-phosphate can not only pair with a complementary
5'-aminotrideoxynucleotide 3'-phosphate, but also with a
complementary trideoxynucleotide 3'-phosphate. Further-
more, a trimeric amino compound can also pair with a
complementary amino compound instead of a complementary
phosphate compound. Assuming that complex-assisted path-
ways involving such complexes are comparable in efficiency
with the pathways observed for the individual formation of
self-complementary hexamers, one can expect a value of
about 2.20� 10ÿ2 for the apparent rate constant ka [1.31�
2 (1.76ÿ 1.31)]. Indeed, the experimentally observed value of
2.07� 10ÿ2 is higher than 1.76� 10ÿ2. This shows that the
complex-assisted pathways are indeed operative, although
they may be not as productive in the combinatorial experi-
ments as in the separate formation of self-complementary
hexamers. Again, these pathways supporting the template-
independent formation of hexamers exist only as a minor
source of production.


Conclusion


Cross-catalytic self-replication can be observed in template-
directed reaction systems if the reciprocal template effects are
similar and if the reaction system is not dominated by
autocatalytic syntheses of self-complementary products which
occur as parallel reactions. In a minimal implementation of
cross-catalytic self-replication each template is synthesized by


Figure 6. Experimental points and theoretical curves describing the time
courses of the formation of ApnA, BpnB, ApnB, and BpnA (from Set II) in
the absence (a), and in the presence of approximately 0.16 mm of
hexadeoxynucleotide templates ApB (b), BpA (c), ApA (d), BpB (e),
and ApA�BpB (f). In the SimFit computations, the initial concentrations
of the model species were calculated from the respective HPLC peak areas
with calibration data for each component. [AA]o, [BB]o, [AB]o, and [BA]o


were taken from the concentrations of ApA, BpB, ApB, and BpA,
respectively. All duplex concentrations were set to zero. Theoretical species
concentrations were computed by stiff integration of the rate equations
which SimFit derived from the model. SimFit was instructed to compute
theoretical values for the observable concentrations using the expressions:
[ApnA]theor� [AA]�[AA ´ BB]ÿ [AA]o, [BpnB]theor� [BB]�[AA ´ BB]
ÿ [BB]o, [ApnB]theor� [AB]�2[AB ´ AB]ÿ [AB]o, [BpnA]theor� [BA]
�2[BA ´ BA]ÿ [BA]o. Nonlinear optimization was based on least-squares
approximations employing the Newton ± Raphson algorithm. The resulting
rate constants and error estimates were ka� (2.07� 0.04)� 10ÿ2 Mÿ1 sÿ1,
kb� (1.68� 0.07)� 103mÿ2 sÿ1, kc� (8.98� 0.81) sÿ1. The off-diagonal ele-
ments of the covariance matrix were: cov(ka , kb)�ÿ0.368, cov(ka , kc)�
�0.219, cov(kb, kc)�ÿ0.970.


Table 6. Rate constants of the separate and combinatorial formation of
hexadeoxynucleotides.


System Fitting ka [10ÿ2mÿ1 sÿ1] kb [103mÿ2 sÿ1] kc [sÿ1]


1 I 1.78 ± ±
2 I 1.74 ± ±
3 II 1.31 1.78 7.61
4 II 1.31 1.67 7.07
comb. II 2.07 1.68 8.98
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a single condensation step. For systems based on oligonucleo-
tide templates the template effects depend mainly on the
stacking of nucleobases flanking the condensation site. A
purine-rich original has a similar template effect as its
pyrimidine-rich copy if: 1) short oligomers instead of mono-
mers are used as building material, and 2) both complemen-
tary strands bear the same base sub-sequence at the newly
formed internucleotide link. The competing self-complemen-
tary autocatalysts then also bear the above base sub-sequence.
The latter results in a kinetically balanced situation in which
an autocatalytic product does not outcompete the cross-
catalytic products. Such a situation may also be found in a
similarly designed system based on the reaction between
pRNA tetramers,[15a] whose kinetic analysis is eagerly awai-
ted.[15b] Although neither our system nor the one outlined
above is based on RNA oligomers, we believe that the study of
such systems can give basic insights into the required
replicative pathways that enabled RNA, or a similar class of
molecules, to create its own world. This confidence is based on
the fact that the present menagerie of chemical replicators,
ranging from nucleic acids through artificial templates and
even to peptides,[2p] is diverse from a structural point of view
yet very similar with respect to the dynamics involved. So far
every nonenzymatic chemical system exhibiting template
feedback shows parabolic growth characteristics,[12] regardless
of whether autocatalytic or cross-catalytic systems are in-
volved. Theoretical biology tells us that the ability to evolve is
not a consequence of a particular template structure but
primarily a consequence of the order of autocatalytic feed-
back expressed by the whole system.[16] Molecular evolution
of the Darwinian type simply necessitates exponential growth
of the competing replicators.[17] The latter may be based on
DNA, RNA or peptides as well as on artificial templates. Our
research program will thus continue to search for other
implementations of template replication that might enable
exponential amplification under enzyme-free conditions.
Screening the structural diversity of templates is an important
but, in our program, secondary goal. The ultimate aim is a
chemical algorithm enforcing exponential amplification and
general enough to give room to a whole variety of template
structures. Whether this goal can be achieved by Kauffman
sets, that is collectively closed autocatalytic networks,[18]


minimal replicases[2q] or by enforcing replication on surfa-
ces[19] remains to be investigated.


Experimental Section


Synthesis of trideoxynucleotides (prepared as triethylammonium salts) and
hexadeoxynucleotides is described elsewhere.[9] EDC (Merck), HEPES (N-
2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid, Aldrich), acetonitrile
(Roth) and NH4HCO3 of p.a. or synthesis quality were used. Water was
doubly distilled with a WM Muldestor SE apparatus (Wagner & Munz).
Lyophilization was carried out by a SpeedVac concentrator (Savant). 1 mL
and 2 mL precision capillaries (minicaps end to end, nonheparinized,
accuracy R� 0.5%, precision CV� 1%) were from Hirschmann; pipettes
(0.5 ± 10, 10 ± 100, 50 ± 250 and 200 ± 1000 mL) were from Eppendorf.


Self-replication experiments : A set of parent solutions of single oligonu-
cleotides were prepared in Eppendorf tubes (1.5 mL) by pipetting doubly
distilled water (1 mL) to the lyophilized trideoxynucleotides (40 ± 60 A254)
and hexadeoxynucleotides (20 ± 30 A254). After vortexing and centrifuging


the tubes, the concentration was determined by UV spectroscopy at l�
254 nm from an aliquot (5 mL) diluted with doubly distilled water to a total
volume of 5 mL. The respective extinction coefficient e254 (L molÿ1 cmÿ1)
was calculated from the following increments: CMP: 6541, GMP: 13679,
PTE: 8104 and o-ClPh: 200. Experiments required identical initial
concentrations of starting material in each single experiment of a series.
In order to increase the reproducibility of the experiments, multicompound
parent solutions of two or four trideoxynucleotides were prepared by
mixing defined aliquots (about 100 mL) of each trimer parent solution in
Eppendorf tubes (1.5 mL). The composition of these multicompound
parent solutions was monitored by HPLC and, if necessary, corrected to the
nominal value. For self-replication experiments, aliquots of the respective
multicompound parent solution (usually 8 ± 22 nmol in each trideoxynu-
cleotide) were lyophilized in Eppendorf tubes (0.7 mL) for 1 h using a
SpeedVac evaporator. For experiments in the presence of a template,
aliquots were colyophilized with the hexadeoxynucleotide (usually 0.3 ±
3.5 nmol). A solution of the carbodiimide EDC (0.2m) in HEPES buffer
(0.1 M, pH 7.55) was freshly prepared under inert gas by dissolving the
appropriate amount of EDC. The experiments were started by pipetting an
aliquot of the carbodiimide solution (kept at 30 8C) to the lyophilized
oligodeoxynucleotides. The mixtures were immediately vortexed, centri-
fuged and drawn into a series of 2 mL (separate experiments) or 1 mL
precision capillaries (combinatorial experiments) provided with a silicon
rubber ring. Usually ten or seven capillaries were prepared to allow for the
monitoring of the reaction mixtures after ten or seven different reaction
times in the separate or combinatorial experiments respectively. Drops of
reaction solution were wiped off the outer walls of the capillaries, which
were then placed in a plastic rack and stored in small airtight glass
containers under an atmosphere saturated with water (bath thermostat at
30 8C). After the given time interval one capillary was removed and its
contents transferred into a 250-fold volume of HPLC initial buffer (IB).
The quenching procedure decreased the reaction rate by a factor of at least
62500, which was sufficient because HPLC analysis was done immediately
after the reaction.


HPLC analysis : Analysis was performed on the following equipment
(Kontron): two pumps 420, autosampler 460, ultraviolet detector 430, data
acquisition on system D450; Nucleosil 120 ± 7 C18 column (Macherey and
Nagel). The initial buffer (IB) consisted of aqueous NH4HCO3 (0.1m), the
final buffer (FB) of acetonitrile/water 3:7 v/v). The following gradient
program was employed for experiments on the separate formation of single
hexamers: 20% to 55 % FB within 10 min, 55% to 75 % FB within 3 min,
75% to 20% FB within 4 min and final reequilibration for 10 min. The
experiments on the combinatorial hexamer formation needed a slightly
modified program: 15 % to 55% FB within 10 min, 55 % to 75% FB within
3 min, 75 % to 15% FB within 4 min and final reequilibration for 10 min.
Flow rate was 1 mL minÿ1. Injection volume was 150 mL. HPLC peaks were
detected by the simultaneous monitoring of the UV absorbances at l� 254
and 273 nm.


Baseline separation of HPLC peaks : The increased number of oligonu-
cleotides involved in the combinatorial experiments (up to ten different
compounds) hampered baseline separation of HPLC peaks when the
trimers of set I were used. Exhaustive variations of the standard HPLC
gradient did not result in a significant improvement. From earlier experi-
ments it was known that the retention times of trideoxynucleotides are
significantly influenced by the lipophilicity of their terminal protective
groups. Therefore, two 5'-protected trideoxynucleotide 3'-phosphates,
MTMCCGp (1b) and MTMCGGp (2b) were synthesized in which the 5'-azido
group was o-chlorophenyl group. Furthermore two 5'-aminotrideoxynu-
cleotide 3'-phosphate esters, nCCGpClPh (1 d) and nCGGpClPh (2 d) were
synthesized replacing the 2-phenylthioethyl group with the less lipophilic o-
chlorophenyl (ClPh) group. HPLC separation (Figure 7) was optimized by
substitution of one single trimer of set I (5'-azido- and 3'-phenylthioethyl-
protected) by the respective trideoxynucleotide of the new trimers (5'-
MTM- and 3'-chlorophenyl-protected). No sufficient baseline separation
for the hexamer peaks was observed (Figure 7a ± d). However, in one case
(Figure 7b) one missing hexamer peak seemed to be hidden under the
partly separated peaks of the amino compounds. This remaining hexamer
peak was observed by choosing less lipophilic 3'-o-chlorophenyl-protected
aminotrideoxynucleotides instead of 3'-phenylthioethyl-protected com-
pounds. This replacement resulted in the proper combination of trimers
(Set II) enabling complete baseline separation of all four hexamer peaks
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(Figure 7e). The assignment of each of the four peaks to a given hexamer
was based on two considerations. Firstly, dual channel monitoring of the
UV absorbances at l� 254 nm and 273 nm gave UV-absorbance ratios that
depended heavily on the base composition. Thus, non-self-complementary
hexamers CCGCCG and CGGCGG could be assigned nonarbitrarily,
whereas self-complementary sequences CCGCGG and CGGCCG, bearing
the same base composition, were indistinguishable. Secondly, an assign-
ment of the latter sequences was possible based on the lipophilicity of the
terminal protective groups. Thus, the earlier eluting self-complementary
hexamer was assigned to the 5'-azido group whereas the later eluting
hexamer was assigned to the 5'-MTM group. Only the latter assignment was
consistant with the kinetic data.


Calibration of HPLC peak areas : Concentrations of oligodeoxynucleotides
were calculated from the respective HPLC peak areas by means of
calibration data for each compound (Table 7). These data were derived
from HPLC analysis of samples of known concentration. Decreasing
recovery rates at low concentrations meant that the calibration curves
diverged significantly from a linear relationship between concentration and
peak areas (Figure 8). Empirically, we found that Equation (13) approx-
imates the relationship between concentrations c and peak areas A of the
calibration measurements. From Equation (13), appropriate calibration
factors a and b could be derived by nonlinear regression using least-squares
techniques.


c� aA�b ln(A�1) (13)


Data analysis using SimFit : The computer program SimFit (nonlinear
fitting by dynamic simulation)[11] was employed to derive the rate constants
together with their errors and covariances as shown in Tables 3, 4 and 6.
Generally, the program supports the kinetic evaluation of experimental
time courses of concentrations based on any given reaction model. As
many as 16 different experiments with varying initial concentrations can be
evaluated simultaneously in a single run. Input of reaction equations is
supported at run-time (i.e., no compiling and linking prior to program
start). The program then generates the corresponding set of differential
equations and its concentration derivatives (Jacobi matrix). The user may
choose either the Runge ± Kutta algorithm or, for the case of stiff
differential equations, a modified Gear algorithm as the method of
integration. Nonlinear curve fitting by least squares may be achieved either
with the Simplex algorithm or with the Newton ± Raphson algorithm. The
output data consist of the approximated concentration time profiles, the
determined rate constants and associated variances and covariances. The
program supports the input of symbolic assignments between the concen-
trations of mechanistic species and the observable concentrations (ex-
pressions with sums and differences). Thus, it is applicable also in those
kinetic studies where only the total concentrations can be monitored (e.g. in
the case of intermediate complexes which form and dissociate rapidly).


The course of data evaluation using Simfit is illustrated as follows. Firstly,
the experimental input data were organized as tables of HPLC integrals
observed at the given reaction times and for the given experiments. These
tables were written as text files (*.txt) consisting of a header with the names


Figure 7. Optimization of baseline separation. a ± d) Formal replacement
of one single trimer of the old set, 5'-azido- and 3'-phenylthioethyl-
protected, by the respective trideoxynucleotide of the new set, 5'-MTM-
and 3'-chlorophenyl-protected. e) Separation of remaining hexamer peak
(see b) by use of less lipophilic 3'-o-chlorophenyl-protected aminotrideoxy-
nucleotides instead of 3'-phenylthioethyl-protected compounds. For assign-
ment of each of the four peaks to a given hexamer see text.


Table 7. Calibration data [factors a and b, Eq. (2)] to calculate concen-
trations from the respective HPLC peak areas.


Set Compound e [Lmolÿ1 cmÿ1] a [10ÿ5] b [10ÿ5]


I, II Ap 26 761 1.67 1.58
I, II Bp 33 899 1.41 1.31
I nA 34 865 1.39 1.29
I nB 42 003 1.22 1.11
II nA 26 961 1.66 1.57
II nB 34 099 1.40 1.30
I, II ApB 60 660 1.14 1.94
I, II BpA 60 660 1.14 1.94
I, II ApA 53 522 1.22 2.11
I, II BpB 67 798 1.05 1.77
I ApnB 68 764 1.04 1.75
I BpnA 68 764 1.04 1.75
I ApnA 61 626 1.12 1.91
I BpnB 75 902 0.95 1.60
II ApnB 60 860 1.14 1.94
II BpnA 60 860 1.14 1.94
II ApnA 53 722 1.22 2.11
II BpnB 67 998 1.05 1.77


Figure 8. Calibration curve to calculate concentrations of hexadeoxynu-
cleotide template CCGCGG (ApB) from the respective HPLC peak areas.
The data were derived from HPLC analysis of samples of known
concentration. Because of decreasing recovery rates at low concentrations,
the calibration curves diverge significantly from a linear relationship
between concentration and peak areas. Empirically, we found that
Equation (13) gives a very good approximation of the calibration measure-
ments.
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of observable compounds and the data itself. A typical example showing
the original data for system 4, group 6 (Figure 3) is listed in Table 8.
Secondly, so-called command files (*.cmd) were prepared, which consisted


of instructions to the program on how to analyze the input data. The
command file for the evaluation of the above input data is listed in Table 9.
The number of rate constants to be iterated was entered first (DIM). Next,
the names of compounds for which observable HPLC data had been


Table 8. Sample input data comprising 4 experiments. Note that for time
>0, an entry of zero means no consideration of that variable.


No. Exp No. Time Bp nB ApA BpnB


1 1 0 68.0 78.1 0 0
1 2 0 69.4 79.7 3.85 0
1 3 0 70.2 80.6 6.50 0
1 4 0 70.4 80.8 9.25 0
2 1 5 0 0 0 0.25
2 2 5 0 0 0 1.90
2 3 5 0 0 0 2.90
2 4 5 0 0 0 4.00
3 1 10 0 0 0 0.35
3 2 10 0 0 0 3.65
3 3 10 0 0 0 6.00
3 4 10 0 0 0 7.85
4 1 15 0 0 0 0.55
4 2 15 0 0 0 5.05
4 3 15 0 0 0 8.10
4 4 15 0 0 0 9.40
5 1 20 0 0 0 0.60
5 2 20 0 0 0 5.85
5 3 20 0 0 0 8.40
5 4 20 0 0 0 10.8
6 1 25 0 0 0 0.90
6 2 25 0 0 0 6.90
6 3 25 0 0 0 9.95
6 4 25 0 0 0 12.9
7 1 30 0 0 0 1.00
7 2 30 0 0 0 7.70
7 3 30 0 0 0 10.9
7 4 30 0 0 0 13.9
8 1 45 0 0 0 1.65
8 2 45 0 0 0 9.65
8 3 45 0 0 0 13.8
8 4 45 0 0 0 17.0
9 1 60 0 0 0 2.80
9 2 60 0 0 0 11.3
9 3 60 0 0 0 15.4
9 4 60 0 0 0 19.2
10 1 90 0 0 0 4.15
10 2 90 0 0 0 14.1
10 3 90 0 0 0 18.3
10 4 90 0 0 0 22.3


Table 9. Sample command file to evaluate the data.


* Specify number of variable rate constants:
DIM (3)
* Define and scale observable data to be read
* from input data file S4F.TXT;
* format of commands:
* DEFINE (running number,
* name of observable as in headline,
* type (e, p, i or c for educt, product,
* intermediate or catalyst, respective
* ly), screen color during plot)
* SCALE (number of scale function,
* calibration data):
DEFINE (1,Bp,e,0) SCALE (2, 1.41e5, 1.31e5)
DEFINE (2,nB,e,0) SCALE (2, 1.22e5, 1.11e5)
DEFINE (3,ApA,c,0) SCALE (2, 1.22e5, 1.11e5)


DEFINE (4,BpnB,p,12) SCALE (2, 0.95e5, 1.60e5)
* Read the above input data file,
* filename S4F.TXT:
READ (S4F)
* Select observable/s for screen plots:
SELECT (BpnB)
* Define unit of time for screen plots:
TIME (min)
* Define window in concentration-time space;
* format of command:
* WIN (min. time, max. time,
* time-axis interval,lenght of conc. tic,
* min. conc., max. conc.,
* conc.-axis interval, lenght of time tic.)
WIN (0, 90, 15, 1, 0, 5e4, 1e4, 1e6)
* Input of reaction equations and input of
* estimates for the rate constants of the above
* reactions. Rate constants may be variable,
* fixed or coupled. Format of commands:
* REACTION (expression)
* CONSTANT (number of reaction equation,
* numerical value of rate constant,
* number of variable
* (zero means fixed),
* coupling factor, minmax-factor):
REACTION (Bp � nB > BpnB)
CONSTANT (1, 1.75e2, 1, 1, 50)
REACTION (Bp � nB � ApnA > C)
CONSTANT (2, 2.50e � 2, 2, 1, 1000)
REACTION (ApnA � BpnB � � > C)
CONSTANT (3, 1.00e6, 0)
CONSTANT (4, 10.0, 3, 1, 1000)
* Encode rate equations:
REACTION (compile)
* Print rate equations and Jacobian matrix onto
* the screen:
REACTION (show)
* Wait for a keypress:
KEY (> > > > Press any key to continue < < < < )
* Input of assignments
* ASSIGN (obs, X � Y) means:
* the theoretical concentration of the observa-
* ble X is taken from the species Y. Symbolic
* expressions as ASSIGN (obs, X � A � B) are
* possible.
* ASSIGN (spec, X � Y) means:
* the initial concentration of species X is
* taken from the observable Y:
ASSIGN (obs, Bp � Bp)
ASSIGN (obs, nB � nB)
ASSIGN (obs, BpnB � C � BpnB, prod)
ASSIGN (spec, Bp � Bp)
ASSIGN (spec, nB � nB)
ASSIGN (spec, ApnA � ApA)
ASSIGN (spec, BpnB � BpnB)
* Wait for a keypress:
KEY (> > > > Press any key to continue < < < < )
* Clear the screen:
CLS
* Select experiment/s in the input data set:
CHOOSE (expall)
* Plot observable points and theoretical curves
* onto the screen:
PLOT
GRAPH
* Open the document file S4F.DOC:
DOCUMENT (S4F)
* Write reaction and rate equations as well as
* rate constants into the documentfile S4F.DOC:
REACTION (doc)
CONSTANT (doc)
* Input of integration and regression parame-
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collected were defined (DEFINE). Calibration factors for each of the
defined compounds were entered in order to derive the corresponding
concentrations from the HPLC peak areas (SCALE). The input data
themselves were then read (READ) and selected for plotting purposes
onto the screen (SELECT). The latter also required definition of an
appropriate window in concentration ± time space (WIN). Then the
reaction equations for type-II fitting were entered (REACTION) and
estimates for the rate constants that varied in the course of the optimization
were provided (CONSTANT). The observable concentrations derived
from HPLC integrals had to be assigned to concentrations of species as
given by the reaction equations (ASSIGN). For example, the observable
concentration named with BpnB consisted of the concentration of single-
stranded species BpnB plus the concentration of the complex C
(Scheme 1). Furthermore, assignments were necessary to specify the initial
concentration of each species in terms of the respective observable initial
concentrations. Ten rounds (defined by INTEG) of simplex optimization
(SIMPLEX) followed by ten rounds of Newton ± Raphson optimization
(NEWTON) proved to be sufficient to find the minimum of the sum of
squares with respect to the rate constants. The calculation in the given
example took 6.15 minutes on a 486 processor running at 66 Mhz and
2.45 minutes on a pentium processor running at 90 MHz. Finally, the
experimental points and the theoretical time courses were exported to
other programs (PLOT, GRAPH).
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* ters. The system of coupled differential
* equations is stiff and needs the respective
* integration algorithm. The initial integra-
* tion step size * is 10ÿ7 s. A minimum of 16
* steps between any adjacent observation times
* is chosen. Any species concentration is not
* allowed to change for more than 1% if the
* step size is doubled. Plots of theoretical
* curves have 50 steps. The maximal number of
* iteration cycles is 10:
INTEG (stiff, 1e7, 16, 0.01, 50, 10)
* Start the optimization using the Simplex
* algorithm (first 10 cycles) followed by the
* Newton ± Raphson algorithm. The results are
* written into the document file S4F.DOC:
SIMPLEX (doc)
NEWTON (doc)
CONSTANT (doc)
* Write experimental points and theoretical
* curves into output-data files S4FP.DAT and
* S4FC.DAT:
PLOT (file)
GRAPH (file)








Synthesis, Crystal Structure, and Enzymatic Evaluation
of a DNA-Photolesion Isostere


Jens Butenandt, AndreÂ P. M. Eker, and Thomas Carell*


Abstract: Nucleotide analogues are
useful tools for the investigation of
interactions between DNA-binding pro-
teins and DNA at a molecular level.
Herein we describe the synthesis of the
DNA-lesion analogue 2, which is re-
quired to determine the extent to which
specific phosphodiesters in the DNA
backbone contribute to the recognition
of cyclobutane pyrimidine dimer DNA
lesion by the dimer-specific repair en-
zymes DNA photolyases or T4-endonu-
clease V. The analogue 2 is a close
structural mimic of cyclobutane pyrimi-
dine dimers like 1, which are the major
lesions induced upon irradiation of cells
with UV light. Instead of the negatively
charged phosphate link in 1, analogue 2
contains an uncharged but isosteric for-
macetal moiety. The analysis of this and
other phosphodiester contacts is hoped


to provide insight into the lesion recog-
nition process, which is currently be-
lieved to require the flipping of the
lesioned base out of the DNA double
helix. The lesion analogue 2 is syntheti-
cally available in large quantities, which
allowed us to establish a new, fast and
sensitive DNA photolyase assay. A pre-
cise X-ray crystal structure analysis of
the DNA-lesion analogue 2 is also
presented. The structure underlines the
isosteric character of 2 and reveals, in
combination with the only other avail-
able X-ray crystal structure determined
from a thymine-dimer triester analogue,
interesting structural features of cyclo-


butane pyrimidine dimer lesions. We
describe the incorporation of the lesion
analogue 2 into oligonucleotides by
using standard phosphoramidite chem-
istry. Initial enzymatic repair studies are
reported with three different types of
DNA photolyases. These studies show
that the lesion analogue 2 is rapidly
repaired by photolyases from Anacystis
nidulans, Neurospora crassa and from
the marsupial Potorous tridactylis. The
enzymatic investigations indicate that all
photolyases, including enzymes from
higher organisms (P. tridactylis) accept
the formacetal dimer as a lesion sub-
strate and therefore could possess a
similar DNA-lesion recognition process,
in which the interaction with the central
phosphate unit is only of limited impor-
tance.


Keywords: cyclobutane pyrimidine
dimers ´ DNA cleavage ´ DNA
repair ´ photolyases


Introduction


Cyclobutane pyrimidine dimers like 1 are intensively studied
genotoxic DNA lesions that are formed upon irradiation of
cells with UV light.[1] Their efficient removal from the genome
is essential for all organisms in order to avoid cell death or
cancerogenous cell growth.[2] Several specific DNA repair
processes[3] including photoreactivation[4] are known to elim-
inate the dimer lesions from the genome. Since the discovery
of the dimer specific repair enzyme DNA photolyase in


Escherichia coli by Rupert and co-workers,[5] and of further
photolyases in a variety of other organisms by Yasui, Eker,
and others,[6] the light-dependent photorepair of pyrimidine
dimer DNA lesions has attracted considerable interest. The
successful cloning and overproduction[7] of the E. coli DNA
photolyase has allowed detailed enzymatic,[8] spectroscopic,[9]


mutagenic,[10] and non-DNA-substrate analogue studies.[11]


These investigations and the determination of the three-
dimensional structure of the E. coli photolyase by Deisenhof-
er, Sancar, and co-workers,[12] and of the A. nidulans enzyme
by Miki, Yasui, Eker, and co-workers[12] illustrate the ongoing
effort to unravel the mechanism and the dependencies of the
repair process. Based on the current understanding of the
repair process, we recently prepared the first flavin-containing
model compounds, which are able to mimic the DNA repair
process,[13] and flavin-containing oligopeptides that repair
cyclobutane pyrimidine dimers in single-stranded DNA.[14]


The question of how DNA-repair enzymes achieve the
selective recognition of DNA lesions in a sequence-inde-
pendent, structure-specific DNA-binding mode, is currently
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attracting considerable attention. It was recently discovered
that some repair enzymes bind to damaged DNA with the
lesioned base, or to a base in close vicinity of the DNA lesion,
in an extra helical conformation.[15] Consequently, the molec-
ular events that cause the bases to flip-out of the DNA double
helix, and the pairing properties of DNA lesions within the
DNA double helix are under intensive investigation. Previous
studies of the DNA lesion recognition event performed with
the photolyase enzymes included repair studies with small
pyrimidine dimers[11] and various DNA-footprinting stud-
ies.[16,17] The results showed that photolyases contact five
phosphodiesters in close proximity to the lesion and that these
contacts contribute most of the free binding energy.[8] The
enzyme shows intimate interactions with one phosphodiester
at the 5'-side of the dimer, with three phosphodiesters at the
3'-side of the dimer, and with one phosphodiester opposite the
dimer lesion through the minor groove in the complementary
strand. The central intradimer phosphate group[16±18] was
found to be only of minor importance for recognition,
supporting the assumption that these enzymes flip the dimer
lesion out of the DNA double helix. The T4-endonuclease V
protein is another dimer specific repair enzyme, which also


critically forms hydrogen bonds to a number of phospho-
diesters in close proximity to the dimer lesion, including the
central, intradimer phosphodiester.[15a] This enzyme flips the
adenine base complementary to the 5'-side of the thymine
dimer out of the DNA double helix. The cyclobutane thymine
dimer stays inside the DNA double helix and the helix
exhibits a sharp 608 inclination at the central thymine dimer.


In order to gain a deeper understanding of the lesion
recognition step and of the base-flipping process, every single
interaction between DNA repair enzymes and the phospho-
diester backbone of the damaged DNA double helix needs to
be investigated in detail. This is possible with oligonucleotides
that contain nucleic acid analogues at the recognition site of
the repair protein.[19,20] We reasoned that DNA-repair and
DNA-binding studies with double-helical DNA in which the
phosphodiesters are successively replaced by isosteric forma-
cetals, as developed by Matteucci et al.[21] and van Boom et
al.[22,23] may serve to elucidate the required recognition
information. Herein we report the preparation of the first
lesion analogue (2), in which the central phosphate is replaced
by a formacetal linkage. Our initial goal was to confirm that
the central phosphate is not required for the recognition by
microbial DNA photolyases and to investigate whether or not
this recognition motif extends to photolyases from higher
organisms. We found that the formacetal-containing lesion
isostere 2 is, in contrast to the natural cyclobutane thymine
dimer 1,[24,25] synthetically available in large quantities, which
allowed crystallization experiments and the development of
an HPLC-based DNA-repair assay.
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We describe a precise X-ray crystal structure of the dimer 2,
and compare it to the X-ray structure obtained from a
thymine dimer triester derivative. The comparison of the
structures confirmed the isosteric character of the lesion
analogue 2. Investigations of the enzymatic repair with three
different types of photolyases show that all enzyme types,
including class II photolyases, are capable of repairing the
artificial lesion 2. We hope that compound 2 and further
analogues will now enable a detailed analysis of the lesion
recognition event and an investigation of the dynamics of
dimer-lesion-containing DNA.[26]


Results and Discussion


Synthesis and structure assignment: Our initial synthetic
target was the formacetal deoxyuridine dimer 2, because the
four cyclobutane protons facilitate the structural assignment
by comparison of the NMR spectra with that of a cis-syn uracil


Abstract in German: Nucleotidanaloga sind sehr nützliche
Werkzeuge zur Untersuchung der molekularen Wechselwir-
kungen zwischen DNA-bindenden Proteinen und DNA. Diese
Publikation beschreibt die Synthese des DNA-Schadensana-
logons 2, mit dem untersucht werden kann, in welchem
Ausmaû bestimmte Phosphordiestergruppen zur molekularen
Erkennung von Pyrimidindimer-DNA-Schäden durch die
dimerspezifischen DNA-Reparaturenzyme DNA-Photolyase
oder T4-Endonuclease V beitragen. Das Analogon 2 imitiert
strukturell Cyclobutanpyrimidin-Dimere, welche die wichtig-
sten durch Bestrahlung von Zellen mit UV-Licht hervorge-
rufenen DNA-Schäden sind. Statt der mittleren Phosphordie-
sterfunktionalität enthält 2 eine ungeladene, isosterische For-
macetalgruppe. Die Analyse dieser und anderer Beziehungen
zu Phosphordiestern soll Einblicke in den Schritt der Scha-
denserkennung liefern, welcher vermutlich das Herausklappen
der geschädigten Stelle aus der DNA beinhaltet. Das Schadens-
analogon 2 ist präparativ in gröûeren Mengen erhältlich, so
daû ein neuer, sensitiver DNA-Photolyase-Assay entwickelt
werden konnte. Eine sehr genaue Röntgenstrukturanalyse von
2 wird diskutiert. Die Struktur belegt den isostrukturellen
Charakter des Analogons 2 und weist im Vergleich mit der
einzig anderen verfügbaren Kristallstruktur eines Thymindi-
mer-Triester-Derivates interessante Struktureigenschaften auf.
Wir beschreiben den Einbau von 2 in Oligonucleotide mit der
Phosphoramiditchemie. Erste Untersuchungen zur DNA-Re-
paratur mit den drei DNA-Photolyasen aus den Spezies
A. nidulans und N. crassa sowie vom Beuteltier P. tridactylis
ergaben nun, daû 2 durch diese Photolyasen effizient repariert
wird. Diese enzymatischen Untersuchungen deuten an, daû alle
Photolyasen, inklusive derjenigen aus höheren Organismen
(P. tridactylis), das Formacetaldimer 2 als Substrat akzeptie-
ren. Dementsprechend sollten die Schadenserkennungsprozes-
se sehr ähnlich sein, wobei die zentrale Phosphatgruppe nur
von geringer Bedeutung ist.
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dimer derivative recently prepared in our laboratory.[27] In
addition, results from enzymatic repair studies with the
deoxyuridine isostere 2 are directly comparable with model
studies performed with model compounds containing flavin
and uracil dimers.[13]


For the synthesis of 2 in sufficient amounts, 10 gram
quantities of the starting material deoxyuridine 3 were
required. These were synthesized as described by Brokes et
al. and Huang et al[28](Scheme 1) from uridine 4 in three steps,
by the reaction of uridine 4 with acetyl bromide to produce 5,
followed by the reductive dehalogenation of 5 to 6 with
Bu3SnH. Cleavage of the acetyl groups in 6 with NH3


saturated MeOH afforded the deoxyuridine starting material
3 as a white crystalline solid in an overall yield of 65 %. One
portion of 3 was then treated with pivaloyl chloride in
pyridine to yield the 5'-pivaloyl-protected deoxyuridine
derivative 7,[29] which was treated with Ac2O and AcOH in
DMSO[30] to yield the 3'-methyl thiomethoxy deoxyuridine
glycosyl donor 8. A second batch of 3 was allowed to react
with trityl chloride in pyridine to yield the 5'-trityl-deoxyur-
idine derivative 9,[31] which was treated with benzylchloride
and NaH to afford the 5'-trityl-3'-benzyl-deoxyuridine deriv-
ative 10. Cleavage of the trityl group with trifluoroacetic acid
(TFA) afforded the glycosyl-acceptor deoxyuridine 11.[32]


Coupling of the two building blocks 8 and 11 to
12 was achieved after activation of the 3'-methyl
thiomethoxy protection group with N-iodo-
succinimide/trifluoromethanesulfonic acid
(NIS/TfOH) in THF.[22] The coupling product
12 is a white, crystalline solid and was obtained in
gram quantities (78 % yield). For the synthesis of
the cyclobutane lesion analogue 2, 12 was
irradiated in 0.5 g portions in acetone in a
standard photochemical reactor with a medi-
um-pressure mercury lamp (l> 300 nm). The
irradiation leads to the formation of three
compounds (13 ± 15), which were subsequently
separated by flash chromatography on silica gel
using a MeOH/CH2Cl2 gradient. The first major
fraction contained the photoproduct 13 (44 %
yield). The two minor photoproducts 14 and 15,
possessing trans-syn configuration, were ob-
tained in 12 % and 14 % yield, respectively.


The formation of three photoproducts and the
yields obtained can be rationalized as follows:
Photodimerization of the deoxyuridine di-
nucleoside 12 with the two glycosidic bonds in
the thermodynamically favorable anti conforma-
tion yields the desired cis-syn configured dimer
13 as the major photoproduct. Photodimeriza-
tion of the deoxyuridine dinucleoside 12 with
one of the two glycosidic bonds in the unfavor-
able syn conformation results, however, in the
formation of the trans-syn configured photo
products 14 and 15. A fourth possible cis-syn
isomer, formed upon photodimerization of the
dinucleoside 12, in which both glycosidic bonds
are in anti configuration was, as expected, not
isolated.


In order to confirm the structural assignment
all three isolated product 13 ± 15 were hydro-
lyzed with refluxing HCl (4n) (Scheme 2).[33]


The sugar-free uracil dimers 16 and 17 were
isolated and their NMR spectroscopic data were
compared with data obtained recently from cis-
syn and trans-syn configured uracil dimers in our
laboratory.[27] The 1H NMR spectrum (after H/D
exchange) of the hydrolysis product of the major
product 13 revealed two multiplets for the four
cyclobutane protons. These signals are character-
istic for a cis-syn structured cyclobutane ring.[27]
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Scheme 1. i) AcBr, HBr in HOAc, CH3CN, 50 8C;[28d] ii) Bu3SnH; AIBN, toluene,
80 8C;[28] iii) NH3, MeOH; 2 d, 65%; iv) PivCl, py, ÿ20 8C, 3 h, 84%;[29] v) Ac2O, AcOH,
DMSO, 70 h, 58 %; vi) TrCl, py, 40 h, 72%[31] ; vii) NaH, BnBr, Bu4NI, THF, ÿ20 8C, 12 h,
80%; viii) TFA; nBuOH; 1 h, 74%; ix) NIS, TfOH; THF, 5 min, 78 %; x) hnÄ, acetone,
1.5 h, 13 : 44%, 14 : 12 %, 15 : 14 %; xi) 1n NaOH, Bu4NBr, THF, 3 h, 91%; xii) H2, Pd/C,
MeOH, 40 8C, 10 h, 90 % by TLC, not isolated; xiii) Ac2O, py, DIEA, 1 h, 80 %;[43] xiv)
80%, AcOH, 10 min, 100 8C, 89%; xv) NH3 conc., 80 8C, 3 h, 57%; xvi) DMTr-Cl, py,
DIEA, 15 h, 82%; xvii) 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite, DIEA,
THF, 4 h, 51%.
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Hydrolysis of 14 and 15 resulted in an identical product 17,
suggesting 14 and 15 to be the trans-syn isomers. After H/D
exchange the 1H NMR spectrum of 17 showed two signals,
which are characteristic for trans-syn configuration of the
cyclobutane uracil dimer.[27]


In order to assign the trans-syn isomers 14 and 15 A6-(R)/
B6-(R) and A6-(S)/B6-(S) configuration (numbering see
Scheme 2), and to secure the assignment of the cis-syn
structure to 13, ROESY spectra were measured for all three
isomers. The experiment with the cis-syn compound 13
revealed strong NOEs between H-A6 and H-A2' and between
H-B6 and H-B2' (see Scheme 2). This coupling, and the
missing interactions between H-A1' and H-A6 and between
H-B1' and H-B6 unambiguously secured the cis-syn structure
of 13. In the ROESY experiment, compound 14 exhibited a
strong coupling between H-B1' and the cyclobutane ring
proton H-B6. In addition, a NOE between H-A2' and H-A6
was detected, which is characteristic for the
trans-syn structure 14 with A6-(R) and B6-
(R) configuration of the cyclobutane moi-
ety. The second, more polar, trans-syn
isomer 15 featured a complex 1H NMR
spectrum. A strong NOE between H-A1'
and H-A6, together with a NOE between
H-B2' and H-B6 proved the trans-syn
structure with A6-(S) and B6-(S) configu-
ration of the cyclobutane ring in 15. This is
further confirmed by a strong NOE be-
tween H-A2' and H-B3'.


The final steps were performed in order
to convert the cis-syn isomer 13, via 2, into
the phosphoramidite 18 required for the
solid phase oligonucleotide synthesis (see
Scheme 1). To this end, the 5'-pivaloyl group in 13 was
removed under phase transfer conditions using 1n sodium
hydroxide solution/THF/Bu4NBr. The product 19 was sub-
sequently debenzylated to 2 by catalytic hydrogenation with
Pd/C (10 %) in methanol. Compound 2, however, could not be
readily separated from the catalyst due to its low solubility in


organic solvents, which made the two-step
deprotection procedure inconvenient for the
synthesis of the phosphoamidite 18 in larger
quantities. In order to circumvent this prob-
lem, we replaced the benzyl group by the
base-labile acetyl group. This required the
acetylation of the 5'-trityl compound 9 with
Ac2O in pyridine to afford 20, which was
subsequently treated with AcOH to cleave
the 5'-trityl group. The obtained 3'-acetyl
protected nucleoside 21[31] was coupled with
8, after activation with N-iodo succinimide/
TfOH. The product 22 was irradiated to yield
the three 5'-pivaloyl-3'-acetyl protected pho-
todimers 23 ± 25. Separation of the three
dimers was achieved by flash chromatography
on silica gel using an acetone/CH2Cl2 solvent
gradient. Irradiation of 22 yielded approxi-
mately 41 % of the cis-syn configured com-
pound 23 and 16 % and 17 % of the two trans-


syn configured isomers 24 and 25, respectively. The 3'-acetyl
protection allowed the removal of both protection groups in
23 to yield 2 in one step with aqueous NH3 (25%). As a
further advantage, the pivaloyl/acetyl protection strategy
facilitated the separation of isomers 23 ± 25. Finally the
formacetal dimer 2 was allowed to react with dimethoxytrityl
chloride (DMTr-Cl) and diisopropylethylamine (DIEA) in
pyridine to yield the DMTr-protected deoxyuridine dimer 26
(82 % yield). Reaction of 26 with 2-cyanoethyl-diisopropyl-
chlorophosporamidite and DIEA furnished the final phos-
phoramidite 18 in 51 % yield as a white solid. The presented
convergent synthesis with only seven to nine linear steps
allows the preparation of the lesion isostere phosphoramidite
18 in gram quantities.


For comparison the formacetal-linked dimer phosphorami-
dite 27 was prepared (Scheme 3). To this end, the 5-pivaloyl-
3'-acetyl protected dinucleotide 22 was not irradiated but


directly deprotected with aqueous NH3 (25 %) at 80 8C. The
unprotected dinucleotide product 28 was allowed to react with
DMTr-Cl and DIEA in pyridine to yield the DMTr-protected
nucleoside 29 in 82 % yield. Reaction of 29 with 2-cyanoethyl-
N,N-diisopropylchlorophosphoramidite furnished the final
phosphoramidite 27 as a white solid in 72 % yield.
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Scheme 2. Acid hydolysis of the three formacetal-linked uracil dimers 13 ± 15. i) 4n HCl,
30 min, 100 8C. The dotted lines indicate couplings observed in the NOE experiments.
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X-ray crystal structure analysis of 2: For a comparison of
the structures between the formacetal-bridged lesion 2 and
the natural phosphate-bridged lesion 1, crystals of the
deoxyuridine dimer 2 were grown. The formacetal dimer 2
crystallized from H2O as colorless platelets. The results of the
X-ray crystal structure analysis, which was performed at 100 K
(see Experimental Section; R(F) value� 0.026), are shown in
Figure 1. Besides the cyclobutane dimer 2 the crystals
contained one equivalent of H2O.


Figure 1. X-ray crystal structure of 2. ORTEP plots of the molecular
structure of 2 A: side view; B: front view. Arbitrary numbering. Displace-
ment ellipsoids are shown at the 50% probability level.


Since an X-ray crystal structure of a phosphate-bridged
thymidine 1 or a deoxyuridine analogue is not available, a
direct comparison with the X-ray crystal structure of 2 is not
possible. The X-ray crystal structure of a thymine dimer
triester derivative determined by Hruska et al.[34] can, how-
ever, be considered as a good approximation of 1. The major
difference between the phosphotriester and the natural
diester lesion is the P ± O bond length, which is shortened
by 0.05 � in the triester derivative. The most striking feature
of the phosphotriester structure is the syn-conformation
c(A)� 60.78 of the glycosidic bond at the 5'-side of the dimer
(ribose-ring A). The glycosidic bond of the 3'-ribose unit (B) is
in anti conformation with c(B)�ÿ103.78). The cyclobutane
pyrimidine dimer features a ÿ298-CBÿ twist. The formacetal-
linked deoxyuridine dimer 2 exhibits all three key structural


characteristics. The glycosidic bond (O25ÿC24ÿN1ÿC2) of
the 5'-sugar is syn-oriented with c(A)� 69.3(3)8 ; the glyco-
sidic bond (O17ÿC13ÿN12ÿC11) of the 3'-sugar features an
anti conformation c(B)�ÿ72.7(3)8 and the cyclobutane ring
exhibits a CBÿ-twist of ÿ28.0(4)8. All bond lengths and bond
angles of the cyclobutane moiety are very similar to those of
the phosphotriester derivative. Superimposing the cyclobu-
tane substructure of both structures reveals only minor
differences, predominantly located in the backbone. The
major difference was expected to be a shortening of the
O21ÿO19 distance due to the expected CÿO bond length of
1.421(2) �, which is significantly shorter than a typical PÿO-
diester or a -triester bond of 1.60 � and 1.55 �, respectively.
Such a bond shortening, however, can be readily compensated
by small changes of the backbone torsional angles.[35] The
O21ÿO19 distance is 10 % shorter in the formacetal-linked
deoxyuridine dimer than in the phosphotriester derivative.
The descriptive torsion angles a ± j differ only slightly in the
two structures. Significant differences exist between the
backbone torsional angles eA, jA, and dB, which change from
ÿ1538, ÿ1388, and 818 in the phosphotriester structure to
ÿ48.3(3)8, 87.6(3)8, and 143.8(3)8, respectively in the forma-
cetal dimer 2. The sugar pucker in the phosphotriester
compound was determined to be 2T3 for the 5'-sugar moiety
(A) and 3T4 for the 3'-sugar ring (B). In the formacetal dimer
both sugar moieties possess approximately 2E (2'-endo) DNA
conformation. As NMR investigations of the natural thymine
dimer phosphodiester reveal a rapid sugar pucker and CB�/
CBÿ twist interconversion for the thymine dimer in solution at
room temperature,[36] we conclude that the key structural
elements, such as the syn and anti conformations of the
glycosidic bonds and the CBÿ twist of the cyclobutane moiety,
are present in the formacetal structure. The observed
structural differences are limited to three backbone angles
and to the sugar pucker. The structural differences are located
in rather flexible regions of the molecules, which supports the
view that compound 2 is a close structural isostere of the
DNA-photolesion 1.


Incorporation of the formacetal dimer 2 into oligonucleo-
tides : The formacetal dimer phosphoamidite 2 was incorpo-
rated into oligonucleotides like 30 (Figure 2). Standard


Anacystis nidulans


5'-d(CGCGTUpUTGCGC)-3'


Potorous tridactylis


Neurospora crassa


30
Photolyases from


31 5'-d(CGCGTUfUTGCGC)-3'


5'-d(CGCGTU=UTGCGC)-3'


32


Figure 2. Depiction of the three prepared oligonucleotides 30 ± 32 and of
the repair reaction performed by the photolyase enzymes from A. nidulans,
N. crassa, and P. tridactylis-GST fusion protein.


phosphoramidite oligonucleotide chemistry with a controlled
pore glass bead support was employed by using a Pharmacia-
Gene-Plus synthesizer. Due to the expected base sensitivity of
the deoxyuridine dimer 2, Pac-protected nucleotides,[37] which
possess an enhanced base lability, were used for the synthesis.
The oligonucleotides were prepared trityl-on in order to
facilitate their purification. Initial deprotection experiments
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with the assembled oligonucleotides were performed in NH3


solution at room temperature. During the deprotection,
however, we observed the formation of two oligonucleotides,
which were subsequently separated by preparative HPLC and
analyzed by laser desorption mass spectrometry. The minor
oligonucleotide featured the expected molecular weight for
the oligonucleotide 30. The second oligonucleotide exhibited
a molecular weight of 16 mass units higher. We believe that
this oligonucleotide is formed through a hydroxide induced
cleavage of one dihydropyrimidine ring, a process which is
well documented in the literature.[1] Systematic evaluation of
various cleavage conditions finally revealed that deprotection
of the dimer-containing oligonucleotides 30 can be achieved
with DBU in anhydrous methanol.[38] Under these conditions,
formation of the oligonucleotide by-product could be sup-
pressed. In order to obtain the oligonucleotide 30 of highest
possible quality we extended the deprotection time to four
days and reduced the reaction temperature to 4 8C. The
oligonucleotide 30 that contains dimer 2 was thus obtained in
about 85 ± 90 % purity. The oligonucleotide 30 and the two
reference oligonucleotides 31 and 32 were synthesized,
deprotected and finally purified by reverse phase HPLC
using a C18 reverse phase column and a Et3NHOAc buffered
H2O/acetonitrile gradient. The oligonucleotides were subse-
quently detritylated with HCOOH and again purified by
reverse phase HPLC. The purity of the final material was
determined by analytical reverse phase HPLC and ion
exchange chromatography. Laser desorption mass spectrom-
etry confirmed the expected molecular weights.


Initial enzymatic evaluation of the formacetal, dimer-modi-
fied oligonucleotide 30 as a substrate for DNA photolyases:
In order to investigate if the formacetal-linked dimer 2 is
recognized as a lesion substrate by DNA photolyases,
enzymatic studies were performed with three different types
of enzymes. The photolyase from the cyanobacterium A.
nidulans[39] was investigated as a member of microbial
deazaflavin- and flavin-containing photolyases (class I/type
II). The photolyase from the fungus N. crassa[40] was used as a
representative member of the class I/type I, flavin/methenyl-
tetrahydrofolate-containing photolyases. Both enzymes fea-
ture a strong sequence homology with the well studied E. coli
enzyme.[8] As a member of the class II photolyases, isolated
from higher organisms, the enzyme from the marsupial P.
tridactylis was investigated.[6,41] This photolyase features a
smaller sequence homology with the microbial enzymes and
the structure of the second cofactor is currently not known.
For our initial studies the P. tridactylis GST-fusion protein,
which contains only the essential flavin cofactor, was used.
Due to the lack of the second cofactor and to the presence of
the GST-fusion protein, the activity of this photolyase was
expected to be significantly lower.


Our interest in quantifying repair-enzyme DNA interac-
tions on a molecular level has led us to developing a HPLC-
based photolyase assay to conveniently quantify enzyme
activity. Since the E. coli photolyase repairs single- and
double-stranded DNA with equal efficiency,[42] we used the
single-stranded oligonucleotide 30 as the substrate. For the
assay, 30 (5.04 nmol) was dissolved in the photoreactivation


buffer (200 mL: 5 mm DTT, 10 mm KH2PO4, pH 7.0, 0.1m
NaCl). After the addition of the DNA-photolyase enzymes
(25 pmol of A. nidulans and N. crassa enzyme and 250 pmol of
the P. tridactylis GST-fusion protein) in the dark, the assay
solution was transferred into a small cuvette and irradiated
with monochromatic light. The wavelength of maximal
photoreactivation activity was used in the experiments. The
A. nidulans enzyme was assayed at l� 435 nm. l� 405 nm
was used for photoreactivation experiments with the N. crassa
photolyase and l� 380 nm was employed in experiments
performed with the P. tridactylis enzyme. After defined time
intervals, samples were removed from the assay solution and
concentrated acetic acid was added to stop the reaction. The
prepared samples were analyzed by direct injection into the
HPLC system in order to quantify the amount of repaired
oligonucleotide formed. For the separation of the oligonu-
cleotides 30 and 31, an ion-exchange column with Nucleogel
Sax 1000-8/46 proved to be optimal. Both oligonucleotides
elute baseline separated with retention times of 12.3 min (30)
and 14.1 min (31). Figure 3 depicts the series of HPLC
chromatograms obtained in experiments performed with the
N. crassa enzyme. In the presence of any of the three DNA
photolyases irradiation caused the disappearance of the
oligonucleotide 30 and the appearance of a new oligonucleo-
tide 31. No change in the concentration of 30 was observed in


Figure 3. Photoreactivation of 30 by Neurospora crassa photolyase.
Samples of the illuminated reaction mixture were analyzed by HPLC at
various time intervals. 30: Dimer-lesion 2-containing oligonucleotide; 31:
repaired oligonucleotide. For conditions see Experimental Section.


the absence of DNA photolyase. Co-injection of the inde-
pendently synthesized repaired oligonucleotide 31 supports
the assumption that the peak at 14.1 min corresponds to the
repaired DNA strand. Figure 4 shows the time-dependent
formation of the repaired oligonuclotide 31 for all three
enzymes analyzed. Both microbial photolyases are able to
completely repair the formacetal DNA-lesion isostere 2. As
expected, the activity of the P. tridactylis photolyase is
significantly lower. Consequently, a higher enzyme concen-
tration was required to observe the photoreactivation. Never-
theless, repair of DNA strand 30 to 31 is clearly detectable,
which proves that even class II photolyases accept the
synthetic lesion analogue 2 as a substrate. Our initial
enzymatic results therefore demonstrate that the dimer 2 is
a suitable lesion isostere for cyclobutane dimer DNA-photo-
lesions such as 1. Oligonucleotides containing 2 are suitable
substrates for all three types of photolyases. The ability of all







FULL PAPER T. Carell et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0404-0648 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 4648


Figure 4. Time-dependent formation of the repaired oligonucleotide 31. *:
Neurospora crassa ; &: Anacystis nidulans ; ~: Potorous tridactylis ; �� :
Control experiment (no photolyase enzyme added). For conditions see
Experimental Section.


three enzymes to repair the chemically altered lesion 2
strongly argues that the central intradimer phosphate is not
crucial for the recognition of the lesion by all three studied
DNA-photolyases. This point, however, needs further inves-
tigation, and a kinetic analysis of the complex formation step
has been initiated.


Conclusions


The results presented show that a cyclobutane pyrimidine
dimer lesion analogue like 2, which contains an achiral and
neutral formacetal group instead of the central phosphate unit
is readily available in large quantities. The corresponding
phosphoamidite 18 can be incorporated into oligonucleotides
using machine-assisted oligonucleotide chemistry. Although
the deprotection of the oligonucleotides containing dimer 2
requires special care, sufficient quantities of oligonucleotides
containing the lesion analogue 2, such as 30, are available. For
a detailed analysis of the interactions between the DNA
backbone and the photolyase repair proteins, an enzyme assay
was developed that allows quantification of the repair activity
by using fast HPLC analysis. Using fluorescence tagged,
oligonucleotides containing dimer 2, this HPLC experiment
can be employed as a convenient and highly sensitive DNA
photolyase assay. A systematic evaluation of the enzymatic
and quantum yield of 30 and of other formacetals oligonu-
cleotide substrates, together with equilibrium binding studies
are now in progress to determine the requirements for the
efficient recognition of DNA lesions by photolyases and other
repair proteins on a molecular level. Due to the availability of
2 in larger amounts this building block might facilitate the
investigation of the structural distortions caused by cyclo-
butane pyrimidine dimer in double-helical DNA. In addition,
analysis of the distance and sequence-dependence of electron
transfer processes in DNA[44] might be possible using the
dimer 2.


Experimental Section


General : Reagents and solvents were reagent grade and used without
further purification. Anhydrous MgSO4 was used as the drying agent after


aqueous workup. Evaporation and concentration in vacuo was done at
H2O-aspirator pressure. All reactions were performed in standard glass-
ware. Degassing of solvents was accomplished by N2 sparging for at least
45 min. Column chromatography (CC): Silica gel-H from Fluka. TLC: glass
or aluminum sheets covered with silica gel 60 F254 from Merck; visual-
ization by UV light. M.p.: Büchi SMP-20 apparatus; uncorrected. UV/VIS
spectra: Varian Cary-5 spectrophotometer at room temperature; lmax in nm
(e in mÿ1cmÿ1). Irradiation experiments were performed under nitrogen in a
standard photochemical pyrex glass apparatus with (l> 300 nm) with a
TQ-150 (Haereus Nobelite) medium-pressure mercury lamp. IR spectra
(cmÿ1): Perkin Elmer-1600FTIR. Fluorescence spectra were measured on a
Spex 1680, 0.22 m double Spectrometer, 450 Hg/Xe-lamp, in 1 cm quartz
cuvettes at room temperature 1H and 13C NMR: Bruker-AMX-500, Varian
Gemini-200 and -300 instruments at room temperature in (CD3)2SO;
solvent peaks (d� 2.49 for 1H; and d� 39.7 for 13C NMR) as reference. MS
(m/z): VG-ZAB-2SEQ instrument for FAB in a 3-nitrobenzyl alcohol
matrix. Elemental analyses were performed by the Mikrolabor in the
Laboratorium für Organische Chemie at ETH Zürich. Oligonucleotide
synthesis was performed by using a Pharmacia-Gene-Plus synthesizer. Pac-
amidites were purchased from Pharmacia. Controlled pore glass bead
support was purchased from Sigma. Acetonitrile for the oligonucleotide
synthesis was purchased from Roth. All solvents were stored for 12 h over
4 � molecular sieves prior to oligonucleotide assembly. HPLC was
performed with a Knaur HPLC system with a flow of 1 mL minÿ1 using a
Nucleosil RP18 (240 mm� 4 mm, 100 �/5 mm) column from Machery-
Nagel. HPLC-grade solvents were purchased from Fluka. All oligonucleo-
tides were detected at 260 nm. For analytical oligonucleotide HPLC-
chromatography a linear gradient was used. Preparative HPLC was
performed with a Vydac RP C18 column (250 mm� 21 mm, 100 �/5 mm).
Solvent system: A� 0.1m NEt3/HOAc in H2O, B� 0.1m NEt3/HOAc in
H2O:MeOH (1:4). Ion exchange chromatography was performed on a
Machery & Nagel Nucleogel Sax 1000-8/46 column with a NaCl gradient in
10 mm Na2HPO4, pH� 11.5: 0 min to 1 min: 0.18m NaCl to 0.56m NaCl;
5 min to 15 min: 0.56m NaCl to 0.96m NaCl.


X-Ray crystal structure data of 2: colorless platelets (H2O); C19H24N4O10 ´
H2O, Mr� 486.4; monoclinic, space group P21: 1calcd� 1.54 gcmÿ3, Z� 2,
a� 9.398(2), b� 9.886 (1), c� 11.647(1) �, b� 104.38(1)8, V� 1048.2
(2) �3, MoKa (l� 0.71073 �) radiation, 2q� 288, 2659 unique reflections,
T� 100 K. The crystal structure was solved by direct methods (SHELXTL
PLUS) and refined by full-matrix least-squares analysis using experimental
weights (heavy atoms anisotropic; H atoms riding model, fixed isotropic).
Final (R(F)� 0.026, wR(F)� 0.033) for 346 variable and 2425 observed
reflections (F> 3.0s(F)). Crystallographic data (excluding structure fac-
tors) for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Center as supplementary publication no.
CCDC-100804. 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).


3'-O-Methylthiomethyl-5'-O-pivaloyl-2'-deoxyuridine (8): 5'-O-pivaloyl-2'-
deoxyuridine 7[29] (5.43 g, 17.4 mmol) was dissolved in DMSO (36 mL),
acetic acid anhydride (26 mL), and acetic acid (8.25 mL). The solution was
stirred for 70 H; then ice cold saturated sodium hydrogen carbonate
solution (100 mL) was added to the solution and the mixture stirred for a
further 1 h. The aqueous solution was extracted three times with chloro-
form (100 mL). The combined organic phases were washed four times with
water (100 mL) and dried with MgSO4. The solvent was evaporated in
vacuo and the residual oil was purified by flash chromatography on silica
gel (33 ± 50% EtOAc/hexane). Compound 8 was obtained as yellowish oil
(3.65 g, 10.1 mmol, 58%). RF: 0.37 (CHCl3/MeOH 10:1 (v :v)); 1H NMR
(400 MHz, CDCl3): d� 1.23 (s, 9H; (CH3)3CCO), 2.04 ± 2.10 (m, 1H; 2'-H),
2.14 (s, 3H; SCH3), 2.51 ± 2.57 (m, 1H; H-2'), 4.22 ± 4.27 (m, 3H; 3'-H; H-5'),
4.41 ± 4.47 (m, 1H; H-4'), 4.60 (d, 2Jgem� 11.8 Hz, 1H; OCH2S), 4.69 (d,
2Jgem� 11.8 Hz, 1H; OCH2S), 5.75 (d, 3J5±6� 8.1 Hz, 1H; H-5), 6.22 (dd,
3J1'±2'a� 7.0 Hz, 3J1'±2'b� 6.2 Hz, 1H; H-1'), 7.51 (d, 3J5±6� 8.1 Hz, 1H; H-6),
9.39 ( br s, 1H; NH); 13C NMR (100 MHz, CDCl3): d� 13.71 (SCH3), 27.13
((CH3)3CCO), 37.77 (C-2'), 38.77 ((CH3)3CCO), 63.50 (C-5'), 73.82
(OCH2S), 75.13 (C-3'), 82.23 (C-4'), 85.56 (C-1'), 102.54 (C-5), 139.07 (C-
6), 150.22 (C-2), 163.37 (C-4), 177.94 ((CH3)3CCO); MS (FAB�): m/z (%):
745 (27) [M2


��1], 373 (100) [M��1], 261 (30) [M�ÿ uracil] , 201 (21)
[M��1ÿ uracil-CH2SCH3]; C16H25N2O6S ([M�H]�) calcd 373.1433; found
373.1426.
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3'-O-Benzyl-5'-O-trityl-2'-deoxyuridine (10): A solution of 5'-O-trityl-2'-
deoxyuridine (9)[31] (5.0 g, 12.4 mmol) in THF (25 mL) was carefully added
to a suspension containing Bu4NI (50 mg, 0.13 mmol) and NaH (55 % in
mineral oil, 2.9 g, 62 mmol, 5.2 equiv) in THF (25 mL) at 0 8C. The mixture
was stirred under argon for 1 H; then cooled toÿ20 8C, and benzyl bromide
(1.5 mL, 15.4 mmol) was added. After stirring the reaction mixture
overnight at room temperature, saturated NaHCO3 solution (1 mL) was
carefully added, and the reaction mixture was poured into CH2Cl2


(200 mL). The organic phase was separated and washed twice with
saturated NaHCO3 solution (50 mL) and once with water (50 mL). The
organic phase was dried with MgSO4 and the solvent was evaporated in
vacuo. The residual material was dissolved in a minimum of CH2Cl2. This
solution was diluted with Et2O, and the product 10 was finally precipitated
through dropwise addition of ice cold n-hexane. Compound 10 was
obtained as a white powder (5.5 g, 9.8 mmol, 80%); RF: 0.25 (EtOAc/
hexane 3:4 (v:v));m.p. 88 ± 90 8C. IR (KBr): nÄ � 3200, 3057, 2933, 2867,
1710, 1690 (C�O), 1489, 1448, 1377, 1272, 1194, 1074, 727, 699, 632; 1H
NMR (200 MHz, CDCl3): d� 2.13 ± 2.26 (m, 1H; H-2'), 2.53 ± 2.63 (m, 1H;
H-2'), 3.44 ± 3.46 (m, 2H; H-5'), 4.17 ± 4.22 (m, 1H; H-4'), 4.31 ± 4.38 (m, 1H;
H-3'), 4.49 (d, 2Jgem� 11.8 Hz, 1H; PhCH2), 4.59 (d, 2Jgem� 11.8 Hz, 1H;
PhCH2), 5.37 (dd, 3J5±6� 7.9 Hz, 4J3±5� 2.1 Hz, 1H; H-5), 6.33 (t, 3J� 6.4 Hz,
1H; H-1'), 7.29-7.41 (m, 20H; Tr-H and Ph-H), 7.79 (d, 3J5±6� 7.9 Hz, 1H; H-
6), 8.44 (br s, 1H; NH); 13C NMR (50.3 MHz, CDCl3): d� 38.50 (C-2'),
63.30 (CH2Ph), 71.67 (C-5'), 84.18 (C-4'), 85.32 (C-1'), 87.64 (CPh3), 102.34
(C-5), 127.63 (Ar-CH), 127.88 (Ar-CH), 128.20 (Ar-CH), 128.84 (Ar-CH),
137.47 (Bn-C), 140.23 (Tr-C), 143.37 (C-6), 150.17 (C-2), 163.03 (C-4), (C-3')
covered by CDCl3. MS (FAB�): m/z (%): 583 (11)[M��Na], 561 (23)
[M��1], 243 (100) [Ph3C�]; C35H32N2O5 (560.65): calcd C 74.98, H 5.75, N
5.00, O 14.27; found C 74.72, H 5.72, N 4.99.
3'-O-Benzyl-2'-deoxyuridine (11): 3'-O-Benzyl-5'-O-trityl-2'-deoxyuridine
10 (5.9 g, 10.5 mmol) was dissolved in n-butanol (36 mL). Then trifluoro-
acetic acid (12 mL) was added and the solution was stirred at room
temperature for 1 h. A precipitate was collected and additional precipitate
was recovered upon further addition of n-hexane to the filtrate. The
combined precipitates were washed with diethyl ether and dried in vacuo at
45 8C yielding 11 (2.47 g, 7.8 mmol, 74%). RF: 0.27 (EtOAc); M.p. 185 ±
186 8C (ref. [45]: 186 8C); IR (KBr): nÄ � 3503, 3144, 3089, 3038, 2911, 2866,
1700 (C�O), 1684 (C�O), 1466, 1394, 1324, 1274, 1265, 1206, 1178, 1102,
1073, 1046, 860, 763, 704, 560, 531, 442 cmÿ1; 1H NMR (200 MHz,
[D6]DMSO): d� 2.03 ± 2.17 (m, 1H; H-2'), 2.25 ± 2.38 (m, 1H; H-2'), 3.52
(d, 3J5'±4'� 3.5 Hz, 2H; H-5'); 4.00 ± 4.06 (m, 1H; H-4'); 4.12 ± 4.18 (m, 1H;
H-3'); 5.09 (br s, 1H; OH), 5.64 (dd, 3J5±6� 8.1 Hz, 4J3±5� 2.1 Hz, 1H; H-5);
6.12 (dd, 3J1'±2'a� 5.8 Hz, 3J1'±2'a� 7.9 Hz, 1H; H-1'); 7.27 ± 7.39 (m, 5H; Ar-
H), 7.84 (d, 3J5±6� 8.1 Hz, 1H; H-6); 11.32 (br s, 1 H; NH); 13C NMR
(50.3 MHz, CDCl3): d� 36.60 (C-2'); 61.55 (CH2Ph); 70.09 (C-5'); 78.97 (C-
3'), 84.31 (C-4'), 84.88 (C-1'), 101.95 (C-5), 127.60 (Ar-C), 127.66 (Ar-C),
128.39 (Ar-C), 138.27 (Bn-C), 140.52 (C-6), 150.58 (C-2), 163.21 (C-4); MS
(FAB�): m/z (%): 583 (11) [M��Na], 319 (89) [M��1], 207 (79) [M�ÿ
uracil] .
5'A-O-Pivaloyl-3'B-benzyl-protected, formacetal-linked, deoxyuridine
dimer (12): Compounds 11 (3.45 g, 9.5 mmol) and 8 (2.5 g, 7.8 mmol) were
dissolved three times in THF (50 mL) and the solvent was evaporated to
dryness to remove trace water. The oil obtained was dissolved in absolute
THF (60 mL), and stirred for 1 h with activated molecular sieves (4 �,
0.8 g) at 0 8C under argon. Then a solution of N-iodo succinimide (2.14 g,
9.5 mmol) and trifluoromethanesulfonic acid (50 mL) in absolute THF
(28 mL) was added. The mixture was stirred for 5 min at room temperature
and diluted with dichloromethane (200 mL). The solution was filtered,
diluted with dichloromethane (200 mL), and washed once with 1m sodium
thiosulfate solution (50 mL), once with NaHCO3 solution, and finally once
with water. The organic phase was dried with MgSO4, filtered and
evaporated in vacuo. Recrystallization of the residual material with
EtOAc/hexane yielded 12 (3.91 g, 6.1 mmol, 78 %). For the elemental
analysis 12 was recrystallized from EtOH. M.p. 118 ± 119 8C; IR (KBr): nÄ �
3411, 3167, 2975, 2811, 2699, 1622, 1464, 1433, 1384, 1278, 1260, 1161, 1125,
1099, 1066, 894, 834, 702, 633, 556, 533 cmÿ1; 1H NMR (500 MHz,
[D6]DMSO): d� 1.12 (s, 9H; (CH3)3CCO), 2.16 ± 2.26 (m, 2H; H-A2'a,
H-B2'a), 2.31 ± 2.35 (m , 2H; H-A2'b, H-B2'b), 3.65 ± 3.70 (m, 2H; H-B5'),
4.11 ± 4.15 (m, 3H; H-B3', H-A4', H-B4'), 4.16 ± 4.20 (m, 2 H; H-A5'), 4.26 ±
4.30 (m, 1H; H-A3'), 4.50 and 4.54 (2d, 2Jgem� 11.9 Hz, 2H; OCH2Ph), 4.74
and 4.72 (d, 2Jgem� 7.1 Hz, 2H; OCH2O), 5.63 and 5.64 (2 d, 3J5±-6� 8.1 Hz,
2H; H-A5 and H-B5), 6.09 (t, 1H; H-1'), 6.13 (dd, 3J� 6.0 Hz, 3J� 8.2 Hz,


1H; H-1'), 7.25 ± 7.35 (m, 5H; Ar-H), 7.58 (d, 3J5±6� 8.1 Hz, 1H; H-6), 7.66
(d, 3J5±6� 8.1 Hz, 1H; H-6), 11.34 (s, 2H; NH); 13C NMR (125.8 MHz,
DMSO): d� 26.79 ((CH3)3CCO), 36.07 (C-2'), 36.57 (C-2'), 38.19
((CH3)3CCO), 63.76 and 68.17 (C-5'), 70.25 (CH2Ph), 76.78 and 79.02 (C-
3'), 81.65 and 82.53 (C-4'), 84.37 and 84.60 (C-1'), 94.36 (OCH2O), 101.96
and 102.02 (C-5), 127.51, 127.54, 128.24 and 137.96 (Ar-C), 140.19 (2xC-6),
150.30 and 150.38 (C-2), 162.97 and 162.99 (C-4), 177.18 (CH3)3CCO). MS
(FAB�): m/z (%): 1928 (3) [M�


3�1], 1285 (30) [M�
2�1], 643 (100) [M��1];


C31H38N4O11 (642.66): calcd C 57.94, H 5.96, N 8.72, O 27.39; found C 57.86,
H 6.01, N 8.63.
Irradiation of the 5'A-O-pivaloyl-, 3'B-benzyl-protected, formacetal-
linked, deoxyuridine dimer (12): The formacetal-linked dinucleoside 11
(2.5 g, 3.9 mmol, 1.0 equiv) was irradiated in five portions (0.5 g each) in
acetone (350 mL). The compound 11 was dissolved in acetone, the solution
was degassed with N2 and irradiated for 1.5 h under an N2 atmosphere in a
pyrex irradiation apparatus (l> 300 nm) with a TQ-150 medium-pressure
mercury lamp. The five irradiation solutions were combined and the
solvent was evaporated in vacuo. The residual oil was subjected to flash
chromatography on silica gel-H (0.5 ± 10 % methanol/dichloromethane).
Three products were isolated RF: 13 : 0.37, 14 : 0.33, 15 : 0.26 (CHCl3/MeOH
12:1 (v:v))
5A-(R),5B-(R),6A-(R),6B-(R)-5'A-O-Pivaloyl-, 3'B-benzyl-protected, for-
macetal-linked, cyclobutane deoxyuridine dimer (14): Yield: 310 mg
(0.47 mmol, 12%); m.p. 150 8C, slow melting; IR (KBr): nÄ � 3422, 3222,
3100, 2963, 2867, 1707 (C�O), 1454, 1363, 1269, 1161, 1096, 972, 756,
699 cmÿ1; 1H NMR (500 MHz, [D6]DMSO): d� 1.14 (s, 9H; (CH3)3CCO),
2.17 ± 2.23 (ddd, 2JB2'a±B2'b� 13.6 Hz, 3JB1'±B2'a� 8.1 Hz, 3JB3'±B2'a� 5.5 Hz, 1H;
H-B2'a), 2.37 ± 2.43 (m, 1H; H-A2'a), 2.60 ± 2.66 (ddd, 2JB2'a±B2'b� 13.6 Hz,
3JB3'±B2'b� 7.4 Hz, 3JB1'±B2'b� 3.7 Hz, 1H; H-B2'a), 2.88 ± 2.93 (ddd,
2JA2'a±A2'b� 13.8 Hz, 3JA2'b±A3'� 7.2 Hz, 3JA1'±A2'b� 5.0 Hz, 1H; H-A2'b),
3.23 ± 3.25 (m, 1H; H-A5), 3.25 ± 3.27 (m, 1H; H-B5), 3.62 (dd,
2JB5'a±B5'b� 11.0 Hz, 3JB4'±B5'a� 7.2 Hz, 1H; H-B5'a), 3.75 ± 3.78 (m, 1H; H-
A4'), 3.81 ± 3.87(m, 2H; H-A3', H-5'b), 4.01 (ddd, 3JB4'±B5'a� 7.2 Hz,
3JB4'±B3'� 7.0 Hz, 3JB4'±B5'a� 1.9 Hz, 1H; H-B4'), 4.05 (dd, 2JA5'a±A5'b�
12.0 Hz, 3JB4'±B5'a� 5.2 Hz, 1H; H-A5'a), 4.16 (dd, 2JA5'a±A5'b� 12.0 Hz,
3JB4'±B5'b� 3.8 Hz, 1H; H-A5'b), 4.22 ± 4.26 (m, 1 H; H-A6), 4.30 ± 4.34 (m,
1H; H-B3'), 4.46 (d, 2Jgem� 12.1 Hz, 2H; OCH2Ph) overlap with 4.47 (d,
2Jgem� 6.5 Hz, 1H; OCH2O), 4.50 ± 4.54 (m, 1 H; H-B6), 4.95 (d, 2Jgem�
6.5 Hz, 1H; OCH2O), 5.32 (dd, 3JB1'±B2'a� 8.1 Hz, 3JB1'±B2'b� 3.7 Hz, 1H;
HB1'), 6.00 (dd, 3JA1'±A2'a� 8.0 Hz, 3JA1'±A2'b� 5.0 Hz, 1H; H-A1'), 7.26 ± 7.36
(m, 5H; Ar-H), 10.5 (s, 1H; NH), 10.7 (s, 1H; NH); 13C NMR (125.8 MHz,
[D6]DMSO): d� 26.86 ((CH3)3CCO), 36.71 (C-A2'), 37.48 (C-B2'), 38.18
(C-A5), 38.60 (C-B5), 39.76 ((CH3)3CCO), 53.63 (C-A6), 60.86 (C-B6),
62.99 (C-A5'), 70.23 (C-B5'), 70.73 (CH2Ph), 77.97 (C-A3'), 79.14 (C-B3'),
79.27 (C-A4'), 82.15 (C-A1'), 84.00 (C-B4'), 91.39 (C-B1'), 97.07 (OCH2O),
127.47 (Ar-C), 127.58 (Ar-C), 128.20 (Ar-C), 138.20 (Ar-C), 150.63 (C-2),
151.70 (C-2), 169.34 (C-4), 170.08 (C-4), 177.23 ((CH3)3CCO); MS (FAB�):
m/z (%): 1285 (9) [M�


2�1], 665 (14) [M��Na], 643 (100) [M��1], 537 (81)
[MH�


2 ÿC7H7O], 535 (50) [MÿC7H7O]. C31H38N4O11�H2O (660.68):
Calcd C 56.36, H 6.10, N 8.48; found C 56.73, H 6.25, N 8.35.
5A-(S),5B-(S),6A-(S),6B-(S)-5'A-O-Pivaloyl-, 3'B-benzyl-protected, for-
macetal-linked, cyclobutane deoxyuridine dimer (15): Yield: 360 mg
(0.54 mmol, 14 %); m.p. 160 8C, slow melting; IR (KBr): nÄ � 3411, 3250,
3100, 2971, 1714 (C�O), 1455, 1400, 1361, 1279, 1217, 1160, 1094, 1061, 1028,
753, 694 cmÿ1; 1H NMR (500 MHz, [D6]DMSO): d� 1.13 (I, 9H;
(CH3)3CCO), 1.93 ± 1.95 (m, 2H; H-B2'), 2.54 (dd, 2JA2'a±A2'b� 13.5 Hz,
3JA1'±A2'a� 5.1 Hz, 1H; H-A2'a), 3.23 (ddd, 2JA2'a±A2'b� 13.5 Hz, 3JA1'±A2'b�
10.2 Hz, 3JA2'b±A3'� 4.7 Hz, 1H; H-A2'b), 3.42 (ddd, 3JB5±B6� 9.9 Hz,
3JA5±B5� 4.4 Hz, 4JA6±B5� 1.2 Hz, 1H; H-B5), 3.53 (ddd, 3JA5±A6� 10.5 Hz,
3JA5±B5� 4.4 Hz, 4JA5±B6� 1.3 Hz, 1H; H-A5), 3.77 ± 3.87 (m, 3H; H-B4', H-
B5'a), 3.93 (dd, 3JA4'±A5'b� 7.4 Hz, 3JA4'±A5'a� 5.2 Hz, 1H; H-A4'), 3.98 (dd,
2JA5'a±A5'b� 11.2 Hz, 3JA4'±A5'a� 5.2 Hz, 1H; H-A5'), 4.11 (dd, 2JA5'a±A5'b�
11.2 Hz,3JA4'±A5'b� 7.4 Hz, 1H; H-A5'b), 4.22 (d, 1H; 3JA2'b±A3'� 4.7 Hz, H-
A3'), 4.26 ± 4.29 (m, 1H; B-3') overlap with 4.29 (ddd, 3JA5±A6� 10.5 Hz,
3JA6±B6� 6.4 Hz, 4JA6±B5� 1.2 Hz, 1H; H-A6), 4.43 (ddd, 3JB5±B6� 9.9 Hz,
3JA6±B6� 6.4 Hz, 4JA5±B6� 1.3 Hz, 1H; H-B6), 4.51 (d, 2Jgem� 11.9 Hz, 2H;
OCH2Ph), 4.70 (d, 2Jgem� 8.2 Hz, 1H; OCH2O), 4.82 (d, 2Jgem� 8.2 Hz, 1H;
OCH2O), 5.29 (dd, 3JA1'±A2'b� 10.2 Hz, 3JA1'±A2'a� 5.1 Hz, 1H; H-A1'), 5.61
(t, 3J� 7.6 Hz, 1H; H-B1'), 7.27 ± 7.37 (m, 5H; Ar-H), 10.45 (s, 1H; NH),
10.71 (s, 1H; NH); 13C NMR (125.8 MHz, [D]6DMSO): d� 26.78
((CH3)3CCO), 31.62 (C-A2'), 33.35 (C-B2'), 37.81 (C-A5), 38.16 (C-B5),
39.76 ((CH3)3CCO), 53.71 (C-B6), 60.38 (C-A6), 63.52 (C-A5'), 66.73 (C-
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B5'), 70.53 (CH2Ph), 75.21 (C-B3'), 81.31 (C-B4'), 81.36 (C-A4'), 82.36 (C-
A3'), 83.20 (C-B1'), 90.01 (C-A1'), 94.76 (OCH2O), 127.49 (Ar-C), 127.53
(Ar-C), 128.24 (Ar-C), 138.13 (Ar-C), 150.62 (C-2), 152.23 (C-2), 168.38 (C-
4), 169.25 (C-4), 177.16 ((CH3)3CCO); MS (FAB�): m/z (%): 1285 (7)
[M�


2�1], 665 (70) [M��Na], 643 (100) [M��1], 641 (88) [M�ÿ 1], 535 (43)
[M�ÿC7H7O]. C31H38N4O11 � H2O (660.68): calcd C 56.34, H 6.11, N 8.48;
found C 56.57, H 6.07, N 8.57.
5A-(R),5B-(S),6A-(R),6B-(S)-5'A-O-Pivaloyl-, 3'B-benzyl-protected, for-
macetal-linked, cyclobutane deoxyuridine dimer (13): Yield: 1.12 g
(1.72 mmol, 44%). For the elemental analysis 13 was recrystallized from
EtOH; m.p. 122 8C (decomp). IR (KBr): nÄ � 3444, 3238, 3089, 2972, 1712
(C�O), 1455, 1372, 1274, 1166, 1100, 1065, 1028, 900, 756, 700 cmÿ1; 1H
NMR: (500 MHz, [D6]DMSO): d� 1.14 (s, 9H; (CH3)3CCO), 1.98 ± 2.12
(m, 2H; H-B2'), 2.40 ± 2.51 (m, 2H; H-A2'), 3.60 ± 3.70 (m, 3H; H-A5, H-
B5, H-B5'a), 3.80 ± 3.90 (m, 3H; H-B5'b, H-A4', H-B4'), 4.00 ± 4.15 (m, 4H;
H-A3', H-B3', H-A5'), 4.40 ± 4.45 (m, 2H; H-A6, H-B6), 4.49 and 4.53 (2d,
2Jgem� 11.9 Hz, 2H; OCH2Ph), 4.70 and 4.75 (2d, 2Jgem� 7.3 Hz, 2H;
OCH2O), 5.77 ± 5.82 (m, 2H; H-A1', H-B1'), 7.27-7.37 (m, 5H; Ar-H),
10.50 (s, 1H; H-B3 (NH)), 10.53 (s, 1H; H-A3 (NH)); 13C NMR
(125.8 MHz, DMSO): d� 26.78 ((CH3)3CCO), 33.45 (C-B2'), 34.10 (C-
A2'), 38.13 ((CH3)3CCO), 38.72 (C-B5), 40.63 (C-A5), 51.33 (C-B6), 53.17
(C-A6), 63.55 (C-A5'), 65.12 (C-B5'), 70.38 (CH2Ph), 76.14 (C-B3'), 77.87
(C-A3'), 78.95 (C-A4'), 80.97 (C-B4'), 84.77 (C-A1'), 85.61 (C-B1'), 93.85
(OCH2O), 127.45 (Ar-C), 127.63 (Ar-C), 128.20 (Ar-C), 138.00 (Ar-C),
152.74 (C-2), 153.38 (C-2), 166.95 (C-4), 167.26 (C-4), 177.15 ((CH3)3CCO);
MS (FAB�): m/z (%): 1285 (7) [M�


2�1], 665 (23) [M��Na], 643 (100)
[M��1], 535 (70) [M�ÿC7H7O]; C31H38N4O11 � 0.5 H2O (651.68): calcd C
57.14, H 6.03, N 8.60; found C 57.09, H 6.08, N 8.58.


Hydrolysis of 13, 14, and 15: 50 mg of each of the three compounds 13 ± 15
were dissolved in 4n hydrochloride acid (10 mL) and heated for 30 min at
100 8C. The solvent was evaporated in vacuo and the residual material was
suspended in methanol. The insoluble material was collected by filtration,
washed with methanol and dried at room temperature in vacuo. Approx-
imately 10 mg of 16 and 17 were obtained. 16 : 1H NMR (200 MHz,
[D6]DMSO): d� 3.48 (2d , 3J� 3.7 Hz, 3J� 3.3 Hz, 2H; H-5), 3.83 ± 3.90 (m,
2H; H-6), 7.57 (s, 2H; NH), 10.01 (s, 2H; NH); 1H NMR (200 MHz,
[D6]DMSO�D2O): d� 3.51 (2d , 3J5,6� 3.3 Hz, 3J5,6� 3.7 Hz, 2H; H-5),
3.92 (2d , 3J5,6� 3.3 Hz, 3J5,6� 3.7 Hz, 2H; H-6); 13C NMR (50.3 MHz,
[D6]DMSO): d� 35.29 (C-5); 51.77 (C-6), 150.48 (C-2), 168.83 (C-4).


17: 1H NMR (200 MHz, [D6]DMSO): d� 3.22 (d, 3J� 8.3 Hz, 2H; H-5),
3.82 ± 3.89 (m, 2H; H-6), 8.02 (d, 3J� 2.1 Hz, 2 H; NH), 10.23 (s, 2H; NH);
1H NMR (200 MHz, [D6]DMSO�D2O): d� 3.22 (d, 3J� 8.3 Hz, 2H; H-5),
H-6 covered by HOD; 13C NMR (50.3 MHz, [D6]DMSO): d� 35.29 (C-5),
51.77 (C-6), 150.48 (C-2), 168.80 (C-4).
5A-(R),5B-(S),6A-(R),6B-(S) 3'B-Benzyl-protected, formacetal-linked,
cyclobutane deoxyuridine dimer (19): Compound 13 (355 mg, 0.55 mmol)
and Bu4NBr (16 mg, 0.05 mmol) were dissolved in THF (9 mL) and 1n
NaOH (3 mL). After the mixture had been stirred vigorously for 3 h the
solvent was removed in vacuo and the residual material was subjected to
flash chromatography on silica gel (CHCl3/MeOH 10:1). Compound 19 was
obtained as a white foam (280 mg, 0.5 mmol, 91 %). M.p.> 174 8C
(decomp). IR (KBr): nÄ � 3443, 3222, 3078, 2933, 2878, 1739 (C�O), 1702
(C�O), 1455, 1372, 1274, 1189, 1094, 1024, 756, 733, 700 cmÿ1. 1H NMR:
(500 MHz, [D6]DMSO): d� 1.96 ± 2.10 (m, 2H; H-B2'), 2.39 ± 2.41 (t, 2H;
H-A2'), 3.40 ± 3.46 (m, 2H; H-A5'), 3.61 ± 3.65 (m, 4H; H-A5, H-B4', H-B5,
H-B5'a), 3.82 ± 3.83 (m, 1H; H B-4'), 3.89 (d, 2Jgem� 10.1 Hz, 1H; H-B5'b),
4.11 ± 4.16 (m, 2H; H-A3', H-B3'), 4.40 ± 4.54 (m, 4H; OCH2PH; H-A6, H-
B6), 4.69 and 4.74 (2d, 2Jgem� 8.0 Hz, 2H; OCH2O), 4.81 ± 4.83 (t, 3J�
5.9 Hz, 1H; H-OA5'), 5.76 ± 5.79 and 5.80 ± 5.83 (m, 2H; H-A1', H-B1'),
7.27 ± 7.37 (m, 5H; Ar-H), 10.43 (s, 1H; H-B3 (NH)), 10.50 (s, 1H; H-A3
(NH)); 13C NMR (125.8 MHz, DMSO): d� 33.46 (C-2'), 34.22 (C-2'), 39.11
(C5, under DMSO), 40.47 (C-5), 51.31 (C-6), 52.89 (C-6), 60.75 (C-5'), 65.00
(C-5'), 70.42 (CH2Ph), 76.04 (C-3'), 77.29 (C-3'), 80.95 (C-4'), 82.54 (C-4'),
84.51 (C-1'), 85.49 (C-1'), 93.74 (OCH2O), 127.44 (Ar-C), 128.18 (Ar-C),
138.04 (Ar-C), 152.98 (C-2), 153.39 (C-2), 167.16 (C-4), 167.28 (C-4); MS
(FAB�): m/z (%): 1139 (17) [M�


2�Na], 581 (100) [M��Na], 559 (44)
[M��1], 431 (14) [M�ÿC7H13O4�Na], C26H31N4O10 ([M�H]�): calcd
559.2040; found 559.2050.
5'A-O-Pivaloyl-, 3'B-acetyl-protected, formacetal-linked, deoxyuridine
dimer (22): Compounds 8 (9.2 g, 24.7 mmol) and 21 (5.1 g, 19.0 mmol)
were dissolved in absolute THF (200 mL) three times and the solvent was


removed in vacuo in order to remove trace water. The oil obtained was
dissolved in absolute THF (200 mL), and the mixture was stirred for 1 h
under argon over activated molecular sieves (4 �, 1 g). The reaction
mixture was then cooled to 0 8C and a mixture N-iodo succinimide (5.6 g,
25 mmol), dissolved in absolute THF (100 mL), previously stirred for 1 h
over activated molecular sieves (4 �, 0.4 g), and trifluoromethanesulfonic
acid (335 mL) was added. The stirring of the mixture was continued for an
additional 5 min, then the mixture was diluted with CH2Cl2 (500 mL). The
organic phase was separated and washed once with 1m sodium thiosulfate
solution (150 mL), once with saturated NaHCO3 solution (150 mL) and
once with water (150 mL). The organic phase was dried with MgSO4 and
the solvent was removed in vacuo. The residual material was recrystallized
from acetone/methyl tert-butyl ether (1:1) to give 22 as a colorless powder
(7.1 g, 12 mmol, 63 %). For the elemental analysis 22 was recrystallized
from acetone/cyclohexane. RF: 0.38 (acetone/CHCl3 1:1 (v:v)); m.p.
149 8C; IR (KBr): nÄ � 3430, 3169, 3100, 2977, 2809, 1746 (C�O), 1729
(C�O), 1704 (C�O), 1618, 1470, 1436, 1397, 1380, 1284, 1263, 1162, 1124,
1098, 1050, 1004, 954, 890, 836, 766, 640, 558, 640, 558, 446 cmÿ1. 1H NMR
(300 MHz, [D6]DMSO): d� 1.10 (s, 9H; (CH3)3CCO), 2.03 (s, 3H;
CH3CO), 2.22 ± 2.31 (m, 4H; H-A2', H-B2'), 3.70 (d, 3J� 3.5 Hz, 2H; H-
B5'), 4.05 ± 4.20 (m, 4H; H-A4', H-B4', H-A5'), 4.22 ± 4.30 (m, 1H; H-B3'),
4.72 ± 4.78 (2d, 2Jgem� 7.3 Hz, 2H; OCH2O), 5.10 ± 5.18 (m, 1H; H-A3'), 5.63
(t, 2H; H-A5, H-B5), 6.05 ± 6.15 (m, 2H; H-1'), 7.57 (d, 3J� 8.1 Hz, 1H; H-
6), 7.65 (d, 3J� 8.1 Hz, 1H; H-6), 11.35 (s, 2H; NH); 13C NMR (125.8 MHz,
DMSO): d� 20.68 (COCH3), 26.73 ((CH3)3CCO), 36.00 (C-2'), 36.50 (C-
2'), 38.13 (COC(CH3)3), 63.72 (A-5'), 67.77 (B-5'), 74.23 (B-3'), 76.65 (A-3'),
81.64 and 82.36 (C-4'), 84.12 and (C-1'), 94.23 (OCH2O), 101.89 and 102.11
(C-5), 140.03 and 140.14 (C-6), 150.22 and 150.31 (C-2), 162.87 and 162.90
(C-4), 169.87 (COCH3), 177.11 (CH3)3CCO). MS (FAB�): m/z (%): 1189.2
(35) [M�


2�1], 595 (100) [M��1]; C26H34N4O12 (594.58): calcd. C 52.52, H
5.76, N 9.42; found: C 52.47, H 5.97, N 9.45.
Irradiation of the 5'A-O-Pivaloyl-, 3'B-acetyl-protected, formacetal-linked,
deoxyuridine dimer (22): Compound 22 (1.2 g, 2 mmol) was dissolved in
acetone (350 mL) and N2 was bubbled through the solution for 15 min. The
solution was irradiated under N2 for 3 h in a pyrex irradiation apparatus
(l> 300 nm) with a TQ-150 medium-pressure mercury lamp. The solvent
was evaporated in vacuo, and the products were separated by flash
chromatography on silica gel-H (CH2Cl2/acetone 4:1). Three main products
were obtained: RF: 23 : 0.53, 24 : 0.47, 25 : 0.28 (acetone/CHCl3 1:1 (v:v)).
5A-(R),5B-(R),6A-(R),6B-(R)-5'A-O-Pivaloyl-, 3'B-acetyl-protected, for-
macetal-linked, cyclobutane deoxyuridine dimer (24): Yield: 160 mg
(0.26 mmol, 13%). M.p. 165 8C ± 178 8C, slow melting; IR (KBr): nÄ � 3511,
3244, 3100, 2967, 2878, 1706 (C�O), 1478, 1450, 1367, 1322, 1272, 1239, 1161,
1100, 1028, 983, 761 cmÿ1; 1H NMR (500 MHz, [D6]DMSO): d� 1.14 (s,
9H; (CH3)3CCO), 2.01 (s, 3H; CH3CO), 2.21 ± 2.27 (ddd, 2JB2'a±-B2'b�
14.0 Hz, 3JB1'±B2'a� 8.1 Hz, 3JB2'a±B3'� 5.6 Hz, 1H; H-B2'a), 2.34 ± 2.40 (ddd,
2JA2'a±A2'b� 13.9 Hz, 3JA1'±A2'a� 8.1 Hz, 3JA2'a±A3'� 7.5 Hz, 1H; H-A2'a), 2.70 ±
2.76 (ddd, 2JB2'a±B2'b� 14.0 Hz, 3JB2'b±B3'� 7.5 Hz, 3JB1'±B2'b� 3.5 Hz, 1H; H-
B2'b), 2.91 ± 2.96 (ddd, 2JA2'a±A2'b� 13.9 Hz, 3JA2'b±A3'� 7.3 Hz, 3JA1'±A2'b�
4.8 Hz, 1H; H-A2'b), 3.24 ± 3.27 (m, 2H; H-A5, H-B5), 3.67 (dd,
2JB5'a±B5'b� 10.7 Hz, 3JB4'±B5'a� 7.5 Hz, 1H; H-B5'a), 3.74 ± 3.77 (m, 1H; H-
A4'), 3.79 ± 3.83 (m, 1 H; H-A3'), 3.92 (dd, 2JB5'a±B5'b� 10.7 Hz, 3JB4'±B5'b�
1.8 Hz, 1H; H-B5'b), 4.03 (ddd, 3JB4'±B5'a� 7.5 Hz, 3JB3'±B4'� 4.6 Hz,
3JB4'±B5'b� 1.8 Hz, 1H; H-B4'), 4.06 (dd, 2JA5'a±A5'b� 12.0 Hz, 3JA4'±A5'a�
5.1 Hz, 1H; H-A5'), 4.17 (dd, 2JA5'a±A5'b� 12.0 Hz,3JA4'±A5'b� 3.5 Hz, 1H; H-
A5'b), 4.21 ± 4.25 (m, 1H; H-A6), 4.47 (d, 2Ja±b� 6.6 Hz, 1H; OCH2O),
4.53 ± 4.57 (m, 1H; H-B6), 4.97 (d, 2Jgem� 6.6 Hz, 1H; OCH2O), 5.26 ± 5.31
(m, 1H; H-A3'), 5.36 (dd, 3JB1'±B2'a� 8.1 Hz, 3JB1'±B2'b� 3.5 Hz, 1H; H-B1'),
6.03 (dd, 3JA1'±A2'a� 8.1 Hz, 3JA1'±A2'b� 4.8 Hz, 1H; H-A1'), 10.58 (s, 1H;
NH), 10.69 (s, 1H; NH); 13C NMR (125.8 MHz, [D]6DMSO): d� 20.73
(CH3CO), 26.87 ((CH3)3CCO), 36.75 (C-A2'), 37.08 (C-B2'), 38.18
((CH3)3CCO), 38.56 (C-5), covered by DMSO (C-5), 53.62 (C-A6), 60.88
(C-B6), 62.93 (C-A5'), 70.08 (C-B5'), 74.79 (C-B3'), 77.85 (C-A3'), 79.03 (C-
A4'), 81.94 (C-A1'), 83.81 (C-B4'), 91.28 (C-B1'), 97.12 (OCH2O), 150.89
(C-2), 151.69 (C-2), 169.33 (C-4), 170.09 (C-4), 177.16 (CH3CO), 177.25
((CH3)3CCO). MS (FAB�): m/z (%): 1783 (2) [M�


3�1], 1189 (16) [M�
2�1],


595 (100) [M��1], 535 (39) [M�ÿOCOCH3]; C26H34N4O12 ´ H20 (614.74):
calcd C 50.98, H 5.92, N 9.15, O 33.95; found C 50.91, H 5.98, N 9.19.
5A-(S),5B-(S),6A-(S),6B-(S)-5'A-O-Pivaloyl-, 3'B-acetyl-protected, for-
macetal-linked, cyclobutane deoxyuridine dimer (25): Yield: 170 mg
(0.28 mmol, 14%); m.p. 183 8C, slow melting; IR (KBr): nÄ � 3346, 3100,
2971, 1712 (C�O), 1450, 1405, 1367, 1279, 1249, 1216, 1171, 1103, 1047, 755,







DNA-Photolesion Isosteres 642 ± 654


Chem. Eur. J. 1998, 4, No. 4 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0404-0651 $ 17.50+.25/0 651


699, 593, 522, 412 cmÿ1; 1H NMR (500 MHz, [D6]DMSO): d� 1.13 (s, 9H;
(CH3)3CCO), 1.84 ± 1.89 (dd, 2JB2'a±B2'b� 13.2 Hz, 3JB1'±B2'a� 4.0 Hz, 1H; H-
B2'a), 2.04 (s, 3H; CH3CO), 2.09 ± 2.16 (m, 1H; H-B2'b), 2.56 (dd,
2JA2'a±A2'b� 13.5 Hz, 3JA1'±A2'a� 5.0 Hz, 1H; H-A2'a), 3.24 ± 3.31 (m, 1H; H-
A2'b), 3.42 (dd, 3JB5±B6� 9.8 Hz, 3JA5±B5� 4.4 Hz, 1H; H-B5), 3.54 (dd, 3JA5-


A6� 10.5 Hz, 3JA5±B5� 4.4 Hz, 1H; H-A5), 3.80 ± 3.84 (m, 3H; H-B4', H-
B5'a, H-B5'b), 3.93 (dd, 3JA4'±A5'b� 7.4 Hz, 3JA4'±A5'a� 5.3 Hz, 1H; H-A4'),
3.99 (dd, 2JA5'a±A5'b� 11.2 Hz, 3JA4'±A5'a� 5.3 Hz, 1H; H-A5'), 4.12 (dd,
2JA5'a±A5'b� 11.2 Hz,3JA4'±A5'b� 7.4 Hz, 1H; H-A5'b), 4.24 (d, 1H; 3JA2'b±A3'�
4.6 Hz, H-A3'), 4.29 (dd, 3JA5±A6� 10.5 Hz, 3JA6±B6� 6.5 Hz, 1H; H-A6), 4.47
(dd, 3JB5±B6� 9.8 Hz, 3JA6±B6� 6.5 Hz, 1H; H-B6), 4.71 (d, 2Jgem� 8.2 Hz, 1H;
OCH2O), 4.85 (d, 2Jgem� 8.2 Hz, 1H; OCH2O), 5.19 (m, 1H; H-A3'), 5.28
(dd, 3JA1'±A2'b� 10.0 Hz, 3JA1'±A2'a� 5.0 Hz, 1H; H-A1'), 5.58 (dd, 3JB1'±B2'b�
9.1 Hz, 3JB1'±B2'a� 4.0 Hz, 1H; H-B1'). 10.46 (s, 1H; NH), 10.74 (s, 1H; NH);
13C NMR (125.8 MHz, [D]6DMSO): d� 20.73 (CH3CO), 26.78
((CH3)3CCO), 31.56 (C-B2'), 33.68 (C-A2'), 37.78 (C-A5), 38.00 (C-B5),
38.16 ((CH3)3CCO), 53.66 (C-B6), 60.35 (C-A6), 63.50 (C-A5'), 66.31 (C-
B5'), 70.53 (C-B3'), 80.40 (C-B4'), 81.36 (C-A4'), 82.33 (C-A3'), 83.06 (C-
B1'), 89.94 (C-A1'), 94.62 (OCH2O), 150.65 (C-2), 152.27 (C-2), 168.32 (C-
4), 169.26 (C-4), 170.21 (CH3CO), 177.16 ((CH3)3CCO); MS (FAB�): m/z
(%): 1784 (3) [M�


3�1], 1189 (14) [M�
2�1], 617 (42) [M��Na], 595 (86)


[M��1], 383 (100) [M�ÿC11H16O4]; C26H34N4O12 ´ H20 (614.74): calcd C
50.98, H 5.92, N 9.15, found: C 50.82, H 5.92, N 8.95.
5A-(R),5B-(S),6A-(R),6B-(S)-5'A-O-Pivaloyl-, 3'B-acetyl-protected, for-
macetal-linked, cyclobutane deoxyuridine dimer (23): Yield: 410 mg
(41 %). For the elemental analysis 23 was recrystallized from EtOH. M.p.
>210 8C (decomp); IR (KBr): nÄ � 3400, 3214, 3085, 2956, 2877, 1720 (C�O),
1678 (C�O), 1449, 1384, 1277, 1250, 1164, 1086, 1050, 994, 950, 930, 896, 880,
766, 711, 591, 529, 426 cmÿ1. 1H NMR: (500 MHz, [D6]DMSO): d� 1.14 (s,
9H; (CH3)3CCO), 1.89 ± 1.94 (ddd, 2JB2'a±B2'b� 13.3 Hz, 3J� 4.7 Hz, 3J�
1.5 Hz, 1 H; H-B2'a), 2.04 (s, 3H; COCH3); 2.25 ± 2.29 (m, 1H; H-B2'b),
2.40 ± 2.48 (m, 2H; H-A2'), 3.60 ± 3.68 (m, 3H; H-A5, H-B5, H-B5'a), 3.82 ±
3.89 (m, 3H; H-B5'b, H-A4', H-B4'), 4.02 ± 4.12 (m, 3H; H-A3', H-A5'a, H-
A5'b), 4.42 ± 4.48 (m, 2H; H-A6, H-B6), 4.71 (d, 2Jgem� 7.4 Hz, 1H; OCH2O
a), 4.78 (d, 2Jgem� 7.4 Hz, 1H; OCH2O). 5.09 ± 5.12 (m, 1H; H-B3'), 5.75 ±
5.80 (m, 2H; H-A1', H-B1'), 10.51 (s, 1H; H-B3 (NH)), 10.53 (s, 1H; H-A3
(NH)); 13C NMR (125.8 MHz, [D]6DMSO): d� 20.67 (COCH3), 26.78
((CH3)3CCO), 33.49 (C-B2'), 34.18 (C-A2'), 38.14 ((CH3)3CCO), 38.75 (C-
B5), 40.58 (C-A5), 51.42 (C-B6), 53.09 (C-A6), 63.55 (C-A5'), 64.69 (C-
B5'), 71.54 (C-B3'), 77.99 (C-A3'), 78.94 (C-A4'), 80.39 (C-B4'), 84.71 (C-
A1'), 85.48 (C-B1'), 93.85 (OCH2O), 152.73 (C-2), 153.48 (C-2), 166.95 (C-
4), 167.22 (C-4), 170.08 (COCH3), 177.15 ((CH3)3CCO); MS (FAB�): m/z
(%): 1784 (6) [M�


3�1], 1189 (16) [M�
2�1], 595 (100) [M��1], 535 (39)


[M�ÿOCOCH3]; C26H34N4O12 (594.58): calcd C 52.52, H 5.76, N 9.42;
found: C 52.38, H 5.73, N 9.27.
5A-(R),5B-(S),6A-(R),6B-(S) Formacetal-linked, cyclobutane deoxyuri-
dine dimer (2): Method A: Compound 23 (0.65 g, 1.09 mmol) was stirred
with aqueous NH3 solution (25 %, 30 mL) for 3 h at 80 8C. The solvent was
removed in vacuo. The residual material was taken up in aqueous AcOH
(10 %) and was extracted twice with CH2Cl2. The aqueous phase was
evaporated to dryness and the residue was dissolved in water. Addition of
ethanol caused crystallization of the product 2 (300 mg, 0.62 mmol, 57%)
as a colorless solid. Method B: Compound 23 (570 mg, 0.96 mmol) was
dissolved in THF (10 mL), ethanol (8 mL), and H2O (2 mL). Then 1n KOH
solution. (10 mL) was added. The reaction mixture was stirred for 15 min.
After neutralization with NH4Cl (600 mg, 11 mmol) the solvent was
removed in vacuo. The residue was recrystallized from water (15 mL) to
give the monhydrate of 2 (261 mg, 53 mmol, 56%); m.p.> 230 8C (de-
comp); IR (KBr): nÄ � 3459, 3259, 3061, 2954, 2875, 1708 (C�O), 1678
(C�O), 1479, 1446, 1410, 1372, 1281, 1256, 1192, 1134, 1092, 1070, 1018, 978,
948, 882, 854, 788, 774, 756, 636, 474, 420 cmÿ1; 1H NMR (500 MHz,
[D6]DMSO): d� 1.74 ± 1.79 (m, 1H; H-B2'a), 2.03 ± 2.09 (m, 1 H; H-B2'b),
2.38 ± 2.40 (t, 3JA1'±A2'� 5.9 Hz, 2H; H-A2'), 3.38 ± 3.47 (m, 2H; H-A5'),
3.56 ± 3.58 (m, 1H; H-B4'), 3.59 ± 3.64 (m, 4H; H-A4', H-B5'a, H-A5, HB5),
3.87 (d, 2JB5'a±B5'b� 9.9 Hz, 1H; H-B5'b), 4.13 ± 4.17 (m, 2H; H-A3', H-B3'),
4.34 ± 4.39 (m, 1H; H-A6 or H-B6), 4.45 ± 4.49 (m, 1H; H-A6 or H-B6), 4.70
(d, 2Jgem� 7.4 Hz, 1H; OCH2O), 4.74 (d, 2Jgem� 7.4 Hz, 1H; OCH2O), 4.82
(t, 3JA5'±A5'-OH� 5.4 Hz, 1H; H-A5'OH), 5.21 (d, 3JB3'±B3'-OH� 4.8 Hz, 1H; H-
B3'OH), 5.77 (t, 3JA1'±A2'� 4.8 Hz, 1H; H-A1'), 5.85 (dd, 3JB1'±B2'b� 8.4 Hz,
3JB1'±B2'a� 6.0 Hz, 1H; H-B1'), 10.43 (s, 2H; NH); 13C NMR (125.8 MHz,
[D]6DMSO): d� 34.13 (CA2'), 36.72 (C-B2'), 38.93, 40.63 (C-A5, C-B5),
51.15, 53.15 (C-A6, C-B6), 60.85 (C-A5'), 64.98 (C-B5'), 67.80 (C-B3'), 77.26


(C-A3'), 82.72 (C-A4'), 83.10 (C-B4'), 84.73 (C-A1'), 85.09 (C-B1'), 93.84
(OCH2O), 153.08, 153.27 (C-A2, C-B2), 167.23, 167.44 (C-A4, C-B4). Laser-
desorption mass spectra (positive ions detected): m/z (%): 491.4 (100)
[M��Na]; C19H24N4O10 ´ H2O (486.43): calcd C 46.91, H 5.39, N 11.52;
found: C 46.68, H 5.19, N 11.38.
5A-(R),5B-(S),6A-(R),6B-(S) 5'-O-Dimethoxytrityl-protected, formace-
tal-linked, cyclobutane deoxyuridine dimer (26): Compound 2 (150 mg,
0.32 mmol) was dissolved under argon in absolute pyridine (3 mL). Then
DIEA (0.1 mL, 0.58 mmol) was added. DMTr-Cl (400 mg, 1.1 mmol) was
added in portions over 15 h under argon. The pyridine was evaporated in
vacuo and the remaining oil was dissolved in toluene and the solvent
evaporated again. The product was subjected to flash chromatography on
silica gel (2 ± 10% methanol/CH2Cl2 with 1 % NEt3). The obtained oil was
dissolved in a minimum of CH2Cl2 and added dropwise into ice-cold n-
hexane. Compound 26 precipitated as an white powder, which contained
traces of n-hexane and DIEA (207 mg, 0.26 mmol, 82 %). RF: 0.20 (CHCl3/
MeOH 1:1 (v:v)). M.p. 154 ± 156 8C (decomp); IR(KBr): nÄ � 3434, 3244,
3078, 2933, 1707 (C�O), 1605, 1509, 1467, 1447, 1378, 1300 , 1254, 1178,
1094, 1067, 1034, 828, 583 cmÿ1; 1H NMR (500 MHz, [D6]acetone): d� 2.09
(ddd, 2JA2'a±A2'b� 13.3 Hz, 3JA1'±A2'a� 6.6 Hz, 3JA2'a±A3'� 4.7 Hz, 1 H; H-A2'a),
2.30 ± 2.41 (m, 2H; H-A2'b, H-B2'a), 2.94 (ddd, 2JB2'a±B2'b� 13.35 Hz,
3JB1'±B2'b� 6.5 Hz, 3JB2'b±B3'� 4.2 Hz, 1 H;H;B2'b), 3.17 (t, 3J� 8.8 Hz, 1H;
H-A5 or H-B5), 3.20 (dd, 2JB5'a±B5'b� 10.5 Hz, 3JB4'±B5'a� 3.6 Hz, 1 H; H-
B5'a), 3.41 (dd, 2JB5'a±B5'b� 10.5 Hz, 3JB4'±B5'b� 3.3 Hz, 1 H; H-B5'b), 3.64
(ddd, 3J(A5±A6 or B5±B6)� 9.2 Hz, 3JA5±B5� 6.5 Hz, 4J(A5±B6 or B5±A6)� 2.0 Hz, 1H;
H-A5 or H-B5), 3.70 ± 3.72 (m, 1H; H-A4'), 3.76 ± 3.80 (m, 9H; OH-B3', H-
B4', H-A5'a, OCH3), 4.00 (dd, 2JA5'a±A5'b� 11.4 Hz, 3JA4'±A5'b� 1.8 Hz, 1H; H-
A5'b), 4.48 ± 4.52 (m, 1 H; H-A3'), 4.57 ± 4.64 (m, 2H; HB3', H-A6 or H-
B6), 4.65 (d, 2Jgem� 7.0 Hz, 1H; OCH2O), 4.67 (d, 2Jgem� 7.0 Hz, 1H;
OCH2O), 4.97 (ddd, 3J(A5±A6 or B5±B6)� 8.8 Hz, 3JA6±B6� 5.9 Hz, 4J(A5±B6 or


B5±A6)� 2.0 Hz, 1H; H-A6 or H-B6), 6.08 (dd, 3JA1'±A2'b� 7.4 Hz, 3JA1'±A2'a�
6.6 Hz, 1 H; H-A1'), 6.18 (dd, 3JB1'±B2'a� 7.4 Hz, 3JB1'±B2'b� 4.1 Hz, 1 H; H-
B1'), 6.89 (m, 4H; H-3DMTr), 7.25 ± 7.35 (m, 7 H; H2-DMTr, H2'-DMTr,
H4'-DMTr), 7.46 (2d, 3J� 8.4 Hz, 2H; H3'-DMTr), 9.35 (s, 2H; H-A3, H-B3
(NH)); 13C NMR (125.8 MHz, [D]6acetone): d� 35.89 (C-B2'), 38.69 (C-
A2'), 39.36, 43.77 (C-A5, C-B5), 51.99, 54.98 (C-A6, C-B6), 55.57 (OCH3),
63.64 (C-B5'), 65.87 (C-A5'), 69.56, (C-B3'), 75.69 (C-A3'), 82.21 (C-A4'),
84.29 (C-B4'), 85.81 (C-A1'), 86.38 (C-B1'), 87.09 (C-DMTr), 94.97
(OCH2O), 113.96 (C-3DMTr), 127.90 (C-4'DMTr), 128.68 (C-2'DMTr),
129.17 (C-3'DMTr), 131.02, 131.04 (C-2DMTr), 136.59, 136.64 (C1-DMTr),
146.01 (C1'-DMTr), 154.13, 154.38 (C-A2, C-B2), 159.81 (C-4DMTr),
166.71, 168.28 (C-A4, CB4); MS (FAB�): m/z (%): 793 (10.6) [M�Na], 771
(13.9) [M��1], 770 (17.4) [M�], 303 (100) [DMTr�]; C40H42N4O12 ´ H2O
(788.82): calcd C 60.89, H 5.63, N 7.11; found: C 60.91, H 5.62, N 7.10.
5A-(R),5B-(S),6A-(R),6B-(S) 5'-O-Dimethoxytrityl-protected formacetal-
linked, cyclobutane deoxyuridine dimer (2-cyanoethyl-N,N-diisoproyl)-
phosphoramidite (18): Under argon, 26 (150 mg, 0.195 mmol) was dis-
solved in absolute THF (5 mL), and DIEA (67 mL, 0.39 mmol) was added.
After the addition of 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite
(58 mL, 0.24 mmol), the reaction mixture was stirred for 4 h under argon.
The solvent was evaporated in vacuo at 40 8C and the residual material was
subjected to flash chromatography on silica gel (n-hexane/ethyl acetate 1:2,
1% triethylamine). The product fractions were collected, evaporated to
dryness, and dissolved in a minimum of CH2Cl2. This solution was added
dropwise into ice-cold n-hexane. The product 18 precipitated and was
collected. Compound 18 was obtained as a colorless powder (95 mg,
0.098 mmol, 50%); RF: 0.36� 0.45 (EtOAc/Hex./NEt3 5:1:0.12 (v:v)); IR
(KBr): nÄ � 3400, 3233, 3067, 2966, 1714 (C�O), 1608, 1509, 1447, 1365, 1300,
1254, 1179, 1036, 980, 889, 830, 789, 756, 700, 585, 528 cmÿ1; 1H NMR
(500 MHz, CDCl3): d� 1.18 ± 1.21 (m, 12H; N[CH(CH3)2]2); 2.12 ± 2.43 (m,
3H; H-A2', H-B2'a); 2.63 and 2.67 (2 t, 3J� 6.2 Hz, 2H; OCH2CH2CN);
2.75 ± 2.88 (m, 1H; H-B2'b), 3.05 ± 3.09 (m, 1H; H-A5), 3.23 ± 3.43 (m, 2H;
H-B5, H-A5'a), 3.53 ± 3.65 (m, 3H; N[CH(CH3)2]2, H-A5'b), 3.70 ± 3.95 (m,
11H; OCH3, OCH2CH2CN, H-A4', H-B4', H-B5'a), 4.08 ± 4.12 (m, 1H; H-
B5'b), 4.27 ± 4.32 (m, 1H; H-B6), 4.56 ± 4.69 (m, 4H; H-A3', H-B3',
OCH2O), 4.92 ± 4.99 (m, 1H; H-A6), 6.09 ± 6.12 (m, 1H; H-A1'), 6.18 ±
6.27 (m, 1H; H-B1'), 6.82 ± 6.85 (2 d, 3J� 8.7 Hz, 4H; H-3DMTr), 7.22 ± 7.37
(m, 9H; H-2DMTr, H-2'DMTr, H-3'DMTr, H-4'DMTr), 8.91 (s, 2H; H3
(NH)). 13C NMR (125.8 MHz, CDCl3): d� 20.39, 20.54 (2d, Jp� 7.4 Hz,
OCH2CH2CN), 24.51, 24.54, 24.57, 24.60, 24.62, 24.68 (N[CH(CH3)2]2),
35.59, 35.83 (C-B2'), 37.41, 37.64 (C-A2'), 39.16, 39.72 (C-A5), 41.69, 42.27
(C-B5), 43.32 (d, Jp� 12.6 Hz, N[CH(CH3)2]2), 51.34 and 51.52 (C-B6),
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52.83, 53.29 (C-A6), 55.33 (OCH3), 57.83 (d, Jp� 19.7 Hz, OCH2CH2CN),
58.03 (d; Jp� 19.3 Hz, OCH2CH2CN), 61.92 (A-5'), 64.24 (B-5'), 70.45 (d,
Jp� 14.8 Hz, C-B3'), 70.89 (d; Jp� 16.4 Hz, C-B3'), 73.72 (C-A3'), 81.55,
81.61 (C-A4'), 82.34, 82.70 (C-B4'), 84.78 (C-B1'), 85.54, 85.57 (C-A1'),
86.55, 86.53 (C-DMTr), 94.23, 94.32 (OCH2O), 113.20, 113.22 (C-3DMTr),
117.71, 118.00 (OCH2CH2CN), 127.37 (C-4'DMTr), 127.94, 127.95 (C-
2'DMTr), 128.43, 128.47 (C-3'DMTr), 130.21, 130.25 (C-2DMTr), 135.29,
135.32, 135.37, 135.43 (C-1DMTr), 144.34 (C-1'DMTr), 152.67, 152.81,
153.57, 153.71 (C-A2 and C-B2), 158.79, 158.81, 158.84 (C-4DMTr), 166.09,
166.33, 167.26, 167.67 (C-A4 and C-B4). 31P NMR (202.5 MHz, 1H coupled,
CDCl3): 148.6, 149.5; MS (FAB�): m/z (%): 971 (34.6) [M��1], 303 (100)
[DMTr�].
Formacetal-linked, deoxyuridine dimer 28 : Compound 22 (1.8 g, 3 mmol)
was suspended in aqueous NH3 solution (25 %, 50 mL) and heated for 3 h
at 80 8C. The aqueous phase was extracted three times with chloroform.
The aqueous phase was evaporated in vacuo and the residual material was
dissolved in ethanol. After the addition of silica gel (2.5 g) and evaporation
of the solvent in vacuo, the powder was subjected to flash chromatography
on silica gel (CH2Cl2/MeOH 10:1). The product 28 (0.9 g, 1.9 mmol, 63%)
was obtained as a colorless powder after recrystallization from methanol.
RF: 0.27 (CHCl3/MeOH 5:1 (v:v)); m.p. 140 ± 142 8C; IR(KBr): nÄ � 3420,
3267, 3100, 3056, 2935, 2867, 1690 (C�O), 1467, 1433, 1384, 1279, 1193, 1169,
1106, 1072, 1056, 1031, 944, 860, 816, 767, 558, 529, 421 cmÿ1; 1H NMR
(500 MHz, [D6]DMSO): d� 2.08-2.21 (m, 3H; H-A2'a, H-B2'a, H-B2'b),
2.26 ± 2.33 (m, 1 H; H-A2'b), 3.57 (d, 3JA5'±A4'� 3.6 Hz, 2H; H-A5'), 3.63 (dd,
1H; 2JB5'a±A5'b� 10.9 Hz, 3JB5'a±B4'� 5.0 Hz, H-B5'a), 3.69 (dd, 1H; 2JB5'a-A5'b�
10.9 Hz, 3JB4'±B5'b� 3.9 Hz, H-B5'b), 3.89 ± 3.92 (m, 1H; H-B4'), 3.95 (dd,
1H; 3JA3'±A4'� 6.3 Hz, 3JA4'±A5'� 3.6 Hz, H-A4'), 4.20 ± 4.30 (m, 1H; H-B3'),
4.31 ± 4.32 (m, 1H; H-A3'), 4.74 and 4.76 (2 d, 2Jgem� 7.0 Hz, 2H; OCH2O),
5.11 (br s, 1 H; A5'-OH), 5.34 (br s, 1H; B3'-OH), 5.64 and 5.65 (2 d,
3JA5±A6� 8.1 Hz, 3JB5±B6� 8.1 Hz, 2H; H-A5, H-B5), 6.12 (dd, 3JA1'-A2'�
8.0 Hz, 3JA1'-A2'� 6.0 Hz, 1H; H-A1'), 6.17 (t, 3JB1'±B2'� 6.8 Hz, 1H; H-B1'),
7.67 and 7.84 (2 d, 3JA5±A6� 8.1 Hz, 3JB5±B6� 8.1 Hz, each 1H; H-A6, H-B6),
11.3 (br s, 2H; NH); 13C NMR (125.8 MHz, [D6]DMSO): d� 38.92 (C-A2'),
39.02 (C-B2'), 61.15 (C-A5'), 67.81 (C-B5'), 70.53 (C-B3'), 76.51 (C-A3'),
84.06 (C-A1' and C-B1'), 84.99 and 85.04 (C-A4' and C-B4'), 93.70
(OCH2O); 101.81 and 101.86 (C-A5 and C-B5), 140.23 and 140.27 (C-A6
and C-B6), 150.32 (C-A2 and C-B2), 162.96 (C-A4 and C-B4); MS (FAB�):
m/z (%): 937 (10) [M�


2�1], 491 (13) [M��Na], 469 (100) [M��1].
C19H24N4O10 ´ 0.5H2O (468.42): calcd C 47.8, H 5.28, N 11.74; found: C
48.04, H 5.26, N 11.44.
5'A-O-Dimethoxytrityl-protected, formacetal-linked, deoxyuridine dimer
(29): Compound 28 (650 mg, 1.4 mmol) was dissolved in dry pyridine
(5 mL) under argon, then DIEA (0.3 mL, 1.74 mmol) was added. DMTrCl
(750 mg, 2.1 mmol) was added to the reaction mixture in small portions.
The reaction mixture was stirred under argon for 15 h. The pyridine was
evaporated in vacuo at 40 8C and the residual material was twice dissolved
in toluene and the solution evaporated to dryness. The residue was
subjected to flash chromatography on silica gel (100 ± 10% EtOAc/MeOH
with 2% NEt3). The product 29 was dissolved in a minimum amount of
acetone, diluted with Et2O and added dropwise into n-hexane at 0 8C. The
resulting suspension was stored for 1 h atÿ20 8C. The yellowish precipitate
was collected and dried in vacuo. Yield: 888 mg (1.2 mmol, 82%) 29
contained residual hexane. RF: 0.30 (CHCl3/MeOH 10:1 (v:v)); m.p.
>110 8C, slow decomp; IR(KBr): nÄ � 3203, 3059, 2945, 1691 (C�O), 1610,
1509, 1461, 1380, 1273, 1251, 1177, 1075, 1032, 828, 761, 703, 585, 555,
413 cmÿ1; 1H NMR (500 MHz, [D6]acetone): d� 2.16 ± 2.24 (m, 1H; H-A2'a
or H-B2'a), 2.25 ± 2.30 (ddd, 2J2'a±2'b� 13.5 Hz, 3J� 6.2 Hz, 3J� 3.3 Hz, 1H;
H-A2'b or H-B2'b), 2.35 ± 2.41 (m, 1 H; H-B2'a or H-A2'a), 2.48 ± 2.52 (ddd,
2J2'a±2'b� 13.8 Hz, 3J� 6.1 Hz, 3J� 3.2 Hz, 1 H; H-B2'b or H-A2'b), 3.39 (dd,
2J5'a±5'b� 10.5 Hz, 3J4'±5'a� 3.7 Hz, 1H; H-A5'a or H-B5'a), 3.46 (dd, 2J5'a±5'b�
10.5 Hz, 3J4'±5'b� 4.1 Hz, 1H; H-A5'b or H-B5'b), 3.75 ± 3.81 (m, 8H; OCH3,
H-A5' or H-B5'), 4.06 (dd, 3J� 7.2 Hz, 3J� 3.8 Hz, 1H; H-A4' or H-B4'),
4.18 (dd, 3J� 7.2 Hz, 3J� 3.8 Hz, 1H; H-A4' or H-B4'), 4.19 ± 4.41 (q, 1H;
H-A3' or H-B3'), 4.58 ± 4.60 (q, 1H; H-A3' or H-B3'), 4.83 (d, 2Jgem� 7.0 Hz,
1H; OCH2O), 4.87 (d, 2Ja-b� 7.0 Hz, 1H; OCH2O), 5.37 (d, 3J(A5±A6 or B5±B6)�
8.1 Hz, 1H; H-A5 or H-B5), 5.56 (d, 3J(A5±A6 or B5±B6)� 8.1 Hz, 1H; H-A5 or
H-B5), 6.25 (dd, 3� 7.3 Hz, 3J� 6.3 Hz, 1 H; H-A1' or H-B1'), 6.29 (dd, 3�
7.4 Hz, 3J� 6.3 Hz, 1 H; H-A1' or H-B1'), 6.90 ± 6.93 (m, 4H; H-3DMTr),
7.23 ± 7.26 (m, 1H; H-4'DMTr), 7.32 ± 7.36 (m, 6H; H-2DMTr, H-2'DMTr),
7.46 ± 7.48 (m, 2H; H-3'DMTr), 7.71 (d,3J(A5±A6 or B5±B6)� 8.1 Hz, 1H; H-A6 or
H-B6), 7.73 (d,3J(A5±A6 or B5±B6)� 8.1 Hz, 1H; H-A6 or H-B6), 9.96 (br s, 2H;


H-3 (NH)): 13C NMR (125.8 MHz, [D6]acetone): d� 38.88 and 40.88 (C-
A2' and C-B2'), 55.56 (OCH3), 64.42 and 69.32 (C-A5' and C-B5'), 72.46
and 78.37 (C-A3' and C-B3'), 85.03, 85.75 and 86.70 (C-A4' and C-B4' and
C-A1' and C-B1' (two signals overlap at 85.75)), 87.57 (C-DMTr), 95.77
(OCH2O), 102.63 and 102.72 (C-A5 and C-B5), 114.06 and 114.07 (C-
3DMTr), 127.76 (C-4'DMTr), 128.75 (C-2'DMTr), 129.03 (C-3'DMTr),
131.01 and 131.04 (C-2DMTr), 136.44 and 136.55 (C-1DMTr), 140.87 and
140.92 (C-A6 and C-B6), 145.85 (C-1'DMTr), 151.24 (C-A2 and C-B2
overlap), 159.75 (C-4DMTr), 163.44 and 163.53 (C-A4 and C-B4). MS
(FAB�): m/z (%): 1541 (4.9) [M�


2�1]; 793 (8.6) [M��Na], 771 (33.4)
[M��1], 303 (100) [DMTr�].
5'A-O-Dimethoxytrityl-protected, formacetal-linked, deoxyuridine dimer-
(2-cyanoethyl-N,N-diisoproyl)-2'B-deoxyuridine-phosphoramidite (27):
Compound 29 (771 mg, 1 mmol) was dissolved in absolute CH2Cl2 (8 mL)
under argon, then DIEA (0.38 mL, 2.2 mmol) was added. To this solution
was added 2-cyanoethyl-N,N-diisopropylchlorophosphoramidite (0.25 mL,
1.1 mmol) and the mixture was stirred for 4 h under argon. After
evaporation of the solvent in vacuo, the residue was subjected to flash
chromatography on silica gel (33 ± 90 % EtOAc/n-hexane, 2 % triethyl-
amine). The product fractions were evaporated in vacuo and the residue
was dissolved in a minimum of acetone. This solution was diluted with Et2O
and added dropwise into ice-cold n-hexane. Compound 27 was obtained as
a colorless powder (700 mg, 0.72 mmol, 72%). RF: 0.27 � 0.31 (EtOAc/
Hex./NEt3 5:1:0.12 (v:v)); m.p. 93 ± 102 8C; IR(KBr): nÄ � 3211, 3056, 2965,
2950, 1694 (C�O), 1606, 1509, 1461, 1379, 1272, 1251, 1179, 1067, 1032, 978,
878, 828, 806, 761, 726, 700, 585, 555, 522, 420 cmÿ1; 1H NMR (500 MHz,
CDCl3): d� 1.15 ± 1.22 (m, 12H; N[CH(CH3)2]2), 2.12 ± 2.25 (m, 2H; H-
A2'a, H-B2'a), 2.44 ± 2.53 (m, 2H; H-A2'b, H-B2'b), 2.58 ± 2.63 (m, 2H;
OCH2CH2CN), 3.37 (dd, 2JA5'a±A5'b� 10.5 Hz, 3JA4'±A5'a� 3.1 Hz, 1H; H-
A5'a), 3.44 (dd, 2JA5'a-A5'b� 10.5 Hz, 3JA4'±A5'b� 3.3 Hz, 1 H; H-A5'b), 3.56 ±
3.87 (m, 12H; OCH2CH2CN (2H), N[CH(CH3)2]2 (2H), H-B5' (2 H), 3.79
(s, 6H; OCH3)), 4.12 ± 4.21 (m, 2H; H-A4', H-B4'), 4.36 ± 4.40 (m, 1H; H-
A3'), 4.45 ± 4.50 (m, 1H; H-B3'), 4.75 (d, 2H; OCH2O), 5.41 (2 d, 3J(A5±A6)�
8.1 Hz, 1H; H-A5), 5.65 (2 d, 3J(B5±B6)� 8.1 Hz, 1H; H-B5), 6.24 ± 6.28 (m,
2H; H-A1', H-B1'), 6.83 ± 6.86 (m, 4H; H-3DMTr), 7.24 ± 7.37 (m, 9H; H-
2DMTr, H-2'DMTr, H-3'DMTr, H-4'DMTr), 7.46 and 7.48 (2 d, 3J(B5±B6)�
8.1 Hz, 1H; H-B6), 7.72 (2 d, 3J(A5±A6)� 8.1 Hz, 1H; H-A6), 9.07 (br s, 2H;
H3 (NH)); 13C NMR (125.8 MHz, CDCl3): d� 20.37, 20.41, 20.43 and 20.47
(2 d, 3Jp� 7.2 Hz, OCH2CH2CN), 24.49, 24.56, 24.60, 24.63 and 24.65 (q,
N[CH(CH3)2]2), 39.01, 39.04, 39.63 and 39.67 (C-A2' and C-B2'), 43.33 (d,
2Jp� 12.3 Hz, N[CH(CH3)2]2), 55.29 (OCH3), 57.95, 57.98, 58.10 and 58.13 (2
d, 4Jp� 4.2 Hz, C-B5'), 63.04 (C-A5'), 67.98 and 68.13 (d, 2Jp� 18.6 Hz,
OCH2CH2CN), 73.22, 73.36 and 73.47 (2 d, 2Jp� 16.8 Hz, C-B3'), 77.85 and
78.00 (C-A3'), 84.29 and 84.33 (C-A4'), 84.43 (d, 3Jp� 6.5 Hz, C-B4'), 84.82
(d, 3Jp� 3.5 Hz, C-B4'), 85.15, 85.18, 85.36 and 85.43 (C-A1' and C-B1'),
87.07 (C-DMTr), 95.45 and 95.56 (OCH2O), 102.39 (C-A5), 102.56 and
102.62 (C-B5), 113.35 (C-3DMTr), 117.68 and 117.69 (OCH2CH2CN),
127.23 (C-4'DMTr), 128.05 and 128.12 (C-2'DMTr and C-3'DMTr), 130.08
(C-2DMTr), 135.13 and 135.28 (C-DMTr), 139.78 and 139.83 (C-B6), 139.97
(C-A6), 144.24 (C-1'DMTr), 150.15, 150.21, 150.27 and 150.29 (C-A2 and C-
B2), 158.78 (C4DMTr), 163.08 and 163.19 (C-A4 and C-B4); 31P NMR
(202.5 MHz, 1H-coupled, CDCl3): 149.4, 149.5; MS (FAB�): m/z (%): 971
(44.0) [M��1], 303 (100) [DMTr�]; C49H59N6O13P (971.01): calcd C 60.61, H
6.12, N 8.65, P 3.19; found C 60.35, H 6.19 , N 8.52, P 3.18.
Oligonucleotide synthesis: Oligonucleoside synthesis was performed on a
Pharmacia-Gene-Plus synthesizer, connected to a Olivetti-M 300 personal
computer. Synthesis of the oligonucleotide 30 was performed by using a
modified 10 mmol cycle and Pac-amidites. Syntheses of oligonucleotide 31
and 32 were performed by using a modified 1.3 mmol cycle and standard
phosphoamidites. Solvents and solutions were made up according to the
manufacturers protocol.[46] The phosphoramidite (0.1m in MeCN) and 1H-
tetrazole (0.5m in MeCN) solutions were equal in concentrations to those
used for the synthesis of natural oligodeoxynucleotides. Average coupling
yields monitored by on-line trityl assay were generally in the range of 95 ±
99%. All syntheses were run in the trityl-on mode, resulting in DMTr-30,
DMTr-31, DMTr-32. For the deprotection and cleavage from the support of
DMTr-30, the solid support was suspended in 10 % DBU/MeOH (1 mL,
dried over 3 � molecular sieves) and kept at 4 8C with occasional shaking
for four days. After addition of 1m NEt3/HOAc (2 mL) the support was
filtered off and washed three times with 1m NEt3/HOAc (0.5 mL). The
solution was concentrated to half of the volume and DMTr-30 purified by
HPLC (C18-RP, 25 ± 40 % B in 40 min). After removal of the solvent in
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vacuo DMTr-30 was detritylated by addition of 50% HCOOH/H2O
(3 mL). After 5 min the formic acid was removed in vacuo and 30 purified
by HPLC (C18-RP, 5 ± 10 % B in 5 min, 10 ± 25 % B in 30 min). The isolated
yield of 30 was 10 %. For the deprotection and purification of 31 and 32, the
solid support was suspended in concentrated NH3:MeOH� 3:1 (2 mL) and
left for 15 h at 55 8C to effect deprotection and cleavage. The solvent was
evaporated and the residue suspended in 0.3m NEt3/H2CO3 in H2O and
applied on a C18 Sep-Pak Cartridge. DMTr-31 and DMTr-32 were eluted
by subsequent addition of 0.3m NEt3/H2CO3 in H2O:MeCN (100:1!
50:50). The fractions containing DMTr-31 DMTr-32 were concentrated and
detritylated by addition of 50 % HCOOH/H2O (3 mL). After 5 min the
formic acid was removed in vacuo and 31 and 32 were purified once more
by the use of a C18 Sep-Pak Cartridge. The isolated yield of 31 was 35%,
that of 32 49%. Laser-desorption mass spectra (negative ions detected):
calcd for 30 : 3548.6; found: 3549; calcd for 31: 3548.6; found: 3548.


Enzymatic studies: 200 mL solutions containing 30 (5 nmol), 0.1m NaCl,
10 mm KH2PO4, 5 mm DTT, and DNA photolyase (25 pmol in the case of
A. nidulans and N. crassa and 250 pmol in the case of P. tridactylis) were
prepared in pyrex glass analytical tubes. The enzymes were added in the
dark. The assay solutions were mixed and irradiated at 435 nm (A. nidulans),
405 nm (N. crassa), 380 nm (P. tridactylis) (Spex 1680 Fluorolog, 0.22 m
double Spectrometer, equipped with a 450 W Hg/Xe lamp and a double
grating monochromator, measurements were performed at room temper-
ature). At each time time interval 5 mL were removed and HOAc (5 mL)
was added in order to stop the enzyme reaction. The samples were kept at
ÿ20 8C until analysis by ion-exchange chromatography was performed.
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Abstract: The samarium diiodide re-
duction of glycosyl pyridyl sulfones with
ketones or aldehydes under Barbier
conditions leads to the instantaneous
and stereospecific formation of 1,2-
trans-C-glycosides in good to acceptable
yields. Mannosyl pyridyl sulfones 5 a ±
c,h produce a-C-glycosides 7 ± 10, 12,
13, 15 ± 17, and 57 in yields up to 86 %
with minimal b elimination. In contrast,
glucosyl pyridyl sulfones 19 a and 19 b
lead to the corresponding b-C-glyco-
sides 20 ± 22 in yields up to 56 % with
increased b elimination. Similarly, gal-
actosyl pyridyl sulfones 23 a and 23 b


afford b-C-galactoside 24. The stereo-
chemical discrepancies between these
reactions are probably based on the
intermediacy of a common a-anomeric
glycosyl samarium(iii) compound (kinet-
ic product) with an axially oriented C1 ±
Sm bond after reduction of the pyridyl
sulfone group. The thermodynamically
more stable anomeric organosamarium
with an equatorially oriented C1 ± Sm


bond may then be obtained by a least
energy pathway in the form of either a
conformational ring-flip (in the manno
series) or as a configurational change (in
the gluco or galacto series). The ten-
dency towards b elimination can be
explained by the preference of glycosyl
organosamarium compounds to undergo
an unprecedented syn-elimination
mechanism more easily achieved in the
gluco and galacto series. C2-Unsubsti-
tuted 2-deoxy sugars display little or no
stereoselectivity at C1 upon C-glycosyl-
ation.


Keywords: C ± C coupling ´ carb-
anions ´ glycosides ´ radicals ´
samarium


Introduction


During the last decade a considerable amount of synthetic
work has been devoted to the preparation of a series of O-
glycoside mimics known as C-glycosides, in which the
interglycosidic linkage is replaced by a methylene group.[1]


The interest in such mimics was sparked by observations made
by the Kishi group that in solution numerous synthesized C-
disaccharides and C-trisaccharides display similar exoano-
meric conformational preferences to that of the correspond-


ing parent O-glycoside.[2, 3] More intensive studies recently
performed by JimeÂnez-Barbero have shown that certain C-
glycosides also exhibit greater flexibility and possess both
exo- and nonexoanomeric conformations.[3e±g] This, along with
the known chemical and enzymatic hydrolytic stability of C-
glycosides, suggests the potential use of such carbon-analogue
derivatives of significant carbohydrates (oligosaccharides) as
stable biological tools or drugs.[4] Although the use of these
analogues in biological systems is still in its infancy, certain
reports have already described promising results in the
replacement of O-glycosides by their C-congeners as ligands
for carbohydrate-binding receptors.[5, 6]


Because of their great popularity, a multitude of synthetic
approaches have been devised for the preparation of C-glyco-
sides.[1] Despite this, there is as yet no general synthetic strategy
for a facile and stereocontrolled route to a large collection of
such compounds that employs a simple set of rules such as
those for O-glycoside synthesis. In many instances access to
these carbon analogues relies on synthetic strategies conceived
for a particular structure, and are therefore unsuitable for the
synthesis of other, though sometimes similar, C-glycosides.
Partial solutions for a general synthetic stratagem were
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provided by several groups employing tin hydride-promoted
5-exo radical cyclizations with disposable tethers for the stereo-
controlled synthesis of 1,2-cis-C-glycosides under mild con-
ditions.[7, 8] We and others have since shown that the unique
and polyvalent single electron reducing reagent samarium(ii)
diiodide (SmI2)[9] can likewise be used for the effective
generation of a glycosyl anomeric radical that may undergo
intramolecular trapping to afford 1,2-cis-C-glycosides.[10]


In this paper, we report that samarium diiodide can also
promote a very mild and stereospecific synthesis of 1,2-trans-
C-glycosides by means of the reductive samariation of
mannosyl, glucosyl, and galactosyl 2-pyridyl sulfones and
the coupling of the correspondingly generated glycosyl C1-
organosamarium intermediate with carbonyl substrates under
Barbier conditions. The surprising finding is that b elimination
of the anomeric samarium reagent leading to the formation of
glycals appears to be a minor pathway that may sometimes be
completely suppressed. This is in complete contrast to reports
on the corresponding C1-lithium derivatives, as well as on
other metals. This samariation route is an extremely mild,
simple, and general approach to 1,2-trans-C-glycosides, pro-
viding a complementary strategy to the 1,2-cis approach.[7f, 10, 11]


Results and Discussion


Until recently, the most popular route to anomeric carbanions
relied either on i) the low temperature (ÿ78 8C) reductive
lithiation of anomeric halides,[12] phenyl sulfides,[12a, 13] or
phenyl sulfones,[14] ii) the transmetalation of the correspond-
ing C1-stannyl reagents,[12d±f, 15] or iii) the direct deprotonation
of the anomeric proton.[16] The use of the generated anomeric
lithium species for the construction of C-glycosides, however,
has been primarily restricted to 2-deoxy sugars[12a, b,


13e, 14, 15a±d, 16f] or glycals,[17] since b elimination of the C2-
substituent is a facile process even when a stabilizing
substituent is present at the anomeric carbon.[12a, 13d, 16c, d, 18, 19]


Exceptions have been reported in the gluco series where the
C2 hydroxyl group is lithiated before C1-lithiation, a proce-
dure conducted at low temperatures (�ÿ 78 8C) to prevent
elimination of Li2O and maintain the configurational stability
of the tetrahedral anionic species.[12c±f, 15e, f] Similar attempts
with a-d-mannopyranosyl units have never been reported,
possibly because of the trans-diaxial orientation of the C2-
hydroxyl substituent with respect to the C1 ± Li bond, which
should favor an easy anti elimination. This was the case upon
reductive lithiation of a mannosyl phenyl sulfide derivative
with a trimethylsilyl group at O2.[13d]


Reductive samariation of dd-mannopyranosyl 2-pyridyl sul-
fones : Our work with anomeric organosamarium compounds
began with an attempt to promote the SmI2-induced radical
cyclization of mannosyl pyridyl sulfone 1 with a nonactivated
alkyne (Scheme 1).[10] At the time glycosyl pyridyl sulfones
were found to be ideal candidates for C1-radical generation
with samarium diiodide alone, in contrast to the more
widespread phenyl sulfones, which require a cosolvent, such
as hexamethylphosphoramide (HMPA), for an effective one-
electron transfer from SmI2 to the sulfone moiety.[8d, 20, 21]
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Scheme 1. SmI2 induced radical cyclization of 1.


Whereas a low yield of the anticipated cis-C-glycoside 2 was
observed after radical cyclization and desilylation of 1, the
expected side-product formed from a sequential two-electron
reduction process and elimination, glucal 3, was isolated in
only 11 % yield. Instead, the major product from the reaction
mixture was identified as the 1-deoxymannoside derivative 4 a
fact that implies that the anomeric radical had either
abstracted a hydrogen atom from the ethereal solvent or
undergone reduction to give a stable anomeric organosamar-
ium intermediate. The low yield of the glycal isolated suggests
that, if the latter case is correct, this organometallic species
displays considerable stability towards b elimination. Since
organosamarium reagents in general show a propensity to
undergo efficient coupling reactions with carbonyl com-
pounds,[9] the above results suggested the possibility of
adapting this approach to C-glycoside synthesis.


Prior to this, SinayÈ and co-workers reported that reductive
samariation of 2,3,4,6-tetra-O-benzyl-b-d-glucopyranosyl
phenyl sulfones by the SmI2/HMPA system in the presence
of simple carbonyl compounds provided the corresponding b-
C-glucoside (Scheme 2), albeit in low yields (18 ± 28 %).[20c, 22]
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Scheme 2. Reaction of glucosyl phenyl sulfones with SmI2.


Contrary to our earlier observations, the major component in
these condensations was the expected glucal 3 (34 ± 57 %).
The same group observed that the reductive samariation of
various glycosyl phenyl sulfones in the absence of a suitable
carbonyl substrate provides an efficient entry to glycals.[20b]


These reactions characteristically require an excess of SmI2


(5 ± 8 equivalents) owing to the competitive reduction of the
formed phenylsulfinate ion in the presence of HMPA. It was
therefore surprising that the 1-deoxymannoside 4 was the
major product of the reaction in Scheme 1.


The suitability of glycosyl pyridyl sulfones for C-glycoside
synthesis was investigated with the 3,4,6-tri-O-benzyl-2-O-
trimethylsilyl-a-d-mannosyl 2-pyridyl sulfone (5 a) which
closely resembles pyridyl sulfone 1, prepared by smooth
silylation of mannoside 6 (see Scheme 3).[10] On addition of a
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Scheme 3. Formation of mannosyl pyridyl sulfones 5a ± 5h. Reaction
conditions a) NaH, MeI, or BnBr (Bn�benzyl); b) 3-chloroperoxybenzoic
acid (MCPBA); c) trimethylsilyl chloride (TMSCl) or tert-butyldimethyl-
silyltrifluoromethanesulfonate (TBSOTf) or 2-methoxyethoxymethyl
chloride (MEMCl) with ClCO2Bn or pyrNCO (pyr� pyridyl) with triethyl-
amine (TEA), 4-dimethylaminopyridine (DMAP) or 3,4-dihydro-2H-
pyran (DHP), p-toluenesulfonic acid.


0.1m blue solution of samarium diiodide in THF to a 0.3m
THF solution of pyridyl sulfone 5 a and cyclohexanone
(1.5 equiv) at 20 8C, a decoloration of the blue SmI2 was
noted until slightly more than 2 equiv of the reducing agent
had been consumed. This indicated the endpoint of the
reaction, as seen by the excess SmI2. Desilylation of the crude
product with tetrabutylammonium fluoride (TBAF) then led
to the isolation of C-mannoside 7, identified as its a anomer, in
an overall yield of 86 % with only 1 % of the elimination
product 3 and 4 % of 1-deoxy derivative 4 (Scheme 4). The
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Scheme 4. Reaction of 5 a with samarium iodide and cyclohexanone.


corresponding b anomer could not be detected as we proved
by its independent synthesis (see below). The reaction is
general for both alkyl ketones and aldehydes, giving products
8 ± 10 (Table 1, entries 1 ± 3). With the aldehydes in entries 2
and 3, a diastereomeric mixture of C-glycosides is formed in
approximately a 5:1 ratio at the newly created exocyclic
stereocenter C7.


Whereas these results are indicative of an intermediate
organosamarium compound, they are unusual in terms of
efficiency and stereoselectivity. The bimolecular organosa-
marium carbonyl condensation is the dominant pathway
instead of the elimination process, even though a trans-diaxial


relationship between the C2 ± OSiMe3 and the C1 ± Sm bonds
exists. Further, a-tetrahydropyranyl anions, formed kineti-
cally from a stepwise one-electron reduction process,[13c, f, 23]


exhibit stereochemical stabilities only at low temperatures
(approximately ÿ78 8C). The thermodynamically more stable
b-glycosyl samarium species would be expected to dominate
at room temperature, with the result of the formation of b-C-
mannosides. The coupling reactions, which have high yields
compared with previous results obtained with glucosyl phenyl
sulfones,[20c] are quick and simple to execute as titrations, as a
result of the immediate reaction of glycosyl pyridyl sulfones
with SmI2.


To obtain high yields of the desired a-C-mannoside, these
C ± C bond-forming reactions have to be performed under
Barbier conditions. Addition of the carbonyl compound even
20 s after treatment of the glycosyl pyridyl sulfone with SmI2


gave no coupled products. This observation is in accord with
previous results demonstrating the limited stability of alkyl
samarium(iii) species in THF solutions; the organosamarium
compound easily abstracts a proton from a metal-coordinated
THF solvent molecule.[24] Only in the presence of a cosolvent,


Table 1. Anionic coupling of pyridyl sulfones 5 with carbonyl compounds.
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such as HMPA, which has a strong binding affinity for the
metal ion and hence provides an effective shield against THF
coordination, are the alkyl samarium species sufficiently
stable to partake in Grignard-type reactions.[24] In the absence
of a carbonyl substrate, the reaction with pyridyl sulfone 5 a
led to the formation of 1-deoxy derivative 4 in a 91 % yield
with only 9 % of the elimination product (entry 5). Again,
these results demonstrate the reluctance of the anomeric
organosamarium species to undergo b elimination.


We noted a low yield of 11 in the attempted coupling
between 5 a and benzaldehyde (Table 1, entry 4). Competitive
reduction of benzaldehyde by SmI2 is the most likely
explanation, owing to a low-lying p*C�O energy level; this is
in line with the observation that the reaction mixture rapidly
consumed approximately 4 equivalents of SmI2. The unex-
pected increased formation of glucal 3 in this reaction is at
present unexplained.


Evidence for the stereochemical assignment at C1 of these
new C-glycosides is based on the following 1H NMR spectral
observations. Previous experiments with a-C-glucosides ob-
tained by anionic condensation with aldehydes or ketones
have shown that these compounds adopt conformations close
to that of a 0S2 skew-boat,[12c, d] which is probably the case for
the corresponding a-C-mannosides disposing of two axially
oriented substituents at C1 and C2. The vicinal coupling
constants between H3 ± H4 and H4 ± H5 (e.g., for 7: JH3,H4�
5.7 Hz, JH4,H5� 4.1 Hz) clearly deviate from the large trans-


diaxial coupling constants nor-
mally observed for a 4C1 con-
formation and as expected for
the analogous b isomer (see
below). In addition, an 0S2


skew-boat conformation of a-
C-mannosides places H1 and
H6 close to each other (Fig-
ure 1), as confirmed by the
strong NOE between these
two hydrogens.


The remarkable stability dis-
played by the mannosyl samar-


ium species led us to examine the influence of the O2-
protecting group on the coupling efficiency and on the yields
of the b-elimination product. A series of mannosyl pyridyl
sulfones 5 b ± 5 h were prepared from the unprotected O2-
pyridyl sulfone 6 by means of standard protocols (Scheme 3).
Direct alkylation of the C2-hydroxy group in 6 was, however,
not rewarding owing to competitive deprotonation of the
acidic anomeric hydrogen of 6 upon treatment with strong
bases. Instead, initial alkylation of the corresponding pyridyl
sulfide and subsequent oxidation with MCPBA led to the
desired compounds 5 b and 5 c.[25] Each mannosyl pyridyl
sulfone was then treated with 2 equivalents of SmI2 in the
presence of cyclohexanone (1.5 equiv) employing the stand-
ard procedure. Incorporation of a C2-alkoxy group in 5 did
not lower condensation yields (Table 1, entries 6 and 7), and
only the a-C-mannosides 12 and 13 were obtained, allowing
for an extension of this C-mannosylation technique to even
simpler mannosyl pyridyl sulfones as the tetrabenzyl deriva-
tive 5 c. On the other hand, in the examples bearing acetal


linkages to the C2-hydroxyl group, such as the MEM and THP
protecting groups (entries 8 and 9), b elimination increased.
Even worse were the C2-acetoxy,[10] C2-benzylcarbonate, and
C2-N-propylcarbamate derivatives (entries 10 ± 12), which
possess a sufficiently low-lying s*C2ÿO2 orbital to make
elimination the more energetically favored pathway.


The coupling of 6, unprotected at 2-OH, to cyclohexanone
gave another unexpected result (Table 1, entry 13). A 2:3
mixture of a- and b-C-glycosides 7 and 14, albeit in low yields,
was obtained as well as the major product, the 1-deoxy sugar
4. The stereochemical assignment of this new C1 isomer
indicated that 14 occupies a normal 4C1 chair conformation
shown by the large trans-diaxial coupling constants between
H3 and H4, and H4 and H5 (JH3,H4� 9.0 Hz, JH4,H5� 9.0 Hz) in
the 1H NMR spectrum.


We also examined the importance of a sterically more
hindered protecting group at C2 such as the tert-butyldime-
thylsilyl (TBS) group in 5 h (Table 2). Condensation with


cyclohexanone was equally efficient, although in contrast to
the other reactions, no tribenzylglucal could be detected in the
reaction mixture (entry 1). Examples of coupling with alkyl
aldehydes gave high yields of a-C-mannosides as approx-
imately 5:1 diastereomeric mixtures at C7 also with no b


elimination (entries 2 and 3).
For the relative stereochemical assignment of the two dia-


stereomeric C-mannosides at C7 obtained from coupling re-
actions with aldehydes, we resorted to a simple and reliable pro-
tocol devised by Rychnovsky for the determination of the
stereochemistry of 1,3-diols.[27] According to Rychnovsky, the
syn-1,3-diol acetonides occupy a single chair conformation;
this results in two distinguishable methyl groups upon analysis
of their 13C NMR spectra. An axial methyl group is typically
observed at d� 19, whereas an equatorial methyl group shows
a peak at d� 30. In contrast, anti-1,3-diol acetonides adopt a
skew-boat conformation because of an unfavorable 1,3-diaxial
interaction in the chair, and both methyl groups appear at d� 25.


The chromatographically separable C-mannosides 17 (Ta-
ble 2, entry 3) were desilylated and converted to their
corresponding acetonides 18 a and 18 b (Scheme 5). 13C
NMR analysis of the acetonide derivative 18 a of the major


OOBn H1


H2


H5
OH


H3


H4
BnO


BnO


HO


Ha
Hb


Figure 1. Conformational
analysis of C-mannoside 7.
Coupling constants: JH3,H4�
5.7 Hz, JH4,H5� 4.1 Hz.


Table 2. Anionic coupling of pyridyl sulfone 5h with carbonyl compounds.


OBnO
BnO


BnO


OSiMe2tBu


SO2
N


OBnO
BnO


BnO


OSiMe2tBu


R1


R2
HO


O


R1 R2


O


O


O


2.2 SmI2 


Carbonyl compound


15   80%  0%


3


16   84% (4:1)2  0%


17   71% (5:1)  0%


C-Glycoside Glucal 3


1


(isolated yields)


3


5h 15-17
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JH1,H7 = 2.4 Hz


(25.4)


(25.9)


(29.8)


JH1,H7 = 9.8 Hz
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1) TBAF, THF
2) Dimethoxypropane, CSA
                  DMF


(19.8)


Major isomer


Scheme 5. Formation of the acetonides 18a and 18b. The chemical shifts of
the protons (d) are given in brackets.


C-glycoside revealed methyl resonances at 25.4 and d� 25.9,
whereas corresponding resonances for the minor isomer 18 b
were observed at d� 29.8, 19.8. This suggests that the
dioxolane ring of the minor isomer occupies a chair con-
formation, a conclusion also supported by the large trans-
diaxial coupling constant between H1 and H7 (JH1,H7�
9.8 Hz), a situation which can only occur if the minor isomer
possesses the R configuration at C7. The almost identical 13C
chemical shifts for the two acetonide methyl groups of the
major isomer in turn correlate well with an anti relationship
between the C2 and C7 hydroxyl groups. Extrapolation of
these results to all other coupling reactions between mannosyl
pyridyl sulfones and alkyl aldehydes suggests that the major
diastereomer formed is the S isomer at C7.


Reductive samariation of dd-gluco and dd-galactopyranosyl 2-
pyridyl sulfones: Having examined the successful Barbier con-
densation with mannosyl pyridyl sulfones, we next turned to
exploring similar reactions in the corresponding gluco series. As
with 5 a, the glucosyl pyridyl sulfone 19 a afforded a single C-
glycoside upon coupling with cyclohexanone, but in this case
the expected b anomer was the preferred product (Table 3,
entry 1), parelleling the earlier reports by SinayÈ.[20c] Quite ex-
traordinary, though, was the almost twofold reduction in yields
of the C-glucoside formed compared with 7, which was com-
pensated by an increase in glucal production. A similar result
was noted in the condensation with heptanal to afford a 7:2 dia-
steromeric mixture at C7 (entry 2). Also in contrast to previous
results with 5 a, 19 a showed a preference for b elimination
rather than proton abstraction upon treatment with divalent
samarium in the absence of a carbonyl substrate (entry 3).
Hence, b elimination appears to be an energetically more
favored pathway for the gluco series than for the analogous


manno series, a fact that is quite remarkable considering that
only with the latter is a more favorable trans-diaxial arrange-
ment between the C2 ± O2 and C1 ± Sm bonds obtained upon
reduction of the common anomeric radical intermediates. The
unwanted b elimination could be partly suppressed by
substituting the TMS protecting group of O2 with the more
bulky TBS group as in 19 b, leading to more acceptable yields
of b-C-glucosides (entries 4 and 5). The low diastereoselec-
tivity observed at the newly created exocyclic stereocenter
parallels previous results noted in low-temperature coupling
reactions with anomeric lithium reagents and shows that the
major isomer has C7-(R)-configuration.[12c, d] A similar result
was obtained with the galactosyl pyridyl sulfones 23 a and 23 b,
which produced only b-C-galactoside 24 (Table 3, entries 6
and 7), albeit in low yields even with a TBS group at O2.


Influence of the anomeric configuration of the glycosyl
pyridyl sulfones : The starting glycosyl pyridyl sulfones had
identical anomeric compositions as did their C-glycosides. To
provide more mechanistic insight into these reactions and to
investigate whether stereochemical transmission was only a
consequence of the starting glycoside�s C1-configuration, we
prepared b-mannosyl and a-glucosyl pyridyl sulfones and
studied their SmI2-promoted reaction with carbonyl com-
pounds. For the manno series, we chose the b-pyridyl sulfone
25, the preparation of which is outlined in Scheme 6. The


OBnO
BnO


BnO


OBn


OC(NH)CCl3


OBnO
BnO


BnO


OBn


OH


OBnO
BnO


BnO
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SO2Pyr
OBnO


BnO


BnO


OBn


X


26 27
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25
28, X = α-SPyr
29, X = β-SPyr


Scheme 6. Synthesis of b-pyridyl sulfone 25. Reagents: a) NaH, Cl3CCN;
b) pyrSH, BF3:Et2O (cat.) ; c) chromatographic separation then MCPBA.


Table 3. Anionic coupling of pyridyl sulfone 19 and 23 with carbonyl
compounds.


OX


OBn


BnO


OR


SO2
N


OX


OBn


BnO


OH
R1


R2


OH
R1 R2


O


Y Y


2) Bu4NF


2.2 SmI2 


1)


Glycal


19 20-22, 24X = OBn, Y = H
23X = H, Y = OBn


R Carbonyl compound C-glycoside Glycal
isolated yields


1 SiMe3, 19 a cyclohexanone 20, 44 % 37%
2 SiMe3, 19 a heptanal 21, 43 % (7:2) 36%
3 SiMe3, 19 a ± (1-deoxy), 23% 60%
4 SiMe2tBu, 19b cyclohexanone 20, 57 % 21%
5 SiMe2tBu, 19b isobutyraldehyde 22, 55 % (3:2) 22%
6 SiMe3, 23 a cyclohexanone 24, 25 % 35%
7 SiMe2tBu, 23b cyclohexanone 24, 22 % 32%
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readily accessible tetrabenzylmannopyranose 26[28] was con-
verted to the a-trichloroacetimidate 27, followed by the
introduction of a pyridylsulfide unit by treatment of the latter
with mercaptopyridine and catalytic amounts of BF3:Et2O.
This afforded a chromatographically separable mixture of a


and b anomers 28 and 29. Finally, the b-pyridyl sulfide 29 was
oxidized to the corresponding b-sulfone 25. The structure of
the b anomer was confirmed by the following spectral
observation. It was earlier noted that in the 1H NMR
spectrum of all a-pyridyl sulfones, the axially oriented C5
hydrogen is strongly shifted downfield (ca. 4.2 ppm) as a result
of an anisotropic effect with the proximal sulfone oxygens. For
b-sulfone 25, as well as for the glucosyl pyridyl sulfones 19 a
and 19 b this effect is absent, and a normal chemical shift of
d� 3.5 was found for the C5 hydrogens.


For the synthesis of an a-glucosyl pyridyl sulfone we chose a
somewhat unorthodox synthetic route, illustrated in
Scheme 7, which was justified by the lack of literature


OBnO
BnO


BnO


HO SPyr


OBnO
BnO


BnO


HO Cl


OBnO
BnO


BnO


HO SO2Pyr


OBnO
BnO


BnO


Me3SiO SO2Pyr


30 31


a


b


32


c


Scheme 7. Synthesis of a-glucosyl pyrdiyl sulfone (32). Reagents: a) i)
BuLi, ÿ78 8C, ii) LN, ÿ95 8C, iii) pyrSSpyr; b) MCPBA; c) TMSCl, TEA.


precedent for their effective preparation. Hence, the easily
accessible glucosyl chloride 30 was converted to its dilithium
dianion according to the procedure developed by Wittmann
and Kessler.[12c] Subsequent treatment with dipyridyl disulfide
led to the exclusive formation of the a-sulfide 31, which upon
oxidation with MCPBA and trimethylsilylation afforded
sulfone 32. Subjecting 32 to the standard coupling conditions
with cyclohexanone again led to the generation of a single C-
glycoside (Scheme 8) in an unoptimized yield (single trial),


OBnO
BnO


BnO


Me3SiO SO2Pyr


OBnO
BnO


BnO


OH


HO


O


32 20


2 SmI2


1)


2) Bu4NF


Scheme 8. Reaction of 32 with samarium iodide and cyclohexanone.


which was identified as the b anomer 20. In a similar manner
(Scheme 9), the b-mannosyl pyridyl sulfone 25 gave the
previously synthesized a-C-mannoside 13 (Table 1, entry 7).
Hence as expected, the anomeric configuration of the starting
glycosyl sulfone has no influence on the outcome of the C-
glycoside structure formed.


O OBnO
BnO


BnO


OBn


HO


OBnO
BnO


BnO


OBn


SO2Pyr
2 SmI2


25
13


Scheme 9. Reaction of 25 with samarium iodide and cyclohexanone.


A mechanistic proposal : In Scheme 10, we provide a mech-
anistic rationale for the above observations on these highly
stereoselective C-glycosylation reactions. One-electron trans-
fer from SmI2 to the aryl sulfone LUMO of either glycosyl
pyridyl sulfone leads to homolytic C1 ± S bond cleavage and
concomitant formation of the thermodynamically more stable
a-radical owing to favorable overlap between the singly
occupied pC1 and nO5 orbitals.[13c, 23, 29] This electron-reduction
step should therefore be independent of the anomeric
configuration of the starting sulfones, as is observed. The
formation of only b-C-glycosides in the gluco and galacto
series (in the following, the discussion concerning the gluco
series also includes the galacto series) confirms that the C-
glycosides formed in the manno series were not, at this stage,
merely products of an intermolecular radical coupling process
affording the a-C-anomer. A second reduction step then leads
to a kinetic a-oriented organosamarium 33 or 34 in analogy to
previous reports on the low-temperature reductive lithiation
studies on similar compounds. In order to relieve the
energetically unfavored interaction between the occupied
sC1±Sm and nO5 orbitals, intermediates 33 and 34 have two ways
to place these two bonds in an orthogonal arrangement.[13c, 23]


Either a conformational ring flip to give 35 and 36 as either a
boat or skew-boat conformer or a configurational change
affording anomers 37 and 38 may be envisaged, positioning
the C1- and C2-substituents in an energetically and sterically
more favored diequatorial arrangement. For the manno
compounds the former is apparently the preferred pathway,
helped by the trans-diaxial orientation at C1 and C2 of 33, and
hence leads to the a-C-mannosides. In the gluco series, the
equatorially oriented C2 ± O2 bond must move through an
eclipsed conformer with the C1 ± Sm bond, making this a
higher energy process. Hence configurational change to the b-
organosamarium 38 is the dominant pathway.[30]


To explain the surprisingly greater facility for b elimination
in the latter series, we suggest that in heteroatom-substituted
organosamarium compounds a hitherto unknown syn-elimi-
nation mechanism is operating which is energetically prefer-
red over the anti process.[31] The reduced yields of tribenzyl-
glucal upon reaction with the more bulky C2-protected
sulfones 5 h and 19 b (TBS compared with TMS) lends
support to this hypothesis. The high 1,2-trans selectivity
observed in the two series may therefore be the direct result
of a facile b elimination of the 1,2-cis samarium(iii) species 37
in the manno series, and 34 and/or 36 in the gluco series. As
reduction of the glucosyl C1-radical leads directly to the 1,2-
cis spatial arrangement in 34, elimination is expected to be
faster in this series. This behavior contrasts with that of the
corresponding lithium reagents, which at ÿ78 8C undergo fast
b elimination in the manno series or 1,3-O2-to-C1 silyl
migration in the gluco case.[13d]
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The higher elimination yields in the gluco series could
likewise be the coincidental result of the anomerization
process itself. Assuming that first-order kinetics hold in the
configurational change between 34 and 38, then the inter-
vention of two naked anomeric anions must be considered as
depicted in Scheme 11. Either one of these highly reactive
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Scheme 11. Configurational change between 34 and 38.


intermediates[32] may undergo competitive b elimination
before recombination with the metal cation to the more
stable b anomer. We are of course assuming that the sC1±Sm


bond itself is of sufficiently low energy such that any overlap
with the s*C2ÿO2 bond is negligible. The almost exclusive
production of glycal upon treatment of glycosyl phenyl


sulfones with the SmI2/HMPA combination[20b, c] (compare
this result with those of Table 3) provides some basis for this
hypothesis. The good metal-complexing ability of HMPA
allows for more anionic character at the anomeric center and
hence greater ease in elimination. Increased elimination was
also noted in the manno case upon reductive samariation in
the presence of HMPA (see Table 4). Further work will be


necessary to determine whether this mechanism or the one
involving syn elimination is operating.


An unexpected feature of the glucosyl and galactosyl
pyridyl sulfones was the poor C-glycosylation efficiency in the
latter series. This is again surprising considering that the only
difference between the two series is the stereochemistry of the
distal chiral center in the sugar rings (C4). In addition, no
difference in coupling or elimination yields was noted
between substrates possessing a C2-OTMS or -OTBS sub-
stituent (Table 3). Apparently, the subtle differences in the
stereochemistry of the sugar ring-carbons greatly influence
the efficiency of the resulting C-glycosides. It is possible that
in the galacto series the association step considered in
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Scheme 10. Mechanistic rationale for the highly stereoselective C-glycosylation reactions.


Table 4. Influence of HMPA on the reductive samariation of pyridyl
sulfones 43.


OBnO
BnO OSiMe3


BnO


SPyr


OBnO
BnO OSiMe3


BnOx equiv. of
   HMPA


SmI2, (2.5 equiv.)


43 44


3


x equiv of HMPA 1-Deoxy 44 Glucal 3
Isolated yields


1 0 71% 5%
2 2 13% 65%
3 4 9% 73%
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Scheme 11 is slowed for steric reasons (axially oriented C4-
substituent), thus favoring elimination. These preliminary
studies in this series clearly show the need for additional work
in order to make these reactions of synthetic use for the
preparation C-galactosides. If optimized, the reductive sa-
mariation approach will provide a rapid and easy approach to
b-C-galactosides.


One result which did not conform to the above stereo-
chemical trends was the nonselective C-glycosylation (a :b ca.
2:3) noted for the mannosyl pyridyl sulfone 6 with a free C2-
hydroxyl group. The yields were nonetheless low and pro-
duction of the 1-deoxy derivative was likewise increased.
Hence partial intermolecular self-protonation is the most
likely explanation for the inefficiency of the glycosylation
process itself. It is therefore conceivable that the samarium
C2-alkoxide species 39 is formed under these reaction
conditions in which, because of the formation of a stable 4-
membered cyclic intermediate involving a b-oriented C1 ± Sm
bond, a configurational change to form 40 becomes energeti-
cally favored (Scheme 12). This result was confirmed by


OBnO
BnO


BnO


OSmI2


SmI2


OBnO
BnO


BnO


O
SmI2


I2Sm


39 40


Scheme 12. Formation of the stable 4-membered cyclic intermediate.


repeating the reaction with the analogous gluco derivative 41,
furnishing a 3:1 mixture of a- and b-C-glucosides 42 and 20 in
17 % yield (Scheme 13). The conformation of 42 deviates
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Scheme 13. Formation of a- and b-C-glucosides 42 and 20.


from the normal 4C1 chair conformation as observed for the b-
C-glucosides and instead resembles that of 0S2 skew-boat as
seen from comparison of its proton coupling constants with
those of other a-C-glucosides.[10, 12c] Again, the intervention of
a 4-membered-ring organosamarium intermediate may ac-
count for the observed anomeric stereoselective deviation
with respect to 19 a and 19 b. The isolation of 1,2-cis-C-
glycosides in these two examples is also in agreement with the
previously suggested syn elimination mechanism as now 1,2-
cis-glycosyl samarium reagents are formed that are less prone
to elimination of O(SmI2)2.


At this point, we were curious to examine the influence of
the addition of HMPA on these C-glycosylation reactions.
Whereas it is well known that HMPA increases the reducing
potential of SmI2 by means of its complexation to the divalent


metal and subsequent raising of the HOMO energy level,[33±35]


it has also been demonstrated that alkyl organosamarium
reagents prepared in the presence of HMPA display increased
stability towards protonation from solvent.[24] Subsequently,
these reagents have been exploited in Grignard-type reac-
tions. The greater complexing ability of HMPA with the
trivalent metal cation compared with THF prevents complex-
ation of the ethereal solvent and hence the ensuing deproton-
ation. Would it therefore be possible to perform the SmI2-
promoted glycosylations under Grignard conditions? The
previous observations by SinayÈ and co-workers in comparison
with ours suggest not,[20c] but under these highly reducing
conditions excess divalent samarium was mandatory owing to
the competitive reduction of the generated sulfinate ion. We
have previously observed that glycosyl pyridyl sulfides are
also reduced by SmI2, albeit slower (approx. 1 h) than their
corresponding sulfones.[36] The addition of HMPA should
therefore increase their reduction rate whilst addition of
excess SmI2 would be superfluous.


To test the behavior of glycosyl pyridyl sulfides to the SmI2/
HMPA combination, sulfide 43 was subjected to 2.5 equiv-
alents of SmI2 with varying amounts of HMPA (Table 4).
Without HMPA, the reduction of the aryl sulfide moiety by
SmI2 required 1.5 hours, and afforded the 1-deoxy derivative
44 and glucal 3 in a ratio of 13:1, paralleling previous results
seen with sulfone 5 a. However, addition of 2 ± 4 equivalents
of HMPA resulted in an immediate decoloration of the
reaction mixture indicating the rapid consumption of SmI2 by
the pyridyl sulfide moiety. Analysis of the product mixture
after work-up revealed a new proportion of 44 and 3 that was
a complete reversal of the above ratio. b elimination appears
now to be the preferred pathway with increasing addition of
HMPA, whereas protonation proves less important. The
greater complexation of HMPA to SmIII and subsequent
increased ionic character of the C1 ± Sm bond is the most
likely explanation for the increased formation of glucal. These
observations explain the lower coupling yields and increased b


elimination reported by SinayÈ and co-workers compared with
our results. For the success of these coupling reactions it is
therefore necessary that an aryl sulfone entity possessing a
sufficiently low-lying LUMO energy level be employed for
their effective reduction by divalent samarium in the absence
of cosolvents, such as HMPA.[10, 21a, 37] Under these conditions,
the anomeric organosamarium reagents display adequate
stability to undergo coupling with carbonyl compounds,
though under Barbier conditions.


Reductive samariation of 2-deoxyglycopyranosyl 2-pyridyl
sulfones : The range of samarium-diiodide-promoted C-gly-
cosylations was extended to another class of glycosyl pyridyl
sulfones, the 2-deoxy sugars 45 ± 48. As with the mannosyl
pyridyl sulfones, we predicted that these particular pyridyl
sulfones would produce the corresponding a-C-glycosides
(Scheme 14). Reduction of the pyridyl sulfone moiety would
lead to the axially oriented C1 ± Sm bond. In the absence of a
C2 substituent, we expected a conformational change to be
facile, placing the C1 ± Sm bond in an equatorial orientation.
This assumption was supported by previous results,[20c] where
2-deoxytribenzylglucosyl chloride gave predominately the a-
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Scheme 14. Possible pathways for C-glycosylation of 45.


C-glycosides upon the sequential addition of SmI2/HMPA and
a carbonyl substrate.[20c]


A THF solution of pyridyl sulfones 45 ± 48 and cyclo-
hexanone subjected to 2 equivalents of SmI2 gave good
coupling yields of C-glycosides 49 ± 52 (Table 5). Even with


acetyl protecting groups as 46, the Barbier-type condensation
was efficient (88 % yield). However, these C-glycosylation
reactions did not display any stereochemical preferences at
the anomeric center! The selectivity could be regenerated by
the placement of a noneliminating group (CH2OR) at C2 as
with 48[38] (mimic of a gluco configuration) or 53 (mimic of a
manno configuration). The reductive samariation of 48 in the
presence of cyclohexanone yielded C-glycosides 52 with a b-
selectivity (a :b, 1:4) analogous to the one noted in the gluco
series.[39] Whereas C ± C bond formation was not possible with
the samarium reagent derived from 53, possibly owing to the
steric shielding of the TBDPSiO group in the anomeric
organosamarium intermediate, deuteriation experiments with
CD3OD provided only the a-deuteriated product (Scheme 15,
a :b >95:5), an a selectivity in line with C-mannosylation
results. Again these results validate the hypothesis delineated
in Scheme 10.


The lack of stereoselectivity in the 2-deoxy series is puzzling
and contradicts previous reports in the same series. It is
possible that the configurational and conformational changes
of the kinetically formed anomeric organosamarium species
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Scheme 15. Formation of the a-deuterated product of 53.


lie close in energy resulting in no stereochemical discrepancy
upon trapping with a carbonyl substrate. On the other hand, a
slow configurational change at the anomeric center could
compete with the coupling reaction. The fact that a 1:1 ratio of
a and b anomers was obtained in all three examples without a
C2-substituent (45 ± 47) favors the first explanation. HMPA
has an important effect on the stereoselectivities of these
coupling reactions where elimination cannot take place.
Complexation with the more bulky HMPA ligands than


THF around the metal ion
could favor a rapid conforma-
tional change and hence con-
servation of the a stereo-
chemistry upon coupling with
aldehydes and ketones. In the
absence of HMPA, this ster-
eochemical preservation is
lost.


In this context, it is inter-
esting to note the recent work
of Linhardt and collaborators,
who have employed our pyr-
idyl sulfone chemistry for the
stereocontrolled synthesis of
C-glycosides of N-acetylneur-
aminic acid (Scheme 16).[40]


Whereas this reaction resem-
bles those of the 2-deoxy
series, the coupling to carbon-
yl substrates involves a samar-


ium enolate intermediate (i) and not an anomeric organo-
samarium species as in the above examples. The high stereo-
selectivity observed, favoring introduction of an equatorial
substituent, has precedence with other exocyclic enolates of
conformationally biased 6-membered rings where, apparently,
steric factors control the direction of the attack by the
electrophile.[14d, 41]
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Scheme 16. Stereocontrolled synthesis of C-glycosides of N-acetylneur-
aminic acid.


Table 5. Anionic coupling of pyridyl sulfones 45 ± 48 with carbonyl compounds.
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To improve the anomeric selectivity in the 2-deoxy series,
we also attempted the reductive samariation of pyridyl
sulfone 45 with the previously described dicyclopentadienyl-
samarium(ii)[42] supposing that the bulky anomeric SmIII


species would prefer a conformational change over anomer-
ization. A solution of 45 and cyclohexanone added to a THF
suspension of brown Cp2Sm at 20 8C gave a complex mixture
of products none of which were the C-glycosides 49. One of
the products, obtained in low yield, corresponded to pyridyl
sulfide 54, presumably formed by the deoxygenation of
sulfone 45 (Scheme 17). Although further studies with Cp2Sm
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O
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, No C-glycoside


Scheme 17. Deoxygenation of 45.


were abandoned as no coupling products were furnished, this
surprising result clearly indicates the importance of the
electron source for the chemical pathway chosen.


Synthesis of a C-disaccharide: Finally, we extended this proce-
dure to the synthesis of a carbon-linked disaccharide, a-d-man-
nopyranosyl(1!2)-d-glucopyranoside. Aldehyde 56 was pre-
pared following the stereospecific formyl-group transfer pro-
cedure developed by Jung and Choe.[43] Ozonolysis and 5-exo
radical cyclization of iodide 55 followed by fragmentation af-
forded the crystalline aldehyde 56. Reductive samariation of
sulfone 5a in the presence of 56 (1.5 equiv) rapidly afforded a 2:1
mixture of C-disaccharides 57 in 75 % yield (Scheme 18).[44]


Conclusion


Glycosyl pyridyl sulfones appear to be suitable reagents for
the preparation of C-glycosides by means of their reductive
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Scheme 18. Synthesis of 57. Reagents: a) O3, PPh3; b) Bu3SnH, azobisiso-
butyronitrile (AIBN); c) 5a, 2.2 SmI2.


samariation with samarium diiodide in the presence of alkyl
aldehydes or ketones. These mild and simple reactions
provide a viable and stereoselective approach to 1,2-trans-C-
glycosides of biologically relevant neutral hexopyranoses. The
very high 1,2-trans-selectivity results from a fortunate situa-
tion in which only the 1,2-trans glycosyl samarium reagents
lead to a productive carbon ± carbon bond formation under
Barbier conditions. This procedure complements our SmI2-
induced 1,2-cis-C-glycoside method,[10] and does not require
low temperature techniques.[45]


Experimental Section


General considerations: Unless otherwise stated, all reactions were carried
out under argon. THF was dried and freshly distilled over sodium/
benzophenone. Dichloromethane was freshly distilled over P2O5. Acetoni-
trile was distilled over CaH2. Reactions were monitored by thin-layer
chromatography (TLC) analysis. The following compounds were prepared
as previously published:[10] 2-pyridyl 3,4,6-tri-O-benzyl-1-thio-a-d-manno-
pyranoside, 3,4,6-tri-O-benzyl-a-d-mannopyranosyl 2-pyridyl sulfone (6),
2-pyridyl 3,4,6-tri-O-benzyl-1-thio-b-d-glucopyranoside and 3,4,6-tri-b-d-
glucopyranosyl 2-pyridyl sulfone (41). Samarium diiodide was prepared
according to the method reported by Kagan et al.[46]


3,4,6-Tri-O-benzyl-2-O-trimethylsilyl-a-dd-mannopyranosyl 2-pyridyl sul-
fone (5a): Chlorotrimethylsilane (258 mL, 2.04 mmol) was added to a
stirred solution of sulfone 6 (586 mg, 1.02 mmol), triethylamine (568 mL,
4.07 mmol), and DMAP (2 mg) in CH2Cl2 (25 mL) at 0 8C after which the
solution was warmed to 20 8C. The solution was stirred for 10 min, after
which it was diluted with CH2Cl2, washed with ice-cold water, dried
(Na2SO4), and evaporated to dryness. The crude product was purified by
flash chromatography (heptane/EtOAc, 3:1) to give 622 mg (94 %) of 5 a as
a colorless syrup. As compound 5a showed signs of facile hydrolysis of the
O ± Si bond, it was immediately used in the subsequent coupling step.
[a]22


D ��83 (c� 2.0, chloroform); IR (neat): nÄ � 3054, 2986, 2958, 2305,
1453, 1428, 1315, 1250, 1103 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 8.73
(br d, 3J(H,H)� 4.6 Hz, 1 H; pyr), 8.06 (br d, 3J(H,H)� 8.0 Hz, 1 H; pyr),
7.68 (dt, 3J(H,H)� 8.0, 1.8 Hz, 1 H; pyr), 7.45 ± 7.17 (m, 16H; 3Ph, pyr), 5.37
(d, 3J(H,H)� 2.2 Hz, 1 H; H1), 5.02 (dd, 3J(H,H)� 2.9, 2.2 Hz, 1H; H2),
4.83 (d, 2J(H,H)� 11.2 Hz, 1H; CHPh), 4.83 (d, 2J(H,H)� 11.4 Hz, 1H;
CHPh), 4.77 (d, 2J(H,H)� 11.4 Hz, 1 H; CHPh), 4.50 (ddd, 3J(H,H)� 9.7,
4.0, 4.0 Hz, 1 H; H5), 4.50 (d, 2J(H,H)� 11.2 Hz, 1 H; CHPh), 4.48 (d,
2J(H,H)� 11.9 Hz, 1 H; CHPh), 4.29 (d, 2J(H,H)� 11.9 Hz, 1 H; CHPh),
4.23 (dd, 3J(H,H)� 8.5, 2.9 Hz, 1H; H3), 3.93 (dd, 3J(H,H)� 9.7, 8.5 Hz,
1H; H4), 3.62 ± 3.53 (m, 2H; H6a, H6b), 0.22 (s, 9H; SiMe3).


3,4,6-Tri-O-benzyl-a-dd-mannopyranosyl-1-cyclohexanol (7). General pro-
cedure for C-glycosylation and desilylation: A 0.1m solution of SmI2 in
THF (2.7 mL, 0.27 mmol) was added to a stirred solution of sulfone 5a
(85 mg, 0.13 mmol) and cyclohexanone (20 mL, 0.19 mmol) in THF
(0.5 mL) at 20 8C. The solution was stirred for 10 min, after which saturated
aq. NH4Cl was added to the reaction mixture and was then extracted twice
with CH2Cl2. The combined organic phases were washed twice with water,
dried (Na2SO4), and evaporated to dryness. The residue was redissolved in
THF (5 mL), cooled to 0 8C, and Bu4NF in THF (1.0m, 135 mL, 0.135 mmol)
was added. The solution was stirred for 5 min, after which water and
CH2Cl2 were added, the organic phase was washed twice with water, dried
(Na2SO4), and evaporated to dryness. Flash chromatography (heptane/
EtOAc, 7:1 to 3:1) gave first tribenzyl-d-glucal 3 (0.4 mg, 1%) and then 7
(60.5 mg, 86 %). [a]22


D ��8.3 (c� 1.0, chloroform); IR (neat): nÄ � 3434,
2930, 1454, 1100 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.38 ± 7.22 (m, 15H;
3Ph), 4.61 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 4.60 (d, 2J(H,H)� 11.9 Hz,
1H; CHPh), 4.56 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh), 4.51 (d, 2J(H,H)�
12.0 Hz, 1H; CHPh), 4.49 (s, 2H; CH2Ph), 4.16 (ddd, 3J(H,H)� 7.7, 5.2,
3.9 Hz, 1H; H2), 4.11 (ddd, 3J(H,H)� 5.9, 5.0, 4.1 Hz, 1H; H5), 3.87 (dd,
3J(H,H)� 5.7, 3.9 Hz, 1H; H3), 3.72 (dd, 3J(H,H)� 5.7, 4.1, 1H; H4), 3.71
(dd, 3J(H,H)� 10.2, 5.9 Hz, 1H; H6a), 3.62 (dd, 3J(H,H)� 10.2, 5.0 Hz,
1H; H6b), 3.48 (d, 3J(H,H)� 7.7 Hz, 1H; H1), 2.73 (d, 3J(H,H)� 5.2, 1H;
OH), 2.50 (s, 1 H; OH), 1.71 ± 1.47 (m, 10 H; 5CH2); MS (CI, isobutene): m/







1,2-trans-C-Glycosides 655 ± 671
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z� 515 [M�1ÿH2O], 497 [M�1ÿ 2H2O], 425 [M�1ÿBnOH], 407
[M�1ÿBnOHÿH2O], 389 [M�1ÿBnOHÿ 2 H2O]; HR-MS (CI, isobu-
tene) C33H39O5: calcd for [M�1ÿH2O] 515.2799, found 515.2790.


3,4,6-Tri-O-benzyl-a-dd-mannopyranosyl-3-pentanol (8): The C-mannoside
8 was prepared according to the general procedure outlined for 7, to give 8
as a colorless syrup (33 mg, 80%) and glucal 3 (1 mg, 3%) after flash
chromatography (heptane/EtOAc, 6:1 to 1:1). [a]22


D ��7.7 (c� 1.2, chloro-
form); IR (neat): nÄ � 3446, 2928, 1454, 1094 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 7.37 ± 7.23 (m, 15 H; 3Ph), 4.60 (d, 2J(H,H)� 11.8 Hz, 1H;
CHPh), 4.58 (s, 2H; CH2Ph), 4.56 (d, 2J(H,H)� 12.3 Hz, 1 H; CHPh), 4.51
(d, 2J(H,H)� 12.3 Hz, 1H; CHPh), 4.46 (d, 2J(H,H)� 11.8 Hz, 1 H; CHPh),
4.19 (ddd, 3J(H,H)� 7.6, 5.9, 3.8 Hz, 1H; H2), 4.12 (ddd, 3J(H,H)� 6.9, 5.6,
3.8 Hz, 1 H; H5), 3.88 (dd, 3J(H,H)� 5.7, 3.8 Hz, 1H; H3), 3.75 (dd,
3J(H,H)� 10.0, 6.9 Hz, 1 H; H6a), 3.74 (dd, 3J(H,H)� 5.7, 3.8, 1H; H4),
3.67 (d, 3J(H,H)� 7.6 Hz, 1H; H1), 3.67 (dd, 3J(H,H)� 10.0, 5.6 Hz, 1H;
H6b), 2.72 (d, 3J(H,H)� 5.9 Hz, 1H; OH), 2.40 (s, 1H; OH), 1.79 ± 1.46 (m,
10H; 2CH2), 0.91 (t, 3J(H,H)� 7.2 Hz, 3H; Me), 0.90 (t, 3J(H,H)� 7.2 Hz,
3H; Me); MS (CI, isobutene): m/z� 503 [M�1ÿH2O], 485 [M�1ÿ
2H2O], 413 [M�1ÿBnOH], 395 [M�1ÿBnOHÿH2O], 377 [M�1ÿ
BnOHÿ 2 H2O]; HR-MS (CI, isobutene) C32H39O5: calcd for [M�1ÿ
H2O] 503.2799, found 515.2807.


3,4,6-Tri-O-benzyl-a-dd-mannopyranosyl-2-methyl-1-propanol (9): The C-
mannoside 9 was prepared according to the general procedure outlined for
7 affording first glucal 3 (2.4 mg, 7%) and then 9 as an inseparable 13:2
epimeric mixture (31.4 mg, 77%) after flash chromatography (heptane/
EtOAc, 6:1 to 1:1). The isomeric C-glycosides were then subjected to
standard O-acetylation conditions (Ac2O/pyridine) allowing for their
separation after flash chromatography (CH2Cl2). Major isomer : [a]22


D �
�20.2 (c� 0.83, chloroform); IR (neat): nÄ � 2966, 2873, 1739, 1372,
1243 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.34 ± 7.21 (m, 15H; 3Ph),
5.20 (dd, 3J(H,H)� 5.2, 2.8 Hz, 1H; H2), 4.95 (dd, 3J(H,H)� 6.8, 6.1 Hz,
1H; H7), 4.69 (d, 2J(H,H)� 11.6 Hz, 1 H; CHPh), 4.56 (d, 2J(H,H)�
12.0 Hz, 1H; CHPh), 4.53 (d, 2J(H,H)� 11.8 Hz, 1H; CHPh), 4.51 (d,
2J(H,H)� 11.6 Hz, 1 H; CHPh), 4.48 (d, 2J(H,H)� 11.8 Hz, 1 H; CHPh),
4.45 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.06 (dd, 3J(H,H)� 5.6, 5.6 Hz,
1H; H3), 4.03 (ddd, 3J(H,H)� 5.6, 5.6, 4.1 Hz, 1 H; H5), 3.83 ± 3.74 (m, 3H;
H1, H4, H6a), 3.62 (dd, 3J(H,H)� 10.4, 4.1 Hz, 1 H; H6b), 2.08 (s, 3H;
OAc), 2.00 (s, 3 H; OAc), 1.87 (m, 1H; CHMe2), 0.90 (d, 3J(H,H)� 5.6 Hz,
3H; Me), 0.88 (d, 3J(H,H)� 6.4 Hz, 3H; Me); MS (CI, isobutene): m/z�
591 [M�1], 531 [M�1ÿAcOH], 433 [M�1ÿBnOH]; HR-MS (CI,
isobutene) C35H43O8: calcd for [M�1] 591.2959, found 591.2941.


3,4,6-Tri-O-benzyl-a-dd-mannopyranosyl-1-heptanol (10): The C-manno-
side 10 was prepared according to the general procedure outlined for 7
affording first glucal 3 (3 mg, 9%) and then 10 as an inseparable 9:2
epimeric mixture (35.4 mg, 82 %) after flash chromatography (heptane/
EtOAc, 6:1 to 1:1). The isomeric C-glycosides were then subjected to
standard O-acetylation conditions (Ac2O/pyridine) allowing for their
separation after flash chromatography (CH2Cl2).
Major isomer : [a]22


D ��19.6 (c� 0.83, chloroform); IR (neat): nÄ � 2928,
2860, 1739, 1454, 1372, 1241 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.34 ±
7.19 (m, 15H; 3Ph), 5.24 (dd, 3J(H,H)� 5.2, 2.6 Hz, 1 H; H2), 5.13 (ddd,
3J(H,H)� 8.5, 5.4, 5.4 Hz, 1 H; H7), 4.72 (d, 2J(H,H)� 11.5 Hz, 1 H;
CHPh), 4.58 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.55 (d, 2J(H,H)�
11.9 Hz, 1H; CHPh), 4.52 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh), 4.49 (d,
2J(H,H)� 11.9 Hz, 1 H; CHPh), 4.46 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh),
4.01 (ddd, 3J(H,H)� 6.6, 5.4, 4.0 Hz, 1H; H5), 3.93 (dd, 3J(H,H)� 5.4,
5.4 Hz, 1H; H3), 3.80 (dd, 3J(H,H)� 6.6, 5.4 Hz, 1H; H4), 3.79 (dd,
3J(H,H)� 5.4, 2.6 Hz, 1H; H1), 3.77 (dd, 3J(H,H)� 10.5, 5.4 Hz, 1H; H6a),
3.64 (dd, 3J(H,H)� 10.5, 4.0 Hz, 1H; H6b), 2.08 (s, 3 H; OAc), 1.97 (s, 3H;
OAc), 1.64 ± 1.45 (m, 2 H; CH2), 1.33 ± 1.18 (m, 8H; 4CH2), 0.86 (t,
3J(H,H)� 6.7 Hz, 3 H; Me); MS (ES): m/z� 655 [M�Na]; HR-MS (ES)
C38H48NaO8: calcd for [M�Na] 655.3247, found 655.3253.


3,4,6-Tri-O-benzyl-a-dd-mannopyranosylphenylmethanol (11): The C-man-
noside 11 was prepared according to the general procedure outlined for 7,
to give 11 as a colorless syrup (5 mg, 10%) and glucal 3 (11 mg, 32 %) after
flash chromatography (heptane/EtOAc, 6:1 to 1:1). IR (neat): nÄ � 3419,
2925, 2817, 1496, 1454 cmÿ1.
Major isomer : 1H NMR (300 MHz, CDCl3): d� 7.37 ± 7.20 (m, 20 H; 4Ph),
4.81 (d, 3J(H,H)� 7.8 Hz, 1 H; H7), 4.71 (d, 2J(H,H)� 11.2 Hz, 1H; CHPh),
4.62 (d, 2J(H,H)� 11.8 Hz, 1H; CHPh), 4.56 (d, 2J(H,H)� 11.2 Hz, 1H;
CHPh), 4.55 (d, 2J(H,H)� 11.8 Hz, 1 H; CHPh), 4.53 (d, 2J(H,H)� 12.2 Hz,


1H; CHPh), 4.48 (d, 2J(H,H)� 12.2 Hz, 1 H; CHPh), 3.95 (ddd, 3J(H,H)�
7.2, 5.0, 3.9 Hz, 1 H; H5), 3.89 (dd, 3J(H,H)� 7.8, 3.7 Hz, 1H; H1), 3.87 ±
3.78 (m, 3H; H2, H3, H4), 3.73 ± 3.67 (m, 2H; H6a, H6b), 3.07 (br s, 1H;
OH), 2.36 (d, 3J(H,H)� 4.0 Hz, 1 H; OH).
Minor isomer : 1H NMR (300 MHz, CDCl3): d� 7.42 ± 7.18 (m, 20 H; 4Ph),
4.93 (d, 3J(H,H)� 6.5 Hz, 1 H; H7), 4.61 (d, 2J(H,H)� 11.7 Hz, 1 H;
CHPh), 4.61 (d, 2J(H,H)� 11.7 Hz, 1H; CHPh), 4.54 (d, 2J(H,H)�
11.7 Hz, 1H; CHPh), 4.53 (d, 2J(H,H)� 11.7 Hz, 1H; CHPh), 4.37 (s,
2H; CHPh), 4.11 (ddd, 3J(H,H)� 6.3, 5.3, 3.8 Hz, 1H; H5), 4.06 (ddd,
3J(H,H)� 6.7, 6.3, 5.3 Hz, 1H; H2), 3.94 (dd, 3J(H,H)� 6.7, 6.5 Hz, 1H;
H1), 3.91 (dd, 3J(H,H)� 5.3, 3.8 Hz, 1H; H4), 3.75 (dd, 3J(H,H)� 5.3,
5.3 Hz, 1H; H3), 3.65 (dd, 3J(H,H)� 10.4, 6.3 Hz, 1 H; H6a), 3.60 (dd,
3J(H,H)� 10.4, 5.3 Hz, 1 H; H6b), 2.89 (br s, 1 H; OH), 2.58 (d, 3J(H,H)�
6.3 Hz, 1H; OH); MS (CI, isobutene): m/z� 523 [M�1ÿH2O], 505
[M�1ÿ 2 H2O], 433 [M�1ÿBnOH], 415 [M�1ÿBnOHÿH2O], 397
[M�1ÿBnOHÿ 2H2O]; HR-MS (CI, isobutene) C34H35O5: calcd for
[M�1ÿH2O] 523.2486, found 523.2493.


3,4,6-Tri-O-benzyl-2-O-methyl-a-dd-mannopyranosyl 2-pyridyl sulfone
(5b): 50 % NaH in parafin (10 mg, 0.42 mmol) was added to a stirred
solution of 2-pyridyl 3,4,6-tri-O-benzyl-1-thio-a-d-mannopyranoside
(150 mg, 0.28 mmol) in DMF (5 mL) at 0 8C. After 20 min, MeI (34 mL,
0.56 mmol) was added, and the reaction mixture was warmed to 20 8C and
stirred for 1 h. A few drops of methanol were added and the solution was
diluted with ether. Water was added, and the organic phase was washed
three times with water and then with brine, after which it was dried
(Na2SO4) and concentrated to dryness in vacuo. The crude product was
redissolved in CH2Cl2 (5 mL) and cooled to 0 8C. To this solution was first
added NaHCO3 (165 mg, 1.96 mmol) and then MCPBA of approximately
80% purity (220 mg, 0.84 mmol). The mixture was warmed to 20 8C, stirred
for 1.5 h, diluted with CH2Cl2, and washed consecutively with a 50%
saturated solution of Na2S2O3, saturated NaHCO3, and brine. The organic
phase was dried with Na2SO4 and concentrated to dryness in vacuo. Flash
chromatography (cyclohexane/EtOAc, 2:1) gave 5b (139 mg, 84%) as a
colorless solid. [a]22


D ��104.4 (c� 1.0, chloroform); IR (neat): nÄ � 3031,
2930, 2865, 1454, 1428, 1316 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.77 (d,
3J(H,H)� 4.3 Hz, 1 H; pyr), 8.06 (d, 3J(H,H)� 7.5 Hz, 1H; pyr), 7.73 (dt,
3J(H,H)� 7.5, 1.5 Hz, 1H; pyr), 7.52 ± 7.16 (m, 16H; 3Ph, pyr), 5.50 (d,
3J(H,H)� 2.0 Hz, 1 H; H1), 4.89 (d, 2J(H,H)� 10.9 Hz, 1H; CHPh), 4.80 (s,
2H; 2CHPh), 4.48 (ddd, 3J(H,H)� 9.0, 4.0, 4.0 Hz, 1H; H5), 4.47 (d,
2J(H,H)� 10.9 Hz, 1H; CHPh), 4.46 (d, 2J(H,H)� 11.5 Hz, 1 H; CHPh),
4.38 (dd, 3J(H,H)� 4.0, 2.0 Hz, 1H; H2), 4.30 (dd, 3J(H,H)� 9.0, 4.0 Hz,
1H; H3), 4.27 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh), 3.90 (dd, 3J(H,H)� 9.0,
9.0 Hz, 1 H; H4), 3.58 ± 3.50 (m, 2 H; H6a, H6b), 3.51 (s, 3 H; OMe); MS
(ES): m/z� 590 [M�1]; HR-MS (CI, isobutene) C33H36NO7S: calcd for
[M�1] 590.2213, found 590.2166.


2,3,4,6-Tetra-O-benzyl-a-dd-mannopyranosyl 2-pyridyl sulfone (5c):
MCPBA of approximately 80 % purity (399 mg, 1.52 mmol) was added to
a mixture of 2-pyridyl 2,3,4,6-tetra-O-benzyl-1-thio-a-d-mannopyranoside
(28) (322 mg, 0.51 mmol) and NaHCO3 (299 mg, 3.56 mmol) in CH2Cl2


(12 mL) at 0 8C. The mixture was warmed to 20 8C, stirred for 1.5 h, diluted
with CH2Cl2, and washed consecutively with a 50 % saturated solution of
Na2S2O3, saturated NaHCO3, and brine. The organic phase was dried with
Na2SO4 and concentrated to dryness in vacuo. Flash chromatography
(cyclohexane/EtOAc, 2:1) gave 5c (287 mg, 85%) as a colorless solid.
[a]22


D ��60 (c� 1.0, chloroform); IR (neat): nÄ � 3085, 2987, 2305,
1104 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.76 (d, 3J(H,H)� 4.3 Hz,
1H; pyr), 8.05 (d, 3J(H,H)� 7.5 Hz, 1 H; pyr), 7.71 (dt, 3J(H,H)� 7.5,
1.5 Hz, 1 H; pyr), 7.51 ± 7.16 (m, 21 H; 4Ph, pyr), 5.54 (d, 3J(H,H)� 2.3 Hz,
1H; H1), 4.85 (d, 2J(H,H)� 11.0 Hz, 1 H; CHPh), 4.78 (d, 2J(H,H)�
12.0 Hz, 1H; CHPh), 4.68 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.68 (dd,
3J(H,H)� 4.0, 2.3 Hz, 1 H; H2), 4.63 (2d, 2J(H,H)� 12.0 Hz, 2 H; CHPh),
4.49 (ddd, 3J(H,H)� 9.0, 4.0, 4.0 Hz, 1 H; H5), 4.47 (d, 2J(H,H)� 12.0 Hz,
1H; CHPh), 4.46 (d, 2J(H,H)� 11.0 Hz, 1H; CHPh), 4.29 (d, 2J(H,H)�
12.0 Hz, 1H; CHPh), 4.26 (dd, 3J(H,H)� 9.0, 4.0 Hz, 1 H; H3), 3.96 (dd,
3J(H,H)� 9.0, 9.0 Hz, 1H; H4), 3.64 ± 3.53 (m, 2 H; H6a, H6b); C39H39NO7S
(605.8): calcd C 70.35, H 5.90; found C 70.14, H 6.18.


3,4,6-Tri-O-benzyl-2-O-tert-butyldimethylsilyl-a-dd-mannopyranosyl 2-pyr-
idyl sulfone (5h): TBSOTf (600 mL, 2.63 mmol) was added to a stirred
solution of sulfone 6 (500 mg, 0.88 mmol), triethylamine (550 mL,
3.95 mmol), and DMAP (20 mg) in CH2Cl2 (10 mL) at 0 8C, and the
solution was left overnight at 4 8C. The solution was stirred for 20 min, after
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which it was diluted with CH2Cl2, washed with ice-cold water, dried
(Na2SO4), and evaporated to dryness. The crude product was purified by
flash chromatography (cyclohexane/EtOAc, 3:1) to afford 469 mg (78 %)
of 5 h as a colorless syrup. [a]22


D ��69 (c� 0.92, chloroform); IR (neat): nÄ �
3031, 2928, 2857, 1395 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.73 (dd,
3J(H,H)� 4.7, 2.0 Hz, 1 H; pyr), 8.03 (br d, 3J(H,H)� 7.8 Hz, 1H; pyr), 7.68
(dt, 3J(H,H)� 7.8, 2.0 Hz, 1H; pyr), 7.45 (dd, 3J(H,H)� 7.8, 4.7 Hz, 1H;
pyr), 7.49 ± 7.12 (m, 15H; 3Ph), 5.24 (d, 3J(H,H)� 2.1 Hz, 1 H; H1), 4.94
(dd, 3J(H,H)� 2.6, 2.1 Hz, 1 H; H2), 4.82 (d, 2J(H,H)� 11.2 Hz, 1H;
CHPh), 4.81 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh), 4.72 (d, 2J(H,H)� 11.2 Hz,
1H; CHPh), 4.46 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh), 4.46 (m, 1H; H5),
4.44 (d, 2J(H,H)� 11.8 Hz, 1H; CHPh), 4.27 (d, 2J(H,H)� 11.8 Hz, 1H;
CHPh), 4.29 (dd, 3J(H,H)� 9.0, 2.6 Hz, 1 H; H3), 3.94 (dd, 3J(H,H)� 9.7,
9.0 Hz, 1 H; H4), 3.55 (m, 2 H; H6a, H6b), 0.90 (s, 9H; tBu), 0.20 (s, 3H;
SiMe), 0.10 (s, 3H; SiMe); C38H47NO7SSi (690.0): calcd C 66.15, H 6.87;
found C 65.79, H 6.81.


3,4,6-Tri-O-benzyl-2-O-methyl-a-dd-mannopyranosyl-1-cyclohexanol (12):
The C-mannoside 12 was prepared according to the general procedure
outlined for 7, to give 12 as a colorless syrup (37 mg, 78%) and glucal 3
(3 mg, 9 %) after flash chromatography (heptane/EtOAc, 6:1 to 1:1).
[a]22


D ��20.4 (c� 0.83, chloroform); IR (neat): nÄ � 3476, 2932, 2861,
1453 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.36 ± 7.22 (m, 15H; 3Ph),
4.60 (d, 2J(H,H)� 12.5 Hz, 1H; CHPh), 4.58 (d, 2J(H,H)� 12.0 Hz, 1H;
CHPh), 4.57 (d, 2J(H,H)� 12.5 Hz, 1H; CHPh), 4.52 (d, 2J(H,H)� 12.0 Hz,
1H; CHPh), 4.51 (d, 2J(H,H)� 12.2 Hz, 1 H; CHPh), 4.47 (d, 2J(H,H)�
12.2 Hz, 1H; CHPh), 4.13 (ddd, 3J(H,H)� 7.1, 5.7, 3.2 Hz, 1 H; H5), 3.93
(dd, 3J(H,H)� 5.3, 3.1 Hz, 1H; H3), 3.75 (dd, 3J(H,H)� 10.2, 7.1 Hz, 1H;
H6a), 3.70 (dd, 3J(H,H)� 7.4, 3.1, 1H; H2), 3.69 (dd, 3J(H,H)� 5.3, 3.2 Hz,
1H; H4), 3.64 (dd, 3J(H,H)� 10.2, 5.7 Hz, 1 H; H6b), 3.60 (d, 3J(H,H)�
7.4 Hz, 1H; H1), 3.37 (s, 3H; OMe), 2.81 (s, 1 H; OH), 1.72 ± 1.43 (m, 10H;
5CH2); MS (ES): m/z� 569 [M�Na]; HR-MS (CI, isobutene) C34H42NaO8:
calcd for [M�Na] 569.2879, found 569.2882.


2,3,4,6-Tetra-O-benzyl-a-dd-mannopyranosyl-1-cyclohexanol (13): The C-
mannoside 13 was prepared according to the general procedure outlined
for 7, to give 13 as a colorless syrup (72 mg, 82%) and glucal 3 (4 mg, 6%)
after flash chromatography (cyclohexane/EtOAc, 8:1). [a]22


D ��20.5 (c�
1.24, chloroform); 1H NMR (300 MHz, CDCl3): d� 7.38 ± 7.22 (m, 20H;
4Ph), 4.60 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 4.56 ± 4.44 (m, 6 H; 6CHPh),
4.39 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 4.15 (ddd, 3J(H,H)� 7.1, 5.6,
3.1 Hz, 1 H; H5), 3.98 (dd, 3J(H,H)� 7.4, 3.1 Hz, 1H; H2), 3.95 (dd,
3J(H,H)� 5.3, 3.1 Hz, 1 H; H3), 3.80 (dd, 3J(H,H)� 10.2, 7.1 Hz, 1 H; H6a),
3.74 (dd, 3J(H,H)� 5.3, 3.1 Hz, 1 H; H4), 3.68 (d, 3J(H,H)� 7.4 Hz, 1H;
H1), 3.66 (dd, 3J(H,H)� 10.2, 5.6 Hz, 1 H; H6b), 2.93 (s, 1 H; OH), 1.68 ±
1.43 (m, 10 H; 5CH2); C40H47O6 (623.8): calcd C 77.02, H 7.59; found C 77.21,
H 7.45.


3,4,6-Tri-O-benzyl-b-dd-mannopyranosyl-1-cyclohexanol (14): The C-man-
nosides 7 and 14 were prepared according to the general procedure
outlined for 7, to give first glucal 3 (22 mg, 17%) and then a-C-mannoside 7
(22 mg, 13%) and b-C-mannoside 14 (32 mg, 19 %) after flash chromatog-
raphy (cyclohexane/EtOAc, 6:1 to 3:1). 14 : [a]22


D �ÿ1 (c� 1.0, chloro-
form); IR (neat): nÄ � 3550, 3456, 3053, 2963, 2862, 2304, 1454, 1265,
1102 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 7.55 ± 7.18 (m, 15 H; 3Ph), 4.95
(d, 2J(H,H)� 10.7 Hz, 1H; CHPh), 4.82 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh),
4.69 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.62 (d, 2J(H,H)� 12.0 Hz, 1H;
CHPh), 4.55 (d, 2J(H,H)� 10.7 Hz, 1H; CHPh), 4.54 (d, 2J(H,H)� 12.0 Hz,
1H; CHPh), 4.34 (dd, 3J(H,H)� 3.0, 0.5 Hz, 1H; H2), 3.95 (d, 3J(H,H)�
0.5 Hz, 1H; H1), 3.94 (dd, 3J(H,H)� 9.6, 9.2 Hz, 1H; H4), 3.79 (dd,
3J(H,H)� 10.5, 2.2 Hz, 1H; H6a), 3.74 (dd, 3J(H,H)� 10.5, 4.0 Hz, 1H;
H6b), 3.49 (dd, 3J(H,H)� 9.2, 3.0 Hz, 1H; H3), 3.43 (ddd, 3J(H,H)� 9.6,
4.0, 2.2 Hz, 1H; H5), 3.04 (s, 1H; OH), 2.83 (s, 1H; OH), 2.06 ± 1.19 (m,
10H; 5 CH2); MS (CI, isobutene): m/z� 533 [M�1], 515 [M�1ÿH2O], 497
[M�1ÿ 2H2O], 425 [M�1ÿBnOH], 407 [M�1ÿBnOHÿH2O], 389
[M�1ÿBnOHÿ 2H2O]; HR-MS (CI, isobutene) C33H41O6: calcd for
[M�1] 533.2904, found 533.2904.


3,4,6-Tri-O-benzyl-2-O-tert-butyldimethylsilyl-a-dd-mannopyranosyl-1-cy-
clohexanol (15): The C-mannoside 15 was prepared according to the
general procedure outlined for 7 with the exception of the desilylation step,
to give 15 as a colorless syrup (45 mg, 80%) after flash chromatography
(cyclohexane/EtOAc, 8:1). [a]22


D ��9 (c� 0.5, chloroform); IR (neat): nÄ �
3450, 3053, 2931, 2858, 2305, 1454, 1265, 1091 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 7.36 ± 7.22 (m, 15H; 3Ph), 4.63 (s, 4 H; 4CHPh), 4.51 (s, 2H;


2CHPh), 4.30 (dd, 3J(H,H)� 5.4, 2.5 Hz, 1H; H2), 4.20 (ddd, 3J(H,H)� 8.0,
5.4, 3.0 Hz, 1 H; H5), 3.82 (dd, 3J(H,H)� 10.0, 8.0 Hz, 1H; H6a), 3.81 (dd,
3J(H,H)� 6.7, 2.5 Hz, 1H; H3), 3.74 (dd, 3J(H,H)� 6.7, 3.0 Hz, 1H; H4),
3.62 (d, 3J(H,H)� 5.5 Hz, 1H; H1), 3.59 (dd, 3J(H,H)� 10.0, 5.4 Hz, 1H;
H6b), 1.80 ± 1.50 (m, 10H; 5CH2), 0.90 (s, 9 H; tBu), 0.20 (s, 3H; SiMe), 0.10
(s, 3H; SiMe); C39H54O6Si (646.9): calcd C 72.41, H 8.41; found C 72.52, H
8.47.


3,4,6-Tri-O-benzyl-2-O-tert-butyldimethylsilyl-a-dd-mannopyranosyl-1-cy-
clohexylmethanol (16): The C-mannoside 16 was prepared according to the
general procedure outlined for 7 with the exception of the desilylation step,
to give first the minor isomer (49 mg, 17%) and then the major isomer
(193 mg, 67 %) after flash chromatography (CH2Cl2:acetone, 200:1 to
150:1).
Major isomer : [a]22


D ��6.5 (c� 0.7, chloroform); IR (neat): nÄ � 3450, 2927,
2854, 1453, 1098 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 7.40 ± 7.20 (m, 15H;
3Ph), 4.69 (d, 2J(H,H)� 11.5 Hz, 1 H; CHPh), 4.55 (d, 2J(H,H)� 11.5 Hz,
1H; CHPh), 4.52 (s, 2H; 2CHPh), 4.48 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh),
4.44 (d, 2J(H,H)� 11.5 Hz, 1 H; CHPh), 4.12 (dd, 3J(H,H)� 7.8, 3.0 Hz,
1H; H2), 4.08 (ddd, 3J(H,H)� 7.4, 4.5, 2.9 Hz, 1H; H5), 3.83 (dd,
3J(H,H)� 10.0, 7.4 Hz, 1H; H6a), 3.84 (dd, 3J(H,H)� 7.8, 2.5 Hz, 1H;
H1), 3.69 (dd, 3J(H,H)� 4.5, 3.0 Hz, 1H; H3), 3.65 (dd, 3J(H,H)� 4.5,
4.5 Hz, 1 H; H4), 3.58 (dd, 3J(H,H)� 10.5, 4.5 Hz, 1H; H6b), 3.42 (m, 1H;
H7), 2.10 ± 1.89 (m, 2 H; CH2), 1.80 ± 1.16 (m, 9H; CH, 4CH2), 0.92 (s, 9H;
tBu), 0.13 (s, 3 H; SiMe), 0.08 (s, 3 H; SiMe); C40H56O6Si (661.0): calcd C
72.69, H 8.54; found C 72.86, H 8.55.
Minor isomer : [a]22


D ��2.5 (c� 0.6, chloroform); IR (neat): nÄ � 3450, 2926,
2854, 1496, 1453, 1252, 1096 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 7.35 ±
7.10 (m, 15 H; 3Ph), 4.65 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.64 (d,
2J(H,H)� 11.5 Hz, 1 H; CHPh), 4.52 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh),
4.50 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh), 4.49 (s, 2H; 2CHPh), 4.25 (dd,
3J(H,H)� 5.0, 2.5 Hz, 1H; H2), 3.89 (ddd, 3J(H,H)� 6.0, 4.0, 3.7 Hz, 1H;
H5), 3.82 (dd, 3J(H,H)� 6.7, 4.0 Hz, 1H; H4), 3.80 (dd, 3J(H,H)� 10.0,
6.0 Hz, 1H; H6a), 3.74 (dd, 3J(H,H)� 6.7, 2.5 Hz, 1H; H3), 3.73 (dd,
3J(H,H)� 6.7, 4.0 Hz, 1 H; H4), 3.65 (dd, 3J(H,H)� 10.0, 3.7 Hz, 1 H; H6b),
3.40 (dd, 3J(H,H)� 6.0, 1.5 Hz, 1 H; H7), 1.76 ± 1.15 (m, 11 H; CH, 5CH2),
0.88 (s, 9H; tBu), 0.08 (s, 3H; SiMe), 0.05 (s, 3H; SiMe); C40H56O6Si
(661.0): calcd C 72.69, H 8.54; found C 72.78, H 8.49.


3,4,6-Tri-O-benzyl-2-O-tert-butyldimethylsilyl-a-dd-mannopyranosyl-1-no-
nanol (17): The C-mannoside 17 was prepared according to the general
procedure outlined for 7 with the exception of the desilylation step, to give
first the minor isomer (23 mg, 13 %) and then the major isomer (105 mg,
58%) after flash chromatography (CH2Cl2:acetone, 200:1).
Major isomer : [a]22


D ��5.0 (c� 1.3, chloroform); IR (neat): nÄ � 3450, 3054,
2936, 2929, 2856, 2305, 1454, 1422, 1265, 1094 cmÿ1; 1H NMR (250 MHz,
CDCl3): d� 7.45 ± 7.25 (m, 15 H; 3Ph), 4.73 (d, 2J(H,H)� 11.8 Hz, 1H;
CHPh), 4.58 (4d, 2J(H,H)� 11.5 Hz, 4H; CHPh), 4.55 (d, 2J(H,H)�
11.8 Hz, 1 H; CHPh), 4.18 (dd, 3J(H,H)� 7.5, 2.3 Hz, 1H; H2), 4.10 (ddd,
3J(H,H)� 7.2, 5.2, 4.9 Hz, 1H; H5), 3.84 (dd, 3J(H,H)� 10.3, 7.2 Hz, 1H;
H6a), 3.74 (dd, 3J(H,H)� 7.5, 5.0 Hz, 1H; H1), 3.70 (dd, 3J(H,H)� 4.9,
4.9 Hz, 1H; H4), 3.67 (dd, 3J(H,H)� 10.3, 5.2 Hz, 1H; H6b), 3.66 (dd,
3J(H,H)� 4.9, 2.3 Hz, 1H; H3), 3.42 (m, 1H; H7), 1.80 ± 1.30 (m, 14H;
7CH2), 0.95 (s, 9 H; tBu), 0.86 (t, 3J(H,H)� 6.7 Hz, 3H; Me), 0.17 (s, 3H;
SiMe), 0.12 (s, 3H; SiMe); C42H62O6Si (691.0): calcd C 73.00, H 9.04; found
C 73.09, H 8.81.
Minor isomer : [a]22


D ��8.0 (c� 0.4, chloroform); IR (neat): nÄ � 3450, 3053,
2931, 2858, 2305, 1454, 1265, 1091 cmÿ1; 1H NMR (250 MHz, CDCl3): d�
7.40 ± 7.25 (m, 15H; 3Ph), 4.71 (d, 2J(H,H)� 11.5 Hz, 1 H; CHPh), 4.68 (d,
2J(H,H)� 11.5 Hz, 1 H; CHPh), 4.59 (d, 2J(H,H)� 11.5 Hz, 1 H; CHPh),
4.57 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh), 4.55 (s, 2H; 2CHPh), 4.29 (dd,
3J(H,H)� 5.8, 2.5 Hz, 1H; H2), 3.95 (ddd, 3J(H,H)� 6.5, 4.5, 4.5 Hz, 1H;
H5), 3.82 (dd, 3J(H,H)� 6.0, 4.5 Hz, 1 H; H4), 3.81 (dd, 3J(H,H)� 10.5,
6.5 Hz, 1 H; H6a), 3.75 (dd, 3J(H,H)� 6.0, 2.5 Hz, 1H; H3), 3.74 (dd,
3J(H,H)� 6.5, 5.8 Hz, 1 H; H4), 3.68 (dd, 3J(H,H)� 10.5, 4.5 Hz, 1H; H6b),
3.40 (dd, 3J(H,H)� 6.0, 1.5 Hz, 1H; H7), 1.40 ± 1.28 (m, 14H; 7CH2), 0.95
(s, 9H; tBu), 0.86 (t, 3J(H,H)� 6.7 Hz, 3H; Me), 0.14 (s, 3 H; SiMe), 0.12 (s,
3H; SiMe); C42H62O6Si (691.0): calcd C 73.00, H 9.04; found C 72.81, H
8.91.


3,4,6-Tri-O-benzyl-a-dd-manno-pyranosyl-1-nonanol, isopropylidene deriv-
atives (18a) and (18b): 1.0m Bu4NF in THF (0.16 mL, 0.16 mmol) was
added to a stirred solution of silyl ether 17 (major isomer, 27 mg,
0.039 mmol) dissolved in THF (1 mL) at 0 8C. The solution was stirred
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for 2 h at 0 8C and 1 h at 20 8C, ether was added, and the organic phase was
washed with water and brine, dried (Na2SO4), and evaporated to dryness.
The residue was redissolved in DMF (0.3 mL) and dimethoxypropane
(0.2 mL) and camphorsulfonic acid (CSA, 1.5 mg) was added. The solution
was stirred for 5 h at 20 8C, ether was added, and the organic phase was
washed with water (4 times) and brine, dried (Na2SO4), and evaporated to
dryness. Flash chromatography (cyclohexane/EtOAc, 15:1) gave the
corresponding isopropylidene derivative 18a (15 mg, 71 %) as a colorless
oil. In a similar manner, the minor isomer was converted to 18b in a 55%
overall yield.


18a : [a]22
D �ÿ8.7 (c� 0.7, chloroform); IR (neat): nÄ � 2924, 2855, 1453,


1222, 1095, 1074 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 7.44 ± 7.18 (m, 15H;
3Ph), 4.76 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 4.60 (d, 2J(H,H)� 12.4 Hz,
1H; CHPh), 4.50 (d, 2J(H,H)� 12.4 Hz, 1H; CHPh), 4.50 (s, 2H; 2CHPh),
4.49 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.20 (dd, 3J(H,H)� 7.0, 7.0 Hz, 1H;
H5), 4.09 (dd, 3J(H,H)� 5.5, 2.9 Hz, 1 H; H1), 4.09 (d, 3J(H,H)� 5.5 Hz,
1H; H2), 3.99 (ddd, 3J(H,H)� 10.3, 5.6, 2.9 Hz, 1H; H7), 3.92 (d,
3J(H,H)� 3.9 Hz, 1H; H3), 3.83 (dd, 3J(H,H)� 9.9, 7.0 Hz, 1 H; H6a),
3.69 (dd, 3J(H,H)� 9.9, 7.0 Hz, 1 H; H6b), 3.66 (d, 3J(H,H)� 3.9 Hz, 1H;
H4), 1.89 ± 1.61 (m, 2H; CH2), 1.57 ± 1.26 (m, 12H; 6CH2), 1.45 (s, 3 H; Me),
1.38 (s, 3H; Me), 0.90 (t, 3J(H,H)� 6.7 Hz, 3 H; Me); 13C NMR (50 MHz,
CDCl3): d� 138.8, 138.4, 138.1, 128.4, 128.3, 127.8, 127.7, 127.5, 127.4, 100.9,
75.9, 75.6, 75.4, 73.1, 73.0, 71.6, 71.3, 67.9, 67.1, 66.5, 32.0, 29.7, 29.4, 28.6,
26.3, 25.9, 25.4, 22.8, 14.3; C39H52O6Si (644.9): calcd C 75.94, H 8.50; found
C 76.21, H 8.57.


18b : [a]22
D ��3.0 (c� 0.4, chloroform); IR (neat): nÄ � 2924, 2856, 1454,


1380, 1259, 1201, 1072 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 7.40 ± 7.24 (m,
15H; 3Ph), 4.81 (d, 2J(H,H)� 12.3 Hz, 1H; CHPh), 4.58 (d, 2J(H,H)�
12.0 Hz, 1H; CHPh), 4.53 (d, 2J(H,H)� 11.0 Hz, 1H; CHPh), 4.51 (d,
2J(H,H)� 12.3 Hz, 1 H; CHPh), 4.50 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh),
4.48 (d, 2J(H,H)� 11.0 Hz, 1 H; CHPh), 4.19 (dd, 3J(H,H)� 7.2, 6.8 Hz,
1H; H5), 4.10 (dd, 3J(H,H)� 9.8, 2.8 Hz, 1 H, H2), 3.90 (dd, 3J(H,H)� 10.0,
6.8 Hz, 1H; H6a), 3.83 (dd, 3J(H,H)� 2.8, 2.8 Hz, 1H; H3), 3.77 (ddd,
3J(H,H)� 10.3, 5.6, 2.9 Hz, 1H; H7), 3.72 (dd, 3J(H,H)� 10.0, 7.2 Hz, 1H;
H6b), 3.66 (d, 3J(H,H)� 2.8 Hz, 1H; H4), 3.55 (dd, 3J(H,H)� 9.8, 9.8 Hz,
1H; H1), 1.84 (m, 2 H; CH2), 1.52 ± 1.27 (m, 12H; 6CH2), 1.54 (s, 3H; Me),
1.45 (s, 3H; Me), 0.90 (t, 3J(H,H)� 6.7 Hz, 3 H; Me); 13C NMR (50 MHz,
CDCl3): d� 138.9, 128.5, 128.4, 127.9, 127.7, 127.5, 99.5, 75.7, 75.4, 74.4, 73.5,
73.3, 72.3, 71.7, 70.2, 68.1, 66.7, 32.1, 32.0, 29.8, 29.5, 25.2, 22.8, 19.8, 15.4,
14.3; C39H52O6Si (644.9): calcd C 75.94, H 8.50; found C 76.22, H 8.19.


3,4,6-Tri-O-benzyl-2-O-trimethylsilyl-b-dd-glucopyranosyl 2-pyridyl sulfone
(19a): Chlorotrimethysilane (220 mL, 1.74 mmol) was added to a stirred
solution of sulfone 41 (500 mg, 0.87 mmol), triethylamine (485 mL,
3.47 mmol), and DMAP (2 mg) in CH2Cl2 (22 mL) at 0 8C, after which
the solution was warmed to 20 8C. The solution was stirred for 20 min,
diluted with CH2Cl2, washed with ice-cold water, dried (Na2SO4), and
evaporated to dryness. The crude product was purified by flash chroma-
tography (cyclohexane/EtOAc, 3:1) to give 562 mg (99 %) of 19a as a
colorless syrup. As compound 19a showed signs of facile hydrolysis of the
O ± Si bond, it was used immediately in the subsequent coupling step.
[a]22


D �ÿ54.5 (c� 1.5, chloroform); IR (neat): nÄ � 2953, 2904, 1453, 1428,
1366, 1336, 1250 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 8.70 (br d,
3J(H,H)� 4.7 Hz, 1 H; pyr), 8.03 (br d, 3J(H,H)� 7.6 Hz, 1H; pyr), 7.80
(dt, 3J(H,H)� 7.6, 1.8 Hz, 1H; pyr), 7.39 ± 7.04 (m, 16H; 3Ph, pyr), 4.98 (d,
2J(H,H)� 11.9 Hz, 1 H; CHPh), 4.89 (d, 2J(H,H)� 11.9 Hz, 1 H; CHPh),
4.83 (d, 3J(H,H)� 9.1 Hz, 1 H; H1), 4.67 (d, 2J(H,H)� 10.9 Hz, 1 H;
CHPh), 4.50 (d, 2J(H,H)� 10.9 Hz, 1 H; CHPh), 4.37 (dd, 3J(H,H)� 9.1,
8.5 Hz, 1H; H2), 4.21 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 4.12 (d,
2J(H,H)� 12.0 Hz, 1H; CHPh), 3.63 (dd, 3J(H,H)� 8.9, 5.5 Hz, 1H; H3),
3.56 (dd, 3J(H,H)� 9.0, 8.9 Hz, 1 H; H4), 3.49 ± 3.32 (m, 3H; H5, H6a,
H6b), 0.24 (s, 9H; SiMe3).


3,4,6-Tri-O-benzyl-2-O-tert-butyldimethylsilyl-b-dd-glucopyranosyl 2-pyrid-
yl sulfone (19b): TBSOTf (120 mL, 0.52 mmol) was added to a stirred
solution of sulfone 41 (202 mg, 0.35 mmol), triethylamine (98 mL,
0.72 mmol), and DMAP (2 mg) in CH2Cl2 (4 mL) at 0 8C, after which the
solution was left overnight at 4 8C. The solution was stirred for 20 min,
diluted with CH2Cl2, washed with ice-cold water, dried (Na2SO4), and
evaporated to dryness. The crude product was purified by flash chroma-
tography (heptane/EtOAc, 4:1) to afford 195 mg (81 %) of 19b as a
colorless syrup. [a]22


D �ÿ48.8 (c� 1.5, chloroform); IR (neat): nÄ � 2927,
2885, 2857, 1453, 1428, 1337, 1252 cmÿ1; 1H NMR (300 MHz, CDCl3): d�


8.70 (br d, 3J(H,H)� 4.7 Hz, 1H; pyr), 8.02 (br d, 3J(H,H)� 7.6 Hz, 1H;
pyr), 7.78 (dt, 3J(H,H)� 7.6, 1.8 Hz, 1 H; pyr), 7.37 ± 7.02 (m, 16 H; 3Ph, pyr),
4.94 (d, 2J(H,H)� 11.9 Hz, 1 H; CHPh), 4.90 (d, 3J(H,H)� 8.1 Hz, 1H;
H1), 4.85 (d, 2J(H,H)� 11.9 Hz, 1H; CHPh), 4.62 (d, 2J(H,H)� 10.9 Hz,
1H; CHPh), 4.46 (d, 2J(H,H)� 10.9 Hz, 1H; CHPh), 4.42 (dd, 3J(H,H)�
8.1, 7.7 Hz, 1 H; H2), 4.20 (d, 2J(H,H)� 12.2 Hz, 1 H; CHPh), 4.12 (d,
2J(H,H)� 12.2 Hz, 1H; CHPh), 3.64 (dd, 3J(H,H)� 7.7, 7.7 Hz, 1H; H3),
3.60 (dd, 3J(H,H)� 8.5, 7.7 Hz, 1 H; H4), 3.49 ± 3.27 (m, 3H; H5, H6a,
H6b), 0.94 (s, 3 H; tBu), 0.30 (s, 3H; SiMe), 0.07 (s, 3H; SiMe); MS (ES): m/
z� 690 [M�1]; HR-MS (ES) C38H48NO7SSi: calcd for [M�1] 690.2921,
found 690.2872.


3,4,6-Tri-O-benzyl-b-dd-glucopyranosyl-1-cyclohexanol (20): The C-gluco-
side 20 was prepared according to the general procedure outlined for 7, to
give 20 as a colorless syrup (28 mg, 57 %) and glucal 3 (8 mg, 21%) after
flash chromatography (heptane/EtOAc, 7:1 to 1:1). [a]22


D ��22.7 (c� 2.0,
chloroform); IR (neat): nÄ � 3426, 2928, 2858, 1453, 1095 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 7.37 ± 7.20 (m, 15H; 3Ph), 4.93 (d, 2J(H,H)�
11.6 Hz, 1H; CHPh), 4.81 (d, 2J(H,H)� 10.8 Hz, 1H; CHPh), 4.80 (d,
2J(H,H)� 11.6 Hz, 1 H; CHPh), 4.62 (d, 2J(H,H)� 10.8 Hz, 1 H; CHPh),
4.60 (d, 2J(H,H)� 12.2 Hz, 1H; CHPh), 4.55 (d, 2J(H,H)� 12.2 Hz, 1H;
CHPh), 3.77 (dd, 3J(H,H)� 9.1, 9.1 Hz, 1 H; H2), 3.70 (s, 1 H; H6a), 3.69 (s,
1H; H6b), 3.62 ± 3.52 (m, 2H; H3, H4), 3.43 (ddd, 3J(H,H)� 9.6, 3.2,
3.2 Hz, 1 H; H5), 3.11 (br s, 1H; OH), 3.02 (d, 3J(H,H)� 9.6 Hz, 1H; H1),
2.73 (br s, 1 H; OH), 1.87 ± 1.44 (m, 10H; 5CH2); MS (ES): m/z� 555
[M�Na]; HR-MS (ES) C33H40NaO6: calcd for [M�Na] 555.2723, found
555.2716.


3,4,6-Tri-O-benzyl-b-dd-glucopyranosyl-1-heptanol (21): The C-glucoside
21 was prepared according to the general procedure outlined for 7, to give
the 21 as an inseparable 7:2 epimeric mixture and as a colorless syrup
(22 mg, 43%) and glucal 3 (13 mg, 36%) after flash chromatography
(heptane/EtOAc, 6:1 to 1:1). The isomeric C-glycosides were then
subjected to standard O-acetylation conditions (Ac2O/pyridine) allowing
for their separation after flash chromatography (CH2Cl2).
Major isomer : [a]22


D ��37.8 (c� 0.58, chloroform); IR (neat): nÄ � 2927,
2859, 1744, 1370, 1242 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.37 ± 7.17 (m,
15H; 3Ph), 5.07 (dd, 3J(H,H)� 9.7, 9.7 Hz, 1H; H2), 4.93 (ddd, 3J(H,H)�
7.0, 7.0, 2.2 Hz, 1H; H7), 4.79 (d, 2J(H,H)� 11.3 Hz, 1H; CHPh), 4.78 (d,
2J(H,H)� 11.0 Hz, 1 H; CHPh), 4.62 (d, 2J(H,H)� 11.3 Hz, 1 H; CHPh),
4.61 (d, 2J(H,H)� 12.2 Hz, 1H; CHPh), 4.57 (d, 2J(H,H)� 11.0 Hz, 1H;
CHPh), 4.55 (d, 2J(H,H)� 12.2 Hz, 1 H; CHPh), 3.75 (dd, 3J(H,H)� 11.3,
2.2 Hz, 1H; H6a), 3.69 (dd, 3J(H,H)� 11.3, 4.7 Hz, 1 H; H6b), 3.69 ± 3.59
(m, 2H; H3, H4), 3.43 (ddd, 3J(H,H)� 8.3, 4.7, 2.2 Hz, 1H; H5), 3.39 (dd,
3J(H,H)� 9.7, 2.2 Hz, 1H; H1), 2.05 (s, 3H; OAc), 1.89 (s, 3 H; OAc), 1.77 ±
1.60 (m, 2 H; CH2), 1.30 ± 1.19 (m, 8H; 4CH2), 0.85 (t, 3J(H,H)� 6.8 Hz,
3H; Me); MS (ES): m/z� 655 [M�Na]; HR-MS (ES) C38H48NaO8: calcd
for [M�Na] 655.3247, found 655.3244.
Minor isomer : 1H NMR (300 MHz, CDCl3): d� 7.36 ± 7.16 (m, 15 H; 3Ph),
4.96 (dd, 3J(H,H)� 10.2, 9.2 Hz, 1H; H2), 4.83 (ddd, 3J(H,H)� 9.8, 9.8,
2.0 Hz, 1 H; H7), 4.80 (d, 2J(H,H)� 11.6 Hz, 1H; CHPh), 4.76 (d,
2J(H,H)� 11.0 Hz, 1 H; CHPh), 4.64 (d, 2J(H,H)� 11.6 Hz, 1 H; CHPh),
4.61 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.58 (d, 2J(H,H)� 11.0 Hz, 1H;
CHPh), 4.55 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 3.75 (dd, 3J(H,H)� 11.3,
2.5 Hz, 1H; H6a), 3.70 (dd, 3J(H,H)� 11.3, 3.6 Hz, 1 H; H6b), 3.67 ± 3.58
(m, 2 H; H3, H4), 3.46 (dd, 3J(H,H)� 10.2, 2.0 Hz, 1H; H1), 3.40 (ddd,
3J(H,H)� 9.8, 3.6, 2.5 Hz, 1 H; H5), 2.05 (s, 3H; OAc), 1.96 (s, 3 H; OAc),
1.76 ± 1.60 (m, 2H; CH2), 1.31 ± 1.19 (m, 8H; 4CH2), 0.85 (t, 3J(H,H)�
7.0 Hz, 3 H; Me); MS (ES): m/z� 655 [M�Na]; HR-MS (ES) C38H48NaO8:
calcd for [M�Na] 655.3247, found 655.3234.


3,4,6-Tri-O-benzyl-b-dd-glucopyranosyl-2-methylpropanol (22): The C-glu-
coside 22 was prepared according to the general procedure outlined for 7, to
give 22 as an inseparable 3:2 epimeric mixture and as a colorless syrup
(23 mg, 55%) and glucal 3 (7.5 mg, 22 %) after flash chromatography
(heptane/EtOAc, 6:1 to 1:1). The known isomeric C-glycosides[12d] were
then subjected to standard O-acetylation conditions (Ac2O/pyridine)
allowing for their separation after flash chromatography (CH2Cl2/acetone,
40:1 to 10:1).
Major isomer : 1H NMR (300 MHz, CDCl3): d� 7.37 ± 7.19 (m, 15 H; 3Ph),
4.95 (d, 3J(H,H)� 11.8 Hz, 1H; CHPh), 4.82 (d, 2J(H,H)� 11.2 Hz, 1H;
CHPh), 4.79 (d, 2J(H,H)� 11.8 Hz, 1H; CHPh), 4.59 (d, 2J(H,H)� 11.2 Hz,
1H; CHPh), 4.56 (d, 2J(H,H)� 12.2 Hz, 1 H; CHPh), 4.51 (d, 2J(H,H)�
12.2 Hz, 1 H; CHPh), 3.77 (dd, 3J(H,H)� 9.4, 9.3 Hz, 1 H; H2), 3.70 (s, 1H;
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H6a), 3.69 (s, 1H; H6b), 3.58 (dd, 3J(H,H)� 9.3, 8.9 Hz, 1 H; H3), 3.53 (dd,
3J(H,H)� 9.3, 8.9 Hz, 1H; H4), 3.45 (ddd, 3J(H,H)� 9.3, 3.2, 3.2 Hz, 1H;
H5), 3.40 (d, 3J(H,H)� 8.2 Hz, 1H; H7), 3.28 (dd, 3J(H,H)� 9.4, 1.9 Hz,
1H; H1), 2.42 (br s, 1H; OH), 1.87 (m, 1 H; CHMe2), 1.03 (d, 3J(H,H)�
6.6 Hz, 3 H; Me), 0.90 (d, 3J(H,H)� 6.6 Hz, 3H; Me).
Minor isomer : 1H NMR (300 MHz, CDCl3): d� 7.37 ± 7.18 (m, 15 H; 3Ph),
4.92 (d, 2J(H,H)� 11.3 Hz, 1H; CHPh), 4.82 (d, 2J(H,H)� 11.3 Hz, 1H;
CHPh), 4.81 (d, 2J(H,H)� 11.1 Hz, 1 H; CHPh), 4.59 (d, 2J(H,H)� 12.3 Hz,
1H; CHPh), 4.58 (d, 2J(H,H)� 11.1 Hz, 1H; CHPh), 4.52 (d, 2J(H,H)�
12.3 Hz, 1 H; CHPh), 3.74 ± 3.63 (m, 4H; H2, H6a, H6b, H7), 3.61 (dd,
3J(H,H)� 9.0, 9.0 Hz, 1 H; H3), 3.56 (dd, 3J(H,H)� 9.2, 9.0 Hz, 1 H; H4),
3.42 (ddd, 3J(H,H)� 9.2, 3.2, 3.2 Hz, 1H; H5), 3.19 (dd, 3J(H,H)� 9.3,
7.5 Hz, 1H; H1), 3.16 (br s, 1 H; OH), 2.72 (br s, 1H; OH), 2.10 (m, 1H;
CHMe2), 0.99 (d, 3J(H,H)� 7.0 Hz, 3H; Me), 0.91 (d, 3J(H,H)� 7.0 Hz,
3H; Me).


3,4,6-Tri-O-benzyl-2-O-trimethylsilyl-b-dd-galactopyranosyl 2-pyridyl sul-
fone (23a): TMSCl (40 mL, 0.29 mmol) was added to a stirred solution of
3,4,6-tri-O-benzyl-b-d-galactopyranosyl 2-pyridyl sulfone (110 mg,
0.19 mmol),[10] triethylamine (55 mL, 0.38 mmol), and DMAP (2 mg) in
CH2Cl2 (3 mL) at 0 8C, after which the solution was warmed to 20 8C. The
solution was stirred for 20 min, diluted with CH2Cl2, washed with ice-cold
water, dried (Na2SO4), and evaporated to dryness. The crude product was
purified by flash chromatography (cyclohexane/EtOAc, 2:1) to give 119 mg
(97 %) of 23 a as a colorless syrup. As compound 23a showed signs of facile
hydrolysis of the O ± Si bond, it was used immediately in the subsequent
coupling step. 1H NMR (300 MHz, CDCl3): d� 8.67 (br d, 3J(H,H)�
4.8 Hz, 1 H; pyr), 8.07 (br d, 3J(H,H)� 7.5 Hz, 1H; pyr), 7.82 (dt,
3J(H,H)� 7.5, 1.8 Hz, 1H; pyr), 7.43 ± 7.11 (m, 16H; 3Ph, pyr), 4.92 ± 4.68
(m, 5 H; H1, H2, 3CHPh), 4.48 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh), 4.17 (s,
2H; 2CHPh), 3.87 (d, 3J(H,H)� 3.1 Hz, 1 H; H4), 3.60 (dd, 3J(H,H)� 5.8,
5.8 Hz, 1 H; H5), 3.55 (dd, 3J(H,H)� 8.1, 3.1 Hz, 1 H; H3), 3.39 (dd,
3J(H,H)� 10.1, 5.8 Hz, 1H; H6a), 3.29 (dd, 3J(H,H)� 10.1, 5.8 Hz, 1H;
H6b), 0.28 (s, 9 H; 3SiMe); 13C NMR (50 MHz, CDCl3) d� 155.9, 149.8,
138.3, 137.6, 137.2, 128.3, 128.2, 127.6, 127.5, 127.4, 127.2, 126.8, 123.7, 90.6,
83.9, 78.2, 74.2, 73.0, 72.6, 72.2, 68.4, 67.1, 53.4, 0.5.


3,4,6-Tri-O-benzyl-2-O-tert-butyldimethylsilyl-b-dd-galactopyranosyl 2-pyr-
idyl sulfone (23b): TBSCl (180 mg, 1.20 mmol) was added to a stirred
solution of 3,4,6-tri-O-benzyl-b-d-galactopyranosyl 2-pyridyl sulfone
(86 mg, 0.15 mmol),[10] and imidazole (20 mg, 0.30 mmol) in DMF
(0.2 mL) after which the solution was left overnight at 55 8C. The solution
was diluted with CH2Cl2, washed 4 times with water, dried (Na2SO4), and
evaporated to dryness. The crude product was purified by flash chroma-
tography (cyclohexane/EtOAc, 6:1 to 3:1) to afford 93 mg (90 %) of 19b as
a colorless syrup. [a]22


D �ÿ58.9 (c� 1.9, chloroform); IR (neat): nÄ � 3054,
2987, 1422, 1266 cmÿ1; 1H NMR (200 MHz, CDCl3): d� 8.70 (br d,
3J(H,H)� 4.7 Hz, 1 H; pyr), 8.02 (br d, 3J(H,H)� 7.6 Hz, 1H; pyr), 7.78
(dt, 3J(H,H)� 7.6, 1.8 Hz, 1H; pyr), 7.37 ± 7.02 (m, 16H; 3Ph, pyr), 4.94 (d,
2J(H,H)� 11.5 Hz, 1H; CHPh), 4.84 (d, 3J(H,H)� 8.1 Hz, 1H; H1), 4.77
(d, 2J(H,H)� 12.5 Hz, 1 H; CHPh), 4.76 (dd, 3J(H,H)� 8.1, 8.1 Hz, 1H;
H2), 4.67 (d, 2J(H,H)� 12.5 Hz, 1 H; CHPh), 4.48 (d, 2J(H,H)� 11.5 Hz,
1H; CHPh), 4.11 (s, 2H; 2CHPh), 3.86 (d, 3J(H,H)� 3.2 Hz, 1H; H4), 3.56
(dd, 3J(H,H)� 6.0, 6.0 Hz, 1 H; H5), 3.53 (dd, 3J(H,H)� 8.1, 3.2 Hz, 1H;
H3), 3.36 (dd, 3J(H,H)� 10.1, 6.0 Hz, 1 H; H6a), 3.32 (dd, 3J(H,H)� 10.1,
6.0 Hz, 1 H; H6b), 0.97 (s, 3 H; tBu), 0.33 (s, 3H; SiMe), 0.13 (s, 3H; SiMe);
13C NMR (50 MHz, CDCl3): d� 155.4, 149.7, 138.3, 137.6, 137.5, 137.2, 128.3,
128.2, 128.1, 127.6, 127.5, 127.4, 126.8, 123.7, 90.6, 84.3, 78.3, 74.3, 73.0, 72.7,
72.1, 68.6, 67.0, 26.0, 18.2, ÿ3.6, ÿ4.2; C38H47NO7SSi (690.0): calcd C 66.15,
H 6.87; found C 66.24, H 6.77.


3,4,6-Tri-O-benzyl-b-dd-galactopyranosyl-1-cyclohexanol (24): The C-gal-
actoside 24 was prepared from pyridyl sulfone 23a according to the general
procedure outlined for 7, to give 20 as a colorless syrup (19 mg, 25%) and
tribenzylgalactal (21 mg, 35%) after flash chromatography (cyclohexane/
EtOAc, 7:1 to 1:1). [a]22


D ��27.1 (c� 1.5, chloroform); IR (neat): nÄ � 3426,
2928, 2858, 1453, 1095 cmÿ1; 1H NMR (200 MHz, CDCl3): d� 7.37 ± 7.27 (m,
15H; 3Ph), 4.87 (d, 2J(H,H)� 11.5 Hz, 1 H; CHPh), 4.76 (d, 2J(H,H)�
12.0 Hz, 1H; CHPh), 4.60 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 4.53 (d,
2J(H,H)� 11.5 Hz, 1 H; CHPh), 4.50 (s, 2H; 2CHPh), 4.22 (dd, 3J(H,H)�
9.3, 9.3 Hz, 1 H; H2), 4.10 (d, 3J(H,H)� 3.0 Hz, 1 H; H4), 3.66 ± 3.57 (m,
3H; H5, H6a, H6b), 3.48 (dd, 3J(H,H)� 9.3, 3.0 Hz, 1H; H3), 3.05 (d,
3J(H,H)� 9.3 Hz, 1 H; H1), 3.00 (br s, 1H; OH), 1.88 ± 1.40 (m, 10H;
5CH2); MS (CI, NH3) m/z� 550 [M�18], 515 [M�1ÿH2O]; MS (ES): m/


z� 555 [M�Na]: HR-MS (ES) C33H41O6: calcd for [M�1] 533.2904, found
533.2859.


2,3,4,6-Tetra-O-benzyl-b-dd-mannopyranosyl 2-pyridyl sulfone (25): BF3/
Et2O (12 mL, 0.094 mmol) was added to a solution of trichloroimidate 27
(323 mg, 0.47 mmol) and 2-mercaptopyridine (157 mg, 1.41 mmol) in
CH2Cl2 (20 mL) at ÿ15 8C. The solution was stirred for 2 h at ÿ15 8C,
evaporated to dryness, and the crude product was purified by flash
chromatography (cyclohexane/EtOAc, 8:1 to 5:1) to give first the a-sulfide
28 (130 mg, 43 %) and then the b-sulfide 29 (161 mg, 54%). Product 29 was
redissolved in CH2Cl2 (3 mL) and cooled to 0 8C. To this solution was first
added NaHCO3 (149 mg, 1.78 mmol) and then MCPBA of approximately
80% purity (133 mg, 5.08 mmol). The mixture was warmed to 20 8C, and
then stirred for 4 h, after which it was diluted with CH2Cl2 and washed
consecutively with a 50% saturated solution of Na2S2O3, saturated
NaHCO3, and brine. The organic phase was dried (Na2SO4) and
concentrated to dryness in vacuo. Flash chromatography (cyclohexane/
EtOAc, 2:1) gave 25 (54 mg, 32%) as a colorless syrup. [a]22


D �ÿ84.2 (c�
1.5, chloroform); IR (neat): nÄ � 3061, 3030, 2909, 2868, 1458, 1362,
1330 cmÿ1; 1H NMR (250 MHz, CDCl3): d� 8.57 (d, 3J(H,H)� 4.5 Hz,
1H; pyr), 8.03 (d, 3J(H,H)� 7.5 Hz, 1 H; pyr), 7.67 (dt, 3J(H,H)� 7.5,
1.5 Hz, 1 H; pyr), 7.48 ± 7.09 (m, 21H, 4Ph; pyr), 5.03 (d, 2J(H,H)� 11.0 Hz,
1H; CHPh), 4.97 (d, 2J(H,H)� 11.0 Hz, 1H; CHPh), 4.97 (d, 3J(H,H)�
1.0 Hz, 1 H; H1), 4.89 (d, 2J(H,H)� 11.0 Hz, 1 H; CHPh), 4.79 (dd,
3J(H,H)� 2.5, 1.0 Hz, 1H; H2), 4.73 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh),
4.62 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.59 (d, 2J(H,H)� 11.0 Hz, 1H;
CHPh), 4.42 (d, 2J(H,H)� 11.5 Hz, 1H; CHPh), 4.30 (d, 2J(H,H)� 11.5 Hz,
1H; CHPh), 4.02 (dd, 3J(H,H)� 9.0, 9.0 Hz, 1 H; H4), 3.72 (s, 2H; H6a,
H6b), 3.67 (dd, 3J(H,H)� 9.0, 2.5 Hz, 1H; H3), 3.48 (ddd, 3J(H,H)� 9.0,
3.8, 3.8 Hz, 1 H; H5); MS (ES): m/z� 666 [M�1]; HR-MS (ES)
C39H40NO7S: calcd for [M�1] 666.2525, found 666.2481.


2-Deoxy-3,4,6-tri-O-benzyl-b-dd-glucopyranosyl 2-pyridyl sulfone (45):
Tributylphosphine (430 mL, 1.73 mmol) was added to a stirred solution of
2-deoxy-3,4,6-tri-O-benzyl-d-glucopyranose (625 mg, 1.44 mmol)[47] and
2,2'-dipyridyl disulfide (348 mg, 1.58 mmol) in CH2Cl2. The yellow solution
was stirred for 1 h at 20 8C, after which it was evaporated to dryness.
Purification of the crude product by flash chromatography (heptane/
EtOAc, 4:1) afforded first the b-glucosyl pyridylsufide (489 mg) and then
the corresponding a anomer (80 mg). The b-sulfide was then redissolved in
CH2Cl2 (25 mL) and cooled to 0 8C. To this solution was first added
NaHCO3 (539 mg, 6.44 mmol) and then MCPBA of approximately 80%
purity (606 mg, 2.86 mmol). The mixture was stirred for 4 h at 0 8C and then
for 1 h at 20 8C, after which it was diluted with CH2Cl2 and washed
consecutively with a 50% saturated solution of Na2S2O3, saturated
NaHCO3, and brine. The organic phase was dried with Na2SO4 and
concentrated to dryness in vacuo. Flash chromatography (heptane/EtOAc,
3:2) gave 45 (453 mg, 87 %) as a colorless solid. Recrystallization from
heptane/EtOAc afforded colorless needles. M.p.: 99 ± 101 8C; [a]22


D ��16.9
(c� 1.5, chloroform); IR (neat): nÄ � 2867, 1497, 1453, 1321, 1105 cmÿ1; 1H
NMR (300 MHz, CDCl3): d� 8.73 (dd, 3J(H,H)� 4.7, 2.2 Hz, 1 H; pyr), 8.11
(br d, 3J(H,H)� 7.8 Hz, 1H; pyr), 7.84 (dt, 3J(H,H)� 7.8, 2.2 Hz, 1H; pyr),
7.46 (br dd, 3J(H,H)� 7.8, 4.7 Hz, 1H; pyr), 7.37 ± 7.10 (m, 15H; 3Ph), 4.91
(dd, 3J(H,H)� 12.3, 2.2 Hz, 1 H; H1), 4.90 (d, 2J(H,H)� 11.2 Hz, 1H;
CHPh), 4.77 (d, 2J(H,H)� 11.7 Hz, 1H; CHPh), 4.62 (d, 2J(H,H)� 11.7 Hz,
1H; CHPh), 4.57 (d, 2J(H,H)� 11.2 Hz, 1H; CHPh), 4.32 (d, 2J(H,H)�
12.0 Hz, 1H; CHPh), 4.24 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 3.76 (ddd,
3J(H,H)� 11.3, 8.5, 5.1 Hz, 1H; H3), 3.58 (s, 1 H; H6a), 3.57 (s, 1H; H6b),
3.49 (dd, 3J(H,H)� 9.6, 8.5 Hz, 1H; H4), 3.41 (ddd, 3J(H,H)� 9.6, 3.3,
3.3 Hz, 1H; H5), 2.80 (ddd, 3J(H,H)� 12.6, 5.1, 2.2 Hz, 1 H; H2eq), 2.05
(ddd, 3J(H,H)� 12.6, 11.3, 11.2 Hz, 1H; H2ax); C32H33NO6S (559.7): calcd
C 68.67, H 5.94, N 2.50; found C 68.54, H 6.01, N 2.55.


2-Deoxy-3,4,6-tri-O-acetyl-dd-glucopyranosyl 2-pyridyl sulfone (46): Gas-
eous HCl was bubbled through a solution of triacetylglucal (1.32 g,
3.17 mmol) in toluene (10 mL) for 20 min at 0 8C and then left to stir for
another 30 min. Argon was bubbled through the solution for 45 min at 0 8C,
after which the solution was concentrated under vacuum to half volume.
Then CH2Cl2 (5 mL) was added followed by diisopropylethylamine
(0.83 mL, 4.76 mmol) and 2-mercaptopyridine (528 mg, 4.76 mmol), and
the solution was left to stir overnight. Further addition of CH2Cl2, washing
with water, drying (Na2SO4), and evaporation under vacuum afforded the
crude pyridylsulfide which was purified by flash chromatography (heptane/
EtOAc, 3:2) giving 1.57 g (84 %) of a colorless syrup. The pyridylsulfide
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was then oxidized according to the general procedure outlined for 45, to
give 46 as a colorless syrup (a :b, 2:3) in 72% yield (427 mg) after flash
chromatography (heptane/EtOAc, 2:1).
b anomer : [a]22


D ��29.4 (c� 1.5, chloroform); IR (neat): nÄ � 2960, 2885,
1745, 1429, 1368, 1325, 1230 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 8.79
(br d, 3J(H,H)� 4.7 Hz, 1 H; pyr), 8.11 (br d, 3J(H,H)� 7.9 Hz, 1 H; pyr),
7.99 (dt, 3J(H,H)� 7.9, 1.8 Hz, 1H; pyr), 7.59 (ddd, 3J(H,H)� 7.9, 4.7, 1.2 Hz,
1H; pyr), 5.11 (ddd, 3J(H,H)� 11.6, 9.6, 5.2 Hz, 1 H; H3), 5.04 (dd,
3J(H,H)� 12.1, 2.3 Hz, 1 H; H1), 4.98 (dd, 3J(H,H)� 9.6, 9.6 Hz, 1H; H4),
4.08 (dd, 3J(H,H)� 12.4, 5.8 Hz, 1H; H6a), 3.96 (dd, 3J(H,H)� 12.4,
2.5 Hz, 1 H; H6b), 3.60 (ddd, 3J(H,H)� 9.6, 5.2, 2.5 Hz, 1H; H5), 2.70 (ddd,
3J(H,H)� 12.7, 5.2, 2.3 Hz, 1 H; H2eq), 2.18 (ddd, 3J(H,H)� 12.7, 12.1,
11.6 Hz, 1H; H2ax), 2.06, 2.05, 2.02, 1.96, 1.91, (5s, 15H; OAc). Charac-
terisic peaks for the a anomer were found at d� 8.81 (br d, 3J(H,H)�
4.7 Hz, 1H; pyr), 8.15 (br d, 3J(H,H)� 7.9 Hz, 1H; pyr), 8.00 (dt, 3J(H,H)�
7.9, 1.8 Hz, 1H; pyr), 7.60 (ddd, 3J(H,H)� 7.9, 4.7, 1.2 Hz, 1 H; pyr), 5.57
(ddd, 3J(H,H)� 10.0, 8.0, 5.2 Hz, 1 H; H3), 5.49 (dd, 3J(H,H)� 7.1, 3.2 Hz,
1H; H1), 4.99 (dd, 3J(H,H)� 9.6, 8.0 Hz, 1 H; H4), 4.66 (ddd, 3J(H,H)�
9.6, 5.0, 2.5 Hz, 1H; H5), 4.18 (dd, 3J(H,H)� 12.5, 5.5 Hz, 1H; H6a), 3.89
(dd, 3J(H,H)� 12.5, 2.5 Hz, 1H; H6b), 3.00 (ddd, 3J(H,H)� 15.0, 5.2,
3.2 Hz, 1H; H2eq), 2.27 (ddd, 3J(H,H)� 15.0, 8.0, 7.1 Hz, 1 H; H2ax); MS
(ES): m/z� 416 [M�1].


2-Deoxy-3,4,6-tri-O-benzyl-b-dd-galactopyranosyl 2-pyridyl sulfone (47):
Sulfone 47 was prepared in an analogous fashion to 45. Recrystallization
from heptane/EtOAc afforded the b-sulfone as colorless needles. M.p.:
131 ± 132 8C; [a]22


D �ÿ43.9 (c� 1.1, chloroform); IR (neat): nÄ � 3054, 2987,
1422, 1266 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 8.72 (dd, 3J(H,H)� 4.7,
2.2 Hz, 1H; pyr), 8.13 (d, 3J(H,H)� 7.8 Hz, 1H; pyr), 7.87 (dt, 3J(H,H)�
7.8, 2.2 Hz, 1 H; pyr), 7.47 (dd, 3J(H,H)� 7.8, 4.7 Hz, 1 H; pyr), 7.38 ± 7.10
(m, 15 H; 3Ph), 4.95 (m, 1 H; H1), 4.94 (d, 2J(H,H)� 11.3 Hz, 1H; CHPh),
4.71 (d, 2J(H,H)� 12.5 Hz, 1H; CHPh), 4.58 (d, 2J(H,H)� 11.3 Hz, 1H;
CHPh), 4.57 (d, 2J(H,H)� 12.5 Hz, 1H; CHPh), 4.24 (s, 2H; CHPh), 3.82
(dd, 3J(H,H)� 2.7 Hz, 1H; H4), 3.67 (ddd, 3J(H,H)� 11.0, 5.0, 2.7 Hz, 1H;
H3), 3.57 ± 3.40 (m, 3H; H5, H6a, H6b), 2.56 ± 2.02 (m, 2H; H2ax, H2eq);
C32H33NO6S (559.7): calcd C 68.67, H 5.94; found C 68.63, H 5.97.


2-Deoxy-3,4,6-tri-O-benzyl-dd-glucopyranosyl-1-cyclohexanol (49): The 2-
deoxy-C-glucosides 49 were prepared according to the general procedure
outlined for 7 with the exception of the desilylation step, to give 49 as an
inseparable 1:1 mixture of a and b anomers as a colorless syrup (38 mg,
82%) after flash chromatography (heptane/EtOAc, 7:1 to 2:1). IR (neat):
nÄ � 3419, 2932, 2859, 1453, 1364, 1268 cmÿ1; 1H NMR (300 MHz, CDCl3):
d� 7.37 ± 7.20 (m, 30H; 3Ph), 4.91 (d, 2J(H,H)� 12.0 Hz, 1H; b-CHPh),
4.71 (d, 2J(H,H)� 11.6 Hz, 1H; b-CHPh), 4.62 (d, 2J(H,H)� 11.6 Hz, 1H;
b-CHPh), 4.59 (d, 2J(H,H)� 11.1 Hz, 1H; b-CHPh), 4.58 (d, 2J(H,H)�
12.3 Hz, 1H; a- or b-CHPh), 4.55 (s, 2H; a- or b-CH2Ph), 4.53 (d,
2J(H,H)� 12.3 Hz, 1 H; a- or b-CHPh), 4.50 (s, 2H; CH2Ph), 4.49 (d,
2J(H,H)� 12.0 Hz, 1H; a-CHPh), 4.44 (d, 2J(H,H)� 12.0 Hz, 1H; a-
CHPh), 4.22 (ddd, 3J(H,H)� 7.0, 6.3, 3.0 Hz, 1 H; a-H5), 3.83 (dd,
3J(H,H)� 10.3, 7.0 Hz, 1H; a-H6a), 3.83 (m, 1H; a-H3), 3.73, 3.71 (2s,
2H; b-H6a, b-H6b), 3.67 (dd, 3J(H,H)� 10.3, 6.3 Hz, 1H; a-H6b), 3.66
(ddd, 3J(H,H)� 11.6, 8.2, 5.1 Hz, 1 H; b-H3), 3.64 (dd, 3J(H,H)� 11.4,
3.3 Hz, 1H; a-H1), 3.49 (dd, 3J(H,H)� 3.0, 2.8, 1 H; a-H4), 3.47 (dd,
3J(H,H)� 9.8, 8.2, 1H; b-H4), 3.40 (ddd, 3J(H,H)� 9.8, 3.2, 3.2 Hz, 1H; b-
H5), 3.16 (dd, 3J(H,H)� 12.0, 2.1 Hz, 1 H; b-H1), 2.18 (ddd, 3J(H,H)� 12.8,
5.1, 2.1 Hz, 1 H; b-H2eq), 2.07 (ddd, 3J(H,H)� 14.0, 11.5, 3.4 Hz, 1H; a-
H2eq), 1.73 (ddd, 3J(H,H)� 14.0, 3.3, 3.3 Hz, 1 H; a-H2ax), 1.61 (ddd,
3J(H,H)� 12.8, 12.0, 11.6 Hz, 1H; b-H2ax), 1.79 ± 1.19 (m, 22 H; 10CH2,
2OH); MS (EI) m/z� 516 [M]; HR-MS (EI) C33H40O5: calcd for [M]
516.2877, found 516.2915.


2-Deoxy-3,4,6-tri-O-acetyl-dd-glucopyranosyl-1-cyclohexanol (50): The C-
glucosides 50 were prepared according to the general procedure outlined
for 7 with the exception of the desilylation step, to give 50 as an inseparable
1:1 mixture of a and b anomers as a colorless syrup (30.2 mg, 88%) after
flash chromatography (heptane/EtOAc, 4:1 to 3:1). IR (neat): nÄ � 3522,
2936, 2859, 1743, 1368, 1232 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 5.12
(ddd, 3J(H,H)� 4.0, 4.0, 4.0 Hz, 1H; a-H3), 4.99 (ddd, 3J(H,H)� 11.3, 9.3,
5.2 Hz, 1 H; b-H3), 4.89 (dd, 3J(H,H)� 9.3, 9.3 Hz, 1H; b-H4), 4.71 (dd,
3J(H,H)� 4.0, 2.9 Hz, 1 H; a-H4), 4.61 (dd, 3J(H,H)� 11.7, 8.3 Hz, 1H; a-
H6a), 4.20 (dd, 3J(H,H)� 12.3, 5.1 Hz, 1H; b-H6a), 4.18 (m, 1 H; a-H5),
4.07 (dd, 3J(H,H)� 12.3, 2.4 Hz, 1 H; b-H6b), 4.06 (dd, 3J(H,H)� 11.7,
4.5 Hz, 1H; a-H6b), 3.61 (dd, 3J(H,H)� 10.3, 3.2 Hz, 1 H; a-H1), 3.56 (ddd,


3J(H,H)� 9.3, 5.1, 2.4 Hz, 1H; b-H5), 3.27 (dd, 3J(H,H)� 11.7, 2.2 Hz, 1H;
b-H1), 2.12 ± 1.98 (m, 2H; a-H2eq, b-H2eq), 2.07, 2.06, 2.05, 2.04, 2.01, 2.00
(6s, 18H; 6OAc), 1.75 ± 1.16 (m, 24 H; 10CH2, a-H2ax, b-H2ax, 2OH); MS
(EI) m/z� 372 [M]; HR-MS (EI) C18H28O8: calcd for [M] 372.1784, found
372.1797.


2-Deoxy-3,4,6-tri-O-benzyl-dd-galactopyranosyl-1-cyclohexanol (51): The
2-deoxy-C-galactosides 51 were prepared according to the general proce-
dure outlined for 7 with the exception of the desilylation step, to give 51 as
an inseparable 1:1 mixture of a and b anomers as a colorless syrup (32 mg,
86%) after flash chromatography (cyclohexane/EtOAc, 3:1). IR (neat):
nÄ � 3420, 2932, 2859, 1453, 1364 cmÿ1; 1H NMR (300 MHz, CDCl3): d�
7.43 ± 7.24 (m, 30H; 3Ph), 5.00 (d, 2J(H,H)� 11.6 Hz, 1H; b-CHPh), 4.73 (d,
2J(H,H)� 11.8 Hz, 1H; a-CHPh), 4.64 ± 4.44 (m, 10H; 10CHPh), 4.22
(ddd, 3J(H,H)� 9.2, 5.9, 2.2 Hz, 1 H; a-H5), 4.18 (dd, 3J(H,H)� 10.3,
7.0 Hz, 1 H; a-H6a), 3.96 (m, 1H; a-H4), 3.82 (d, 3J(H,H)� 2.5 Hz, 1 H; b-
H4), 3.82 (dd, 3J(H,H)� 11.5, 2.3 Hz, 1H; a-H1), 3.73 ± 3.57 (m, 4H; b-H3,
b-H5, b-H6a, b-H6b), 3.66 (dd, 3J(H,H)� 11.3, 2.2 Hz, 1 H; a-H6b), 3.62
(m, 1 H; a-H3), 3.24 (dd, 3J(H,H)� 11.5, 2.3 Hz, 1H; b-H1), 2.08 (dd,
3J(H,H)� 11.8, 11.8 Hz, 1 H; b-H2ax), 1.86 (ddd, 3J(H,H)� 13.8, 4.3,
2.6 Hz, 1 H; a-H2ax), 1.83 ± 1.17 (m, 24 H; a-H2eq, b-H2eq, 10CH2,
2OH); 13C NMR (50 MHz, CDCl3): d� 132.1, 132.0, 131.8, 131.5, 131.2,
131.1, 131.0, 85.6, 82.9, 81.4, 81.1, 80.8, 80.1, 79.0, 76.9, 76.3, 75.8, 74.8, 73.8,
73.7, 73.2, 70.4, 38.6, 38.1, 36.2, 36.0, 32.3, 29.7, 25.3; MS (CI, NH3) m/z� 534
[M�18], 517 [M�1], 499 [M�1ÿH2O]; MS (ES): m/z� 539 [M�Na]; HR-
MS (ES) C33H41O5: calcd for [M�1] 517.2955, found 517.2909.


2-Deoxy-2-methoxymethyl-3,4,6-tri-O-benzyl-dd-glucopyranosyl-1-cyclo-
hexanol (52): The 2-deoxy-C-glucosides 52 were prepared according to the
general procedure outlined for 7 with the exception of the desilylation step,
to give 52 as an inseparable 4:1 mixture of a and b anomers (8 mg, 73%)
after flash chromatography (heptane/EtOAc, 4:1 to 3:1). IR (neat): nÄ �
3419, 2928, 2859, 1744, 1428, 1270 cmÿ1; MS (ES): m/z� 583 [M�Na]; HR-
MS (ES) C35H44NaO6: calcd for [M�Na] 583.3036, found 583.3043.
b anomer : 1H NMR (300 MHz, CDCl3): d� 7.37 ± 7.22 (m, 15H; 3Ph), 4.92
(d, 2J(H,H)� 11.4 Hz, 1H; CHPh), 4.78 (d, 2J(H,H)� 11.2 Hz, 1H; CHPh),
4.64 (d, 2J(H,H)� 12.4 Hz, 1H; CHPh), 4.63 (d, 2J(H,H)� 11.2 Hz, 1H;
CHPh), 4.59 (d, 2J(H,H)� 11.4 Hz, 1 H; CHPh), 4.57 (d, 2J(H,H)� 12.4 Hz,
1H; CHPh), 3.81 (br s, 1H; OH), 3.73 (dd, 3J(H,H)� 11.2, 3.9 Hz, 1H;
H6a), 3.69 (dd, 3J(H,H)� 11.2, 2.6 Hz, 1H; H6b), 3.66 (dd, 3J(H,H)� 9.8,
2.5 Hz, 1 H; H2'a), 3.61 (dd, 3J(H,H)� 9.6, 8.4 Hz, 1 H; H4), 3.59 (dd,
3J(H,H)� 9.8, 6.2 Hz, 1 H; H2'b), 3.43 (dd, 3J(H,H)� 10.3, 8.4 Hz, 1H;
H3), 3.36 (ddd, 3J(H,H)� 9.6, 3.9, 2.6 Hz, 1H; H5), 3.26 (s, 3H; OMe), 3.06
(d, 3J(H,H)� 9.6 Hz, 1 H; H1), 2.05 (dddd, 3J(H,H)� 10.3, 9.6, 6.2, 2.5 Hz,
1H; H2), 1.89 ± 1.37 (m, 10H; 5CH2).
a anomer : 1H NMR (300 MHz, CDCl3): d� 7.26 ± 7.22 (m, 15 H; 3Ph), 4.55
(d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.55 (s, 2 H; CH2Ph), 4.50 (s, 2H;
CH2Ph), 4.47 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 4.27 (ddd, 3J(H,H)� 6.3,
6.3, 2.6 Hz, 1H; H5), 4.09 (dd, 3J(H,H)� 10.2, 7.3 Hz, 1 H; H2'a), 3.93 (dd,
3J(H,H)� 3.2, 2.6 Hz, 1 H; H4), 3.80 (dd, 3J(H,H)� 9.9, 6.3 Hz, 1H; H6a),
3.76 (d, 3J(H,H)� 2.5 Hz, 1H; H1), 3.70 (dd, 3J(H,H)� 9.9, 6.3 Hz, 1H;
H6b), 3.53 (dd, 3J(H,H)� 3.2, 2.6 Hz, 1H; H3), 3.45 (dd, 3J(H,H)� 10.2,
6.0 Hz, 1H; H2'b), 3.30 (s, 3 H; OMe), 3.17 (s, 1H; OH), 2.26 (dddd,
3J(H,H)� 7.3, 6.0, 3.2, 2.5 Hz, 1 H; H2), 1.90 ± 1.19 (m, 10H; 5CH2).


Benzyl 2-deoxy-2-formyl-3,4,6-tri-O-benzyl-a-dd-glucopyranoside (56): The
procedure described by Jung and Choe[43] was employed to give aldehyde
56 as colorless crystals after recrystallization from EtOAc/heptane. 1H
NMR (300 MHz, CDCl3): d� 9.52 (d, 3J(H,H)� 2.8 Hz, 1 H; CHO), 7.40 ±
7.17 (m, 20 H; 4Ph), 5.20 (d, 3J(H,H)� 3.9 Hz, 1H; H1), 4.89 (d, 2J(H,H)�
11.2 Hz, 1H; CHPh), 4.83 (d, 2J(H,H)� 10.9 Hz, 1H; CHPh), 4.77 (d,
2J(H,H)� 11.2 Hz, 1 H; CHPh), 4.67 (d, 2J(H,H)� 12.2 Hz, 1 H; CHPh),
4.66 (d, 2J(H,H)� 12.1 Hz, 1H; CHPh), 4.59 (d, 2J(H,H)� 10.9 Hz, 1H;
CHPh), 4.55 (d, 2J(H,H)� 12.1 Hz, 1H; CHPh), 4.48 (d, 2J(H,H)� 12.2 Hz,
1H; CHPh), 4.41 (dd, 3J(H,H)� 11.2, 9.1 Hz, 1 H; H3), 3.91 (ddd,
3J(H,H)� 10.1, 3.7, 2.2 Hz, 1H; H5), 3.81 (dd, 3J(H,H)� 10.2, 3.7 Hz,
1H; H6a), 3.77 (dd, 3J(H,H)� 10.1, 9.1 Hz, 1H; H4), 3.67 (dd, 3J(H,H)�
10.2, 2.2 Hz, 1 H; H6b), 3.59 (ddd, 3J(H,H)� 11.2, 3.9, 2.8 Hz, 1H; H2).


C-Disaccharide (57): The C-mannosides 57 were prepared according to the
general procedure outlined for 7 with the exception of the desilylation step,
to give 57 as a 2:1 mixture of diastereomers and as a colorless syrup (63 mg,
74%) after flash chromatography (CH2Cl2 to CH2Cl2/EtOAc, 25:1).
Major isomer : [a]22


D ��52.6 (c� 1.0, chloroform); IR (neat): nÄ � 3500,
2926, 2856, 1454, 1360, 1253 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.38-
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7.13 (m, 35 H; 7Ph), 5.43 (d, 3J(H,H)� 3.6 Hz, 1H; H1), 4.88 (d, 2J(H,H)�
11.5 Hz, 1H; CHPh), 4.81 (d, 2J(H,H)� 10.9 Hz, 1H; CHPh), 4.74 (d,
2J(H,H)� 11.5 Hz, 1 H; CHPh), 4.73 (d, 2J(H,H)� 11.2 Hz, 1 H; CHPh),
4.66 (d, 2J(H,H)� 11.2 Hz, 1 H; CHPh), 4.64 (d, 2J(H,H)� 12.3 Hz, 1H;
CHPh), 4.62 (d, 2J(H,H)� 11.7 Hz, 1H; CHPh), 4.58 (d, 2J(H,H)� 11.2 Hz,
1H; CHPh), 4.55 (d, 2J(H,H)� 12.3 Hz, 1 H; CHPh), 4.55 (d, 2J(H,H)�
11.7 Hz, 1H; CHPh), 4.54 (d, 2J(H,H)� 11.6 Hz, 1H; CHPh), 4.50 (d,
2J(H,H)� 11.2 Hz, 1 H; CHPh), 4.46 (d, 2J(H,H)� 11.6 Hz, 1 H; CHPh),
4.45 (d, 2J(H,H)� 10.9 Hz, 1H; CHPh), 4.43 (dd, 3J(H,H)� 8.0, 3.1 Hz,
1H; H2'), 4.32 (d, 2J(H,H)� 12.1 Hz, 1H; CHPh), 4.14 (ddd, 3J(H,H)�
10.5, 10.5, 3.2 Hz, 1H; H5'), 4.10 (dd, 3J(H,H)� 11.2, 9.0 Hz, 1 H; H3), 3.93
(dd, 3J(H,H)� 8.5, 8.5 Hz; 1H), 3.87 (ddd, 3J(H,H)� 10.0, 4.5, 2.2 Hz, 1H;
H5), 3.78 ± 3.55 (m, 8 H; H1', H3', H4, H4', H6a, H6b, H6'a, H7), 3.47 (dd,
3J(H,H)� 11.0, 3.2 Hz, 1 H; H6'b), 2.25 (ddd, 3J(H,H)� 11.2, 3.6, 3.6 Hz,
1H; H2), 0.12 (s, 3H; SiMe3); MS (CI, NH3): m/z� 1076 [M�18], 968
[M�18ÿBnOH], 859 [M�18ÿ 2BnOH], 843 [M�1ÿ 2 BnOH].


Minor isomer : IR (neat): nÄ � 3450, 2928, 2856, 1454 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 7.39 ± 7.12 (m, 35H; 7Ph), 5.15 (d, 3J(H,H)� 3.3 Hz,
1H; H1), 4.99 (d, 2J(H,H)� 10.7 Hz, 1H; CHPh), 4.70 (d, 2J(H,H)�
11.0 Hz, 1H; CHPh), 4.72 (d, 2J(H,H)� 10.7 Hz, 1H; CHPh), 4.66 (d,
2J(H,H)� 12.3 Hz, 1 H; CHPh), 4.64 (d, 2J(H,H)� 12.1 Hz, 1H; CHPh),
4.57 (d, 2J(H,H)� 11.0 Hz, 1 H; CHPh), 4.55 (d, 2J(H,H)� 12.3 Hz, 1H;
CHPh), 4.51 (d, 2J(H,H)� 12.0 Hz, 1H; CHPh), 4.51 (d, 2J(H,H)� 11.5 Hz,
1H; CHPh), 4.45 (d, 2J(H,H)� 12.0 Hz, 1 H; CHPh), 4.41 (s, 2 H, CH2Ph),
4.37 (dd, 3J(H,H)� 8.5, 2.9 Hz, 1H; H2'), 4.32 (d, 2J(H,H)� 12.1 Hz, 1H;
CHPh), 4.18 (ddd, 3J(H,H)� 6.4, 6.4, 3.3 Hz, 1H; H5'), 4.15 (dd, 3J(H,H)�
11.2, 9.0 Hz, 1 H; H3), 4.09 (ddd, 3J(H,H)� 8.8, 1.6, 1.6 Hz, 1 H; H7), 3.90
(br d, 3J(H,H)� 5.2 Hz, 1 H; H1'), 3.86 (ddd, 3J(H,H)� 10.0, 4.3, 2.2 Hz,
1H; H5), 3.79 ± 3.64 (m, 6H; H3', H4, H4', H6a, H6b, H6'a), 3.60 (dd,
3J(H,H)� 10.3, 6.4 Hz, 1H; H6'b), 2.46 (ddd, 3J(H,H)� 11.2, 8.8, 3.3 Hz,
1H; H2), 0.14 (s, 3H; SiMe3); MS (CI, NH3): m/z� 1076 [M�18], 968
[M�18ÿBnOH], 951 [M�1ÿBnOH], 859 [M�18ÿ 2 BnOH], 843
[M�1ÿ 2 BnOH].
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Stereospecific and Kinetic Control over the Hydrolysis of a Sterically
Hindered Platinum Picoline Anticancer Complex


Yu Chen, Zijian Guo, Simon Parsons, and Peter J. Sadler*


Abstract: cis-[PtCl2(NH3)(2-picoline)]
(1) (AMD 473) is a recently reported
active anticancer complex. Hydrolysis
may be an important step in its intra-
cellular activation and interaction with
DNA. In this paper we employed
[1H, 15N] 2 D NMR spectroscopy to
determine the hydrolysis rates for each
chloride ligand of this complex and its 3-
picoline analogue 2. We also report the
pKa values of the aqua and diaqua
ligands as well as the X-ray crystal
structures of 1 and 2. For the 3-picoline
complex 2 the rate of hydrolysis of the
Clÿ trans to NH3 (k1b� 1.0� 10ÿ4 sÿ1, I�
0.1m, 310 K) is similar to that of cispla-
tin, but slower for the Clÿ trans to 3-
picoline (k1a� 4.5� 10ÿ5 sÿ1). Both of


the first hydrolysis rates for the 2-pico-
line complex 1 are slower than those of
2, but in contrast to 2, the hydrolysis of
the Clÿ trans to NH3 (cis to 2-picoline) is
slower (k1b� 2.2� 10ÿ5 sÿ1) than for the
Clÿ trans to 2-picoline (k1a� 3.2�
10ÿ5 sÿ1). The crystal structure of 2
revealed that the pyridine ring is tilted
by 498 with respect to the Pt square
plane, whereas in 1 the ring is almost
perpendicular (1038). This introduces
steric hindrance by the CH3 group
towards an axial approach to Pt from


above, leading to a destabilisation of the
expected trigonal-bipyramidal transition
state, an effect well-known in substitu-
tion reactions of PtII complexes. The pKa


values for the monoaqua adducts of 1
(6.13 and 6.49) and 2 (5.98 and 6.26 for
H2O trans to picoline and NH3, respec-
tively) and for the diaqua adducts (5.22,
7.16 for 1 and 5.07, 6.94 for 2) are >0.3
units lower than for cisplatin. The slow-
ness of the hydrolysis, combined with
the dominance of (inert) hydroxo spe-
cies, is expected to contribute to a
greatly reduced reactivity of the steri-
cally-hindered 2-picoline complex under
intracellular conditions.Keywords: antitumor agents ´ bio-


inorganic chemistry ´ hydrolysis ´
platinum ´ structure elucidation


Introduction


Cisplatin is a widely used anticancer drug; however, there is a
need for new agents which do not exhibit cross-resistance and
which are less toxic.[1] Most of the active platinum compounds
have the general formula cis-[PtAm2X2], where Am is an
am(m)ine ligand with at least one NH group and X is a
moderately strongly bound anionic leaving group, such as
chloride.[2] Recently, there has been interest in pyridine
complexes.[3±5] The presence of planar pyridine ligands, as in
cis or trans-[PtCl2(pyridine)2] complexes, can reduce the rates
of DNA binding compared to cis and trans-DDP,[6] and by
changing the nature or position of substituents on the pyridine
ligands, different binding affinities for DNA can be achieved.[4]


The 2-picoline (2-methylpyridine) complex cis-[PtCl2(NH3)-
(2-picoline)] (1) (AMD473), a recently reported anticancer
complex, has now entered clinical trials.[7] It is reported to


possess activity against cisplatin-resistant cell lines, and against
a subline of a human ovarian carcinoma xenograph with
acquired cisplatin resistance, by injection and oral administra-
tion. No chemical studies of the complex have been reported,
although it appears to form interstrand DNA cross-links and to
bind to plasma proteins much more slowly than cisplatin.[8] For
this report we have labelled complex 1 with 15N and compared
its hydrolysis behaviour with that of the isomeric 3-picoline
derivative 2, since hydrolysis is likely to be an important initial
activation step for this drug. We have also determined the pKa


values for the mono and diaqua complexes, since hydroxo
ligands on PtII are usually inert compared to aqua ligands. The
data reveal notable differences between the chemistry of the
sterically hindered picoline complex and that of cisplatin.


Experimental Section


Chemicals and preparation of complexes : 2- and 3-Picoline were purchased
from Aldrich. Cis-[PtCl2(15NH3)2] was prepared according to a reported
procedure.[9] Complexes 1 and 2 were prepared by a procedure similar to
that described in the literature for natural-abundance, mixed ligand
ammine/amine PtII complexes.[10]
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Complex 1: 1H NMR: d� 8.87 (d, J� 8 Hz, 1 H, H6), 7.81 (m, 1 H, H4), 7.49
(d, J� 8 Hz, 1 H, H3), 7.32 (m, 1H, H5), 3.13 (s, 3H, CH3); Anal. calcd for
C6H10Cl2N15NPt: C 19.1, H 2.65, N 7.69; found: C 19.28, H 2.97, N 7.57.


Complex 2 : 1H NMR: d� 8.62 (s, 1 H, H2), 8.54 (d, J� 6 Hz, 1H, H6), 7.77
(d, J� 9 Hz, 1H, H4), 7.37 (m, 1 H, H5), 2.35 (s, 3H, CH3); Anal. found: C
18.82, H 2.70, N 7.31


pH Measurements : These were performed with a Corning 145 pH meter
equipped with an Aldrich micro combination electrode calibrated with
Aldrich buffer solutions of pH 4, 7 and 10. The values of the pH were
adjusted with 1m HClO4 or NaOH as appropriate.


X-ray crystallography : Crystals of complexes 1 (15NH3) and 2 (14NH3) were
obtained by the slow evaporation of aqueous solutions containing excess
KCl. Data for 1 and 2 were collected on a Stadi-4 diffractometer equipped
with an Oxford Cryosystems low-temperature device. Scan modes were
both w ± q. Complex 2 crystallised as fine delicate needles, which tended to
form coaxially aligned clumps and exhibited broad diffraction profiles. For
these reasons, CuKa radiation was used for its greater intensity than MoKa


radiation. The structures were refined by full-matrix least-squares against
F 2 (SHELXL 1). H atoms were placed in calculated positions; the CH3 and
NH3 were modelled as rotating rigid groups. All non-H atoms were refined
anisotropically.


Crystal data for the two structures are listed in Table 1, and selected bond
lengths and angles are given in Table 2. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been


deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-100 573. 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).


NMR spectroscopy: NMR spectra were recorded on a Bruker DMX 500
instrument in 5 mm tubes. All the samples were recorded in 90 % H2O/10 %
D2O (0.6 mL) containing 0.1m NaClO4 to maintain a constant ionic


strength. The chemical shifts are reported relative to sodium trimethylsi-
lyl[D4]propionate (through internal dioxane at d� 3.743) for 1H, and 1m
15NH4Cl in 1.5m HCl for 15N (external). Typical acquisition conditions for
1H spectra were: 45 ± 608 pulses, 2.5 s relaxation delay, 64 ± 256 transients,
final digital resolution 0.2 Hz per point. When necessary, the water
resonance was suppressed by presaturation, or by means of the WATER-
GATE pulsed-field-gradient sequence.[11]


Both 1 D 15N-edited 1H NMR spectra and 2D [1H, 15N] heteronuclear
single-quantum coherence (HSQC) spectra (optimised for 1J(N,H)�
72 Hz) were recorded with the use of the sequence of Stonehouse et al.[12]


The 15N spins were decoupled by irradiating with the GARP-1 sequence
during acquisition.


Data analysis : For the kinetic analysis of NMR data, the appropriate
differential equations were integrated numerically, and the rate constants
were determined by a nonlinear optimisation procedure by the programme
SCIENTIST (Version 2.01, MicroMath). The errors represent one standard
deviation. Equilibrium constants were calculated from the equilibrium
concentrations of species determined by integration of the 2D spectra.


Titration curves were fitted to the Henderson ± Hasselbalch equation using
the programme KaleidaGraph (Synergy Software, Reading, PA, USA) on a
Macintosh computer.


Results and Discussion


X-ray crystal structures : We first prepared both natural-
abundance and 15N-labeled complexes 1 and 2 and crystallised
them for X-ray analysis. Both have a square-planar config-
uration with angles close to the ideal values of 908 and 1808
(Figure 1). In complex 1, the Pt ± Cl(2) bond trans to NH3 is


Figure 1. X-ray crystal structures of complexes 1 and 2 illustrating the
steric hindrance caused by the 2-methyl group in complex 1.


slightly longer (2.322(2) �) than normal, while the Pt ± Cl(1)
bond length (2.299(2) �) is within the normal range. In
complex 2 both Pt ± Cl bond lengths (2.296(3) �, 2.309(3) �)
are close to the expected values. The Pt ± N(1) bond lengths in
both complex 1 (2.017(8) �) and 2 (2.008(8) �) are compa-
rable to those of cis-[Pt(py)2Cl2] (2.01 and 2.04 �).[13] The
most notable feature of the structures is the orientation of the


Table 1. Crystal structure data for complexes 1 and 2.


1 2


empirical formula C6H10Cl2N15NPt C6H10Cl2N2Pt
Mr 377.1 376.1
colour yellow yellow
crystal size (mm) 0.47� 0.39� 0.25 0.43� 0.08� 0.08
crystal shape block needle
crystal system monoclinic orthorhombic
space group P21/c Pbca
a (�) 9.859(2) 12.287(8)
b (�) 8.910(2) 7.318(8)
c (�) 11.197(2) 20.801(14)
b (o) 102.684(15) 90
V (�3) 959.6(3) 1871(3)
Z 4 8
l (�) 0.71073 1.54178
T (K) 220(2) 220(2)
1calcd (gcmÿ3) 2.604 2.420
mcalcd (mmÿ1) 15.119 (MoKa) 30.166 (CuKa)
F(000) 688 1240
2q range (o) 5.9 ± 50 8.5 ± 140
abs. correction (Tmin/max) Y-scans (0.0033/0.0175) Shelxa (0.0263/0.4036)
refl. collected 3725 4662
unique refl. 1688 (Rint� 0.0358) 1672 (Rint� 0.0560)
refl. used 1684 1670
parameters 102 101
R1 (F0> 4s(F0))[a] 0.0355 0.0437
wR2 (all data)[b] 0.0903 0.1183
g1; g2[c] 0.0596; 0.0000 0.0746; 0.0000
resid. elec. density (e �ÿ3) � 1.52/ÿ 1.16 � 1.56/ÿ 2.72


[a] R1�S( j jFo j ÿ jFc j j )/S jFo j . [b] wR2� {S[w(F2
oÿF2


c)2]/S[w(F2
o)2]}1/2.


[c] w� 1/[s2(F2
o)� (g1�P)2� g2�P]; P� (F2


o� 2F2
c)/3.


Table 2. Selected bond lengths (�) and angles (o) for complexes 1 and 2.


1 2


Pt ± N(1) 2.017(8) 2.008(8)
Pt ± N(2) 2.030(8) 2.039(9)
Pt ± Cl(1) 2.299(2) 2.296(3)
Pt ± Cl(2) 2.322(2) 2.309(3)
N(1)-Pt-N(2) 90.5(3) 90.5(4)
N(1)-Pt-Cl(1) 177.6(2) 177.3(3)
N(2)-Pt-Cl(1) 87.3(2) 86.8(3)
N(1)-Pt-Cl(2) 89.5(2) 90.9(2)
N(2)-Pt-Cl(2) 176.1(3) 178.6(3)
Cl(1)-Pt-Cl(2) 92.70(8) 91.72(10)
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picoline ring with respect to the Pt square plane. The 3-
picoline ligand is tilted by 48.98, whereas the 2-picoline ligand
is almost perpendicular (102.78) to the plane, so that the 2-
methyl group lies directly over the square plane (H3C ´ ´ ´ Pt:
3.224 �). The space-filling model (Figure 1) demonstrates
that this introduces steric hindrance to an axial approach to Pt
from above. The steric effect leads to a slight twisting of the
[PtN2Cl2] square plane, with a mean deviation of the atoms
from the plane of 0.0406 �, which is an order of magnitude
higher than that for complex 2.


There are strong intermolecular hydrogen bonds involved
in the crystal packing of both complexes (Figure 2). For
complex 1, the three H atoms of the NH3 ligand are H-bonded
to four Cl ligands from two neighbouring molecules, while for
complex 2, H-bonds of similar strength are formed only to
three of the four Cl ligands. Such intermolecular H bonds are
common in chloro PtII am(m)ine complexes.[14, 15] A very
weak, graphitic type of interaction between the picoline
groups of neighbouring molecules of 1 may also be present. In
complex 1, layers containing Cl ´´´ HÿN H-bonding interac-
tions alternate with layers containing picoline groups. In
complex 2, the molecules themselves form layers, with H
bonds both within and between layers.


Hydrolysis : The [1H, 15N] 2 D NMR spectra of 15NH3-labelled
1 and 2 in aqueous solutions containing 0.1m NaClO4 were
each monitored for a period of over 20 h at 310 K. Initially, a
single cross-peak was observed at d� 4.15/ÿ 66.52, which was
assigned to the dichloro complex 1. After 1 h, two additional
cross-peaks with similar intensities were detected at d� 4.40/
ÿ 64.41 and 4.32/ÿ 87.25. The former peak is consistent with
an assignment to complex 3 a, with an 15N shift diagnostic of
15N trans to N or Cl,[16] and the latter to 3 b with 15N trans to O,
Scheme 1. Both peaks increased in intensity for several hours,
while the peak for 1 decreased in intensity. After about 2.5 h, a


Figure 2. Intermolecular hydrogen bonding in crystals of complexes 1 and
2 ; NÿH ´´´ Cl distances for complex 1 range from 2.55 � to 2.74 � and for
complex 2 from 2.62 � to 2.81 �.


fourth cross-peak appeared at d� 4.41/ÿ 82.91. This was
assigned to the diaqua complex 5 (Figure 3 A); however, even
after 20 h, this accounted for only <10 % of the total 15NH3 ±
Pt species present.


For the 3-picoline complex 2, the time-dependence of the
[1H, 15N] 2 D NMR spectrum was similar to that of complex 1,
except that the cross-peak c (Figure 3 B), assigned to one of


Scheme 1. Comparison of half-lives for the hydrolysis (310 K) and pKa values (298 K) of platinum ± picoline complexes (0.1m NaClO4).
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Figure 3. 2D [1H, 15N] HSQC NMR spectra of 3 mm aqueous solutions of:
A) cis-[PtCl2(15NH3)(2-picoline)] (1) and B) cis-[PtCl2(15NH3)(3-picoline)]
(2) after 3 h at 310 K. Peak a is assigned to the starting complex, peaks b,c
to the two monoaqua complexes (H2O cis to NH3 and H2O trans to NH3,
respectively), and peak d to the diaqua complex. Time dependence of the
concentrations of the dichloro and aqua adducts of C) 1 and D) 2. Labels: 1
and 2 (&), monoaqua complexes 3a and 4 a (~), monoaqua complexes 3b
and 4 b (*), diaqua complexes 5 and 6 (� ). The curves are the best fits
calculated with the rate constants shown in Table 3.


the two monoaqua complexes, was more intense than the
other. The 15N chemical shifts for the peaks of the 3-picoline
complexes are shifted slightly to lower field with respect to
those of the 2-picoline adducts. However, the 1H chemical
shifts are very similar. The time-dependence of the concen-


Figure 4. pH-dependence of the 1H NMR chemical shifts of NH3 in the
monoaqua and diaqua complexes: A) complex 1, and B) complex 2. The
curves represent best fits calculated with the pKa values listed in Scheme 1.
Labels: monoaqua complexes 3 a and 4 a (~), monoaqua complexes 3 b and
4b (^), diaqua complexes 5 and 6 (*).


trations of species detected during hydrolysis of complexes 1
and 2 is shown in Figures 3 C and 3 D. The assignments of the
peaks for the aqua complexes were confirmed by pH titrations
(Figure 4), and these allowed the determination of the pKa


value for each monoaqua complex, as well as two pKa values
for each diaqua complex (Scheme 1).


The NMR data allow the determination of the hydrolysis
rates for each individual chloride ligand in the initial
complexes 1 and 2, and in the monoaqua complexes 3 a, b
and 4 a, b (Table 3). It is notable that the hydrolysis rates of
the two Clÿ ligands of complex 1 are both slower than those
for complex 2 (Table 3). The Clÿ ligand trans to NH3 in
complex 1 hydrolyses about four times more slowly than that
in the unhindered complex 2. In complex 2, the Clÿ ligand
trans to NH3 hydrolyses about twice as fast as that trans to 3-
picoline. This might be expected from the higher trans
influence of NH3 (pKa� 9.29)[17] versus 3-picoline (pKa�
6.0).[17] However, for complex 1, the situation is reversed:
hydrolysis is faster for the Clÿ ligand trans to 2-picoline
(pKa� 6.1).[17] All the first-step hydrolysis rates determined
here are slower than that of cisplatin (t1/2 : 1.75 h at 310 K).[18]


Axial steric interactions have long been known to decrease
the rate of substitution reactions of square-planar com-
plexes.[19] For example, the rate of reaction of 2-picoline with
[AuCl4]ÿ is about 9 times slower than with 3-picoline, but 10
times faster than with 2,6-dimethylpyridine, which blocks both
axial sites. In the complexes cis-[Pt(PEt3)2(R)Br], the rate of
displacement of Brÿ by MeOH decreases dramatically as the
steric hindrance by the aryl ligand R, which is cis to the
leaving group, increases: Ph� p-MeC6H4� o-MeC6H4> o-
EtC6H4> 2,4,6-Me3C6H2.[20] In an associative mechanism with
a trigonal-bipyramidal transition state, the ligands cis to the
leaving group become axial to the trigonal plane in the 5-
coordinate transition state, and interact with the entering and
leaving groups at an angle of 90o, so that the steric effect is
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more prominent on the ligand in the position cis to the bulky
ligand.


pKa values : A change of the methyl group from the 2- to the 3-
position only has a small effect on the pKa values of the aqua
ligands, lowering them by about 0.2 units (Scheme 1). The pKa


values for both the monoaqua and diaqua adducts of the 2-
picoline and 3-picoline complexes are >0.3 units lower than
that of cisplatin. This means that although the sterically
hindered 2-picoline complex 1 will exist predominantly (about
70 %) as a dichloro adduct under extracellular conditions
(0.1m Clÿ, pH 7.4), under intracellular conditions (4 mm Clÿ,
pH 7.4), the hydroxo/chloro and dihydroxo adducts of 1 will
predominate (>70 %), whereas for cisplatin the dichloro,
chloro/aqua and chloro/hydroxo are present in about equal
proportions (about 30 % each).[21] The slowness of the
hydrolysis steps of complex 1 (Table 3) coupled with the
dominance of (inert) hydroxo species would both be expected
to contribute to its greatly reduced reactivity under intra-
cellular conditions.


Conclusions


The Clÿ ligand cis to 2-picoline (trans to NH3) in the complex
cis-[PtCl2(NH3)(2-picoline)] (1) hydrolyses about 4 times
more slowly than that in cisplatin (t1/2 : 8.7 h at 310 K,
compared with 1.8 h for cisplatin), and both Clÿ ligands of 1


hydrolyse more slowly than the 3-picoline analogue 2. X-ray
crystallography has confirmed the steric hindrance introduced
by the 2-methyl group of the picoline ligand in 1. This
hindrance has the effect of destabilising the expected trigonal-
bipyramidal transition state, an effect well-known in substi-
tution reactions of square-planar PtII complexes.[19] The pKa


values of the monoaqua and diaqua adducts of both 1 and 2
are >0.3 units lower than those similar cisplatin adducts. This,
combined with slower hydrolysis (Table 3), is likely to result in
a reduced intracellular activity of complex 1 compared to
cisplatin and may contribute to its high activity against
cisplatin-resistant cell lines. Our preliminary studies of
reactions of complexes 1 and 2 with guanosine 5'-mono-
phosphate (5'-GMP) have established that hydrolysis is the
rate-limiting step for both complexes 1 and 2. The formation
of the bis-GMP adduct of complex 1 is about twice as slow as
that for complex 2, which is consistent with the brief report
that complex 1 forms DNA cross-links extremely slowly.[8]


Further NMR studies should allow detailed insight to be
gained into the effect of steric hindrance on the formation of
DNA adducts.
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Table 3. Rate and equilibrium constants for the hydrolysis of the
platinum ± picoline complexes 1 (pH� 4.6) and 2 (pH� 4.4) at 310 K
(0.1m NaClO4). Data reported for cisplatin under related conditions
(308 K, 0.32m KNO3) are listed for comparison.


Rate constants[a]


(10ÿ6 sÿ1)
Equilibrium constants[b]


(10ÿ4m)


1 k1a : 31.9� 1.5 K1a : 12.1
2-picoline k1b : 22.1� 1.4 K1b : 21.4


k2a : 73� 14 K2a : 4.8
k2b : 3.5� 2.5 K2b : 2.7


2 k1a : 44.7� 1.9 K1a : 23.2
3-picoline k1b : 103� 4 K1b : 28.0


k2a : 35.0� 1.7 K2a : 2.8
k2b : 78� 60 K2b : 2.3


cisplatin[c] k1 : 75.9 K1 : 43.7


[a] The errors in the rates for the second hydrolysis step are large because
the fitting process is relatively insensitive to the rate of the back reaction.
Therefore, these constants are not discussed in the text. [b] Constants
correspond to kinetic steps indicated, that is K1a to equilibrium between 1
(or 2) and 3 a (or 4 a), etc. [c] Ref. [18].








Evidence for an Unusual Thermally Induced Low-Spin (S� 1/2) >
Intermediate-Spin (S� 3/2) Transition in a Six-Coordinate Iron(iii) Complex:
Structure and Electronic Properties of a (1,2-Benzenedithiolato)iron(iii)
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Abstract: The reaction of iron(iii) chlor-
ide with the tetraazamacrocyclic ligand
N,N'-dimethyl-2,11-diaza[3.3](2,6)pyridi-
nophane (L-N4Me2) and 1,2-benzene-
dithiolate yields complex 1, which is, to
our knowledge, the first six-coordinate
iron(iii) complex that is characterized by
a thermally induced S� 1/2>S� 3/2
spin transition. The spin-crossover phe-
nomenon is demonstrated by structure
determinations carried out at two differ-
ent temperatures and by magnetochem-


ical and Mössbauer experiments. The
existence of a thermally accessible S�
3/2 spin state at room temperature is
corroborated by ESR and structural
evidence. The highly distorted cis octa-
hedral N4S2 coordination geometry
around the iron ion, which is distin-


guished by strong equatorial bonds to
the thiolate sulfur atoms and the pyr-
idine nitrogen atoms and comparatively
weak axial bonds to the amine nitrogen
atoms, is thought to be responsible for
the occurrence of the rather unusual
intermediate-spin state for a six-coordi-
nate iron(iii) ion. The rich redox chem-
istry associated with complex 1 and its
inertness towards molecular oxygen are
discussed.


Keywords: intermediate-spin state ´
iron ´ magnetic properties ´
S ligands ´ spin crossover


Introduction


In the coordination chemistry of six-coordinate iron(iii) ions,
the magnetic state is, in most cases, either attributed to a low-
spin (S� 1/2) or a high-spin (S� 5/2) state. Based on
theoretical considerations,[1] it has even been postulated that
an iron(iii) ion in an octahedral coordination geometry cannot
assume a S� 3/2 ground state; however, this specific ground
state can occur when the symmetry of the ligand field around
the metal ion is lowered (e.g. as in five- and four-coordinate
iron(iii) complexes). Intermediate-spin ground states were
proposed for some tris(dithiocarbamato)iron(iii) complexes[2]


in which the iron ion is six-coordinate, but were later refuted,


and a low-spin state was recognized as the ground state.[3] On
the other hand, in the presence of very specific ligands at the
axial coordination sites, magnetic as well as structural proper-
ties of some six-coordinate iron(iii) porphyrin complexes
suggest the existence of an intermediate-spin state[4] or a
quantum-mechanical admixture of a high-spin state with an
intermediate-spin state.[5] Here we report on the first, to our
knowledge, example of a six-coordinate iron complex that is
characterized by a thermally induced S� 1/2>S� 3/2 tran-
sition.


Results and Discussion


Synthesis and structure : The dark violet complex [Fe(L-
N4Me2)(S2C6H4)](ClO4) ´ 0.5 H2O (1) was prepared from an
ethanolic solution of FeCl3 ´ 6 H2O by consecutive addition of
the macrocyclic ligand N,N'-dimethyl-2,11-diaza[3.3](2,6)pyr-
idinophane (L-N4Me2), 1,2-benzenedithiolate, and sodium
perchlorate. The crystal structure of 1 was investigated at
20 8C and at ÿ120 8C. Two symmetry-independent but
otherwise structurally equivalent complex cations are found
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in the asymmetric unit cell of the crystal lattice of 1. A
perspective view of one of the cations is presented in Figure 1.
Each cation possesses crystallographically imposed Cs sym-
metry with a mirror plane bisecting the complex through the
iron and amine nitrogen atoms. Table 1 gives a comparison of
selected bond lengths and angles for the structures deter-
mined at different temperatures. In each complex the iron
atom is located in a distorted cis octahedral N4S2 coordination
environment provided by the tetraazamacrocyclic ligand and
the bidentate benzenedithiolate. The benzenedithiolate unit is
bound to the cis coordination sites in the equatorial plane of
the complex. The aromatic ring of the benzenedithiolate
moiety and the FeNpy2S2 plane in each of the crystallograph-
ically distinct complex cations are essentially coplanar, there-
by furnishing the complexes with approximate C2v overall
symmetries. The water molecule in the
crystal lattice forms hydrogen bonds to
two adjacent perchlorate anions.


In Table 2 the averaged Fe ± N bond
lengths of a selection of well-documented
six-coordinate high-spin as well as low-
spin iron(iii) complexes containing the
tetraazamacrocyclic ligand L-N4Me2 are
compared to those found in complex 1. At
20 8C, the average Fe ± Npy bond length in 1
of 2.020� 0.004 � is, on the one hand,
considerably shorter than those in typical
six-coordinate high-spin iron(iii) com-
plexes containing the macrocyclic ligand


Figure 1. Perspective view of the structure of one of the two crystallo-
graphically distinct complex cations in 1 (at ÿ120 8C) showing thermal
ellipsoids at 50% probability and the atom-numbering scheme. The primed
and unprimed atoms are related by a mirror plane. The perspective view of
the other crystallographically independent cation is essentially the same.


L-N4Me2 and, on the other hand, significantly longer than
those in typical six-coordinate low-spin iron(iii) complexes. In
contrast, the Fe ± Namine bond (2.222� 0.007 �) is the same as
that observed in high-spin complexes. The substantial change
in length for the equatorial Fe ± Npy bonds versus no change at
all for the axial Fe ± Namine bonds can be explained if one


Table 1. Selected bond lengths [�] and angles [8] in 1 at ÿ120 8C and 20 8C.[a]


ÿ 120 8C 20 8C ÿ 120 8C 20 8C


Fe(1) ± S(1) 2.205(1) 2.196(2) Fe(2) ± S(2) 2.207(1) 2.198(2)
Fe(1) ± N(1) 2.153(5) 2.227(7) Fe(2) ± N(4) 2.135(5) 2.216(7)
Fe(1) ± N(2) 1.985(3) 2.023(4) Fe(2) ± N(5) 1.972(3) 2.016(4)
Fe(1) ± N(3) 2.149(5) 2.228(7) Fe(2) ± N(6) 2.137(5) 2.215(7)
S(1) ± C(10) 1.756(4) 1.767(6) S(2) ± C(22) 1.747(4) 1.755(7)
C(10) ± C(10') 1.411(9) 1.375(13) C(22) ± C(22') 1.398(10) 1.376(14)
C(10) ± C(11) 1.398(6) 1.401(8) C(22) ± C(23) 1.407(6) 1.403(9)
C(11) ± C(12) 1.388(6) 1.377(9) C(23) ± C(24) 1.384(8) 1.365(11)
C(12) ± C(12') 1.373(11) 1.373(16) C(24) ± C(24') 1.362(15) 1.370(22)


S(1)-Fe(1)-S(1') 90.54(6) 90.22(9) S(2)-Fe(2)-S(2') 90.50(7) 90.31(11)
S(1)-Fe(1)-N(1) 98.70(9) 99.94(13) S(2)-Fe(2)-N(4) 98.88(10) 100.40(13)
S(1)-Fe(1)-N(2) 93.01(9) 93.57(13) S(2)-Fe(2)-N(5) 93.24(9) 93.79(13)
S(1)-Fe(1)-N(2') 176.44(9) 176.21(13) S(2)-Fe(2)-N(5') 176.25(9) 175.88(13)
S(1)-Fe(1)-N(3) 99.08(10) 100.35(14) S(2)-Fe(2)-N(6) 98.14(10) 99.25(15)
N(1)-Fe(1)-N(2) 80.46(13) 79.21(18) N(4)-Fe(2)-N(5) 80.81(13) 79.28(18)
N(1)-Fe(1)-N(3) 154.62(18) 151.09(25) N(4)-Fe(2)-N(6) 155.74(18) 151.99(27)
N(2)-Fe(1)-N(2') 83.45(17) 82.64(24) N(5)-Fe(2)-N(5') 83.02(17) 82.11(24)
N(2)-Fe(1)-N(3) 80.67(13) 79.18(19) N(5)-Fe(2)-N(6) 81.08(13) 79.69(19)


[a] The primed and unprimed atoms are related by a mirror plane. Corresponding bond lengths and angles in the two crystallographically distinct complex
cations are listed side by side.


Table 2. Comparison of averaged Fe ± N bond lengths [�] in various six-coordinate iron(iii)
complexes containing the tetraazamacrocycle L-N4Me2 as ligand.


Complex Spin state at the iron(iii) ion Fe ± Npy Fe ± Namine


[Fe(L-N4Me2)Cl2]� [a] high spin 2.130 2.232
[Fe(L-N4Me2)(cat)]� [b,c] high spin 2.106 2.223
[(Fe(L-N4Me2)(O2CPh))2(m-O)]2� [a] high spin 2.152 2.243
[Fe(L-N4Me2)(dbsq)]2� [b,d] low spin 1.894 2.026
[Fe(L-N4Me2)(bipy)]3� [b,d] low-spin 1.902 2.044
[Fe(L-N4Me2)(S2C6H4)]� (1), 20 8C [e] intermediate spin 2.020 2.222
[Fe(L-N4Me2)(S2C6H4)]� (1), ÿ120 8C [e] intermediate spin/low spin 1.979 2.144


[a] H.-J. Krüger, unpublished results. [b] cat� 1,2-catecholate(2ÿ ), dbsq� 3,5-di-tert-butyl-1,2-
benzosemiquinonate(1ÿ ), bipy� 2,2'-bipyridine. [c] From reference [11]. [d] W. O. Koch, H.-J.
Krüger, unpublished results. [e] This work.
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supposes a (dxy)2(dxz,dyz)2(dz2)1(dx2ÿy2)0 electron configuration
(assuming an idealized D4h ligand field description with the z
axis orientated along the Namine ± Namine axis and the x and y
axes directed along the Fe ± S and Fe ± Npy bonds). Thus, the
peculiar Fe ± N bond lengths in 1 serve as the first piece of
evidence for the rather unusual spin state S� 3/2 of the ferric
ion discussed below. Structural data on six-coordinate ferric
benzenedithiolate complexes are rare and the only structur-
ally characterized complex reported yet, [Fe(S2C6H4)2-
(PMe3)2]ÿ (2),[6] contains a low-spin iron(iii) ion. Interestingly,
in contrast to the trend usually observed that the length of
comparable metal ± ligand bonds increases with a higher spin
state at the metal ion, the mean Fe ± S bond (2.197� 0.001 �)
in 1 (at 20 8C) is about 0.065 � shorter than that in the low-
spin iron(iii) complex 2. Neither complex has an electron in
the strongly s-antibonding (dx2ÿy2) orbital, which would exert
the greatest influence on the length of the Fe ± S bonds. This
finding can be explained to some extent by electrostatic
effects due to the lower overall charge of the ligands in
complex 1, but also by the fact that the p molecular orbitals
extending over all aromatic carbon atoms and the sulfur
atoms of the coordinated benzenedithiolate unit form strong
p-donor bonds with the metal ion. Assuming the d-electron
configuration mentioned above, the p bonds will be stronger
when fewer electrons are in the dxz and dyz orbitals of the
metal ion. This is the case for an iron(iii) ion in an
intermediate-spin state in which only two electrons occupy
the dxz and dyz orbitals, compared to the three electrons in the
case of a low-spin iron(iii) ion. Thus, stronger p interactions
are, in our opinion, responsible for the occurrence of stronger
Fe ± S bonds in 1.


The C ± S and C ± C bond lengths of the dithiolene ligand
are comparable to those in complexes where no ambiguity
with respect to the oxidation state of the dithiolene moiety
exists.[6] Therefore the redox state of the dithiolene unit in 1 is
best described as a benzenedithiolate.


A comparison of the metal ± ligand bond lengths in Table 1
reveals some very interesting features that occur when the
complex is cooled to ÿ120 8C. While the lengths of the C ± C,
C ± N, and C ± S bonds stay the same within the 3s criterion in
both structure determinations, the Fe ± Namine and Fe ± Npy


bonds are substantially shortened upon cooling (from
2.222 � and 2.020 � to 2.144 � and 1.979 �, respectively).
This indicates that the spin state of the iron ion changes from
predominantly S� 3/2 at 20 8C to S� 1/2 at lower temper-
atures. In contrast to the Fe ± Npy bond lengths, which are
reduced by 0.04 �, the mean Fe ± S bond even increases from
2.197� 0.001 � at 20 8C to 2.206� 0.001 � at ÿ120 8C. This
enlargement of the Fe ± S bonds is consistent with the
previously mentioned opinion stating that stronger p-donor
interactions occur in a complex containing an iron(iii) ion in
an intermediate-spin state than in one with a low-spin iron(iii)
ion.


Electronic structure : Magnetic susceptibility measurements
on solid 1 were carried out with a SQUID magnetometer at
temperatures ranging from 2 to 295 K. The results (Figure 2)
show that predominantly low-spin iron is found at low
temperatures (<50 K). Raising the temperature to room


Figure 2. a) Temperature dependence of the effective magnetic moment of
solid 1. The two dashed-dotted lines represent the effective magnetic
moments for the low-spin (S� 1/2) and the intermediate-spin (S� 3/2)
state, respectively, deduced from the average effective g values as
determined by ESR spectroscopy: meff� geff


�����������������������
S�S� 1�mB


p
, with geff��������������r


. b) Fraction xIS of intermediate-spin (S� 3/2) molecules as ag2
xg2


yg2
z


3
function of temperature.


temperature results in an increase of the magnetic moment,
approaching a value that is characteristic for a S� 3/2 state at
the iron. The magnetic susceptibility measurements, there-
fore, imply the occurrence of a S� 1/2>S� 3/2 spin crossover
with the critical temperature Tc� 170 K. The spin transition
occurs rather smoothly, suggesting few intermolecular inter-
actions between the molecules in the crystal lattice. Thus, at
150 K (the temperature at which one of the structure
determinations was carried out), approximately 60 % of all
iron in complex 1 is present in the low-spin state, while the
intermediate-spin state is occupied by approximately 85 % of
the iron in the complex at room temperature. The spin
crossover is still not complete at this temperature. No
hysteresis effect has been found.


The temperature-dependent fraction of the intermediate-
spin molecules, xIS (Figure 2b), was deduced from the
experimental data of the molar susceptibility c(T), corrected
for diamagnetic contributions, according to Equation (a), in
which cLS represents the molar susceptibility of the low-spin
state and cIS that of the intermediate-spin state.


xIS�
cÿ cLS


cIS ÿ cLS


(a)


We have also recorded Mössbauer spectra of solid 1 in the
temperature range 77 ± 200 K. The results of these measure-
ments are listed in Table 3. As a representative Mössbauer
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Figure 3. Mössbauer spectrum of solid 1 at 140 K.


spectrum, the one recorded at 140 K is depicted in Figure 3.
The spectra were fitted with two quadrupole doublets, which
exhibit quite similar isomer shifts d and quadrupole splittings
DEQ. The relative contributions of low-spin and intermediate-
spin states at different temperatures, as derived from the
Mössbauer study, correspond exactly to those derived from
the susceptibility measurements.


The ESR powder spectra of a solution of 1 in acetonitrile/
toluene (v :v� 1:3) (Figure 4), recorded at temperatures
between 4.2 and 25 K, reveal the presence of two components:
a rhombic signal with g values at 2.16, 2.10, and 2.01,
attributed to a low-spin iron(iii) complex, and a rhombic
signal with g values at 5.50, 1.86, and 1.40, arising from an iron
complex with an intermediate-spin S� 3/2 and a large
negative zero-field splitting D.[7] An interpretation of the
latter signal as emanating from a jMS�� 3/2i Kramer�s
doublet within a S� 5/2 spin state can be ruled out, since for a
S� 5/2 state with a g� 5.50 component, g values at around 2.4
and 2.7 are predicted for the other two components of a
rhombic signal by the rhombogram for a high-spin iron(iii)
ion,[7] while the experiment only renders g values smaller
than 2.


In the visible region, the electronic absorption spectrum of
complex 1 in acetonitrile at room temperature consists of
three absorption bands with maxima at 527, 610, and 822 nm,
respectively. Based on their molar extinction coefficients
(2920 and 1370mÿ1cmÿ1), the absorption bands at 527 and
610 nm are tentatively assigned to LMCT transitions. Com-
pared to other iron(iii) complexes with N4S2 or N3S3 coordi-
nation environments[8] and compared to the spectrum of the
enzyme nitrile hydratase[9]Ðan enzyme that catalyzes the
hydrolysis of nitriles to the corresponding amides and whose
active site was described as containing a mononuclear six-
coordinate low-spin iron(iii) ion, which is coordinated to three


Figure 4. Experimental (top) and simulated X-band ESR spectrum
(bottom) of 1 in an acetonitrile/toluene mixture (v :v� 1:3)) at 10 K
(6000 G scan width, 63.2 mW power, 20 G modulation amplitude).
Effective g values are indicated.


histidine residues, a water molecule, and two cis-oriented
cysteinatesÐthe lowest energy absorption band lies at a
higher wavelength. However, without any further detailed
theoretical calculations, and because, to our knowledge, no
other iron(iii) benzenedithiolate complexes with a FeN4S2


coordination environment are available for reference, no
definite assignments of the absorption bands can be made at
the moment.


The results presented here suggest that an intermediate-
spin state is accessed at room temperature through a
thermally induced S� 1/2>S� 3/2 spin transition. While
such spin transitions have been observed for five-coordinate
iron(iii) complexes,[10] it is, to the best of our knowledge,
unprecedented for a six-coordinate iron(iii) complex. The
strongest argument for the existence of a thermally accessible
intermediate-spin state for the six-coordinate iron(iii) ion in 1
is the combination of the spectroscopic and structural results.
As far as we know, complex 1 is the first example of a pseudo-
octahedral non-heme iron(iii) complex possessing such an
unusual spin state at room temperature. A definite explan-
ation for the occurrence of this peculiar excited state cannot
be given at this point in time. However, a factor contributing
to the existence of the intermediate-spin state is the highly
distorted cis octahedral coordination geometry around the
iron ion. Thus, the deviation from ideal octahedral coordina-
tion geometry gives rise to a decreased overlap between the
amine nitrogen donor orbitals and the dz2 orbital of the metal
ion. This fact, reinforced by the very strong iron ± ligand bonds
in the equatorial plane (as, for example, shown by the rather
short Fe ± S bonds), may cause a sufficiently large energy gap
between the strongly s-antibonding dx2ÿy2 orbital and the less
strongly s-antibonding dz2 orbital: large enough that the five d
electrons are now distributed over only four d orbitals, with


Table 3. Mössbauer parameters of solid 1 at different temperatures.


S� 1/2 S� 3/2
T [K] dIS [mm sÿ1][a] DEQ [mm sÿ1] A [%] dIS (mm s-1)[a] DEQ [mm sÿ1] A [%]


77 0.27 2.33 93.5 0.37 2.22 6.5
120 0.26 2.28 74.1 0.35 2.22 25.9
130 0.26 2.27 69.0 0.34 2.22 31.0
140 0.26 2.26 64.5 0.34 2.22 35.5
150 0.26 2.26 59.5 0.34 2.22 40.5
180 0.25 2.23 45.4 0.32 2.22 54.6
200 0.25 2.22 40.0 0.32 2.22 60.0


[a] Given relative to a-iron at room temperature.
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the dx2ÿy2 orbital remaining unoccupied. The validity of this
explanationÐalthough it looks very plausibleÐremains to be
proven. Future studies will be directed towards the elucida-
tion of the electronic factors that control the unusual
electronic states of this complex.


Electrochemical properties and reactivity with molecular
oxygen : By virtue of the fact that complex 1 belongs to the
class of dithiolene complexes, an extensive electrochemistry is
expected to be associated with it. Thus, the cyclic voltammo-
gram of complex 1 (Figure 5) reveals a reduction of the


Figure 5. Cyclic voltammogram (50 mV sÿ1) of 1 at a Pt-foil electrode in
acetonitrile at 25 8C; peak potentials in V vs. SCE are indicated.


complex at a potential of ÿ0.45 V vs. standard calomel
electrode (SCE) and an oxidation at �0.71 V vs. SCE. Since
DEp� 70 mV and j ipa/ipc j� 1 at all investigated scan rates v
(10 ± 200 mV sÿ1), and ip/v1/2� constant, the redox process at
ÿ0.45 V approaches electrochemical reversibility. Quantita-
tive reduction of 1 at ÿ0.65 V demonstrates that 1.01
electrons per molecule are transferred. Re-oxidation of the
dark red reduced species at ÿ0.25 V accounts for 97 % of the
previously collected charge, establishing complete chemical
reversibility for this redox process as well.


At room temperature, the electrochemical characteristics
of the oxidative response at 0.71 V vs. SCE are less ideal. This
finding is confirmed by coulometric experiments at room
temperature, which yield 1.02(1) F upon oxidation at 0.90 V
and a recovery of only 79(3) % of the originally transferred
charge upon re-reduction. Lowering the temperature to
ÿ40 8C considerably improves the electrochemical reversi-
bility of the redox reaction (DEp� 70 mV and j ipc/ipa j� 1 at
all investigated scan rates (10 ± 200 mVsÿ1), and ip/v1/2�
constant). Further, oxidation of complex 1 at ÿ40 8C cleanly
produces a blue solution of the oxidized species after the
passage of 0.98(1) F; the re-reduction of this solution renders
99 % of the previously transferred charge.


The results of a detailed investigation of the structural and
electronic aspects of the complexes obtained by reduction and
oxidation of complex 1, respectively, will be addressed elsewhere.
Here, especially the elucidation of the electronic structure of
the oxidation product, that is whether it is an iron(iv)
benzenedithiolate species or a dithiobenzosemiquinonate
radical coordinated to an iron(iii) ion, is of great interest.


Recently we demonstrated that iron(iii) catecholate com-
plexes containing the tetraazamacrocycle L-N4Me2 as co-


ligand are functional model complexes for the reactivity of
intradiol-cleaving catecholate dioxygenases.[11] Thus, molec-
ular oxygen readily reacts with a solution of the iron(iii) 3,5-di-
tert-butylcatecholate complex and cleaves oxidatively the
intradiol-C ± C bond of the coordinated catecholate moiety in
quantitative yields. A similar reaction was observed, albeit at
a slower rate, for the corresponding iron complex with the
unsubstituted catecholate ligand. In contrast to the iron(iii)
dioxolene complexes, the iron(iii) benzenedithiolate complex
1 is absolutely stable towards oxygen in the solid state as well
as in solution.


Conclusion


An iron(iii) benzenedithiolate complex containing the tetra-
azamacrocycle L-N4Me2 as coligand was synthesized and
thoroughly characterized. The crystal structure analysis
assigns a distorted octahedral coordination geometry to the
iron(iii) ion with a cis-N4S2 ligand donor environment. Based
on structural and magnetochemical evidence, the complex
undergoes a thermally induced S� 1/2>S� 3/2 spin transi-
tion with the critical temperature Tc at 170 K and with the S�
3/2 spin state thermally populated to 85 % at room temper-
ature. This spin crossover is also confirmed by the Mössbauer
results. The existence of a S� 3/2 spin state has been
corroborated by ESR experiments. While four- and five-
coordinate iron(iii) compounds frequently display a S� 3/2
spin state, six-coordinate iron(iii) complexes with such a spin
state are extremely rare. Thus, complex 1 is, to our knowledge,
the first pseudo-octahedral non-heme iron(iii) complex with a
thermally accessible intermediate-spin state and, in addition,
it is the first one characterized by a thermally induced S� 1/
2>S� 3/2 spin transition. The highly distorted cis octahedral
N4S2 coordination geometry around the iron ion, which is
distinguished by strong equatorial bonds to the thiolate sulfur
atoms and the pyridine nitrogen atoms and comparatively
weak axial bonds to the amine nitrogen atoms, is thought to be
responsible for the occurrence of this rather unusual inter-
mediate-spin state for a six-coordinate iron(iii) ion. In contrast
to catechol dioxygenase-like reactivity of the corresponding
iron(iii) catecholate complex, complex 1 does not react with
molecular oxygen. It does, however, exhibit a rich redox
chemistry.


Experimental Section


Physical methods : UV/Vis: Varian Cary 5 E. IR: Perkin-Elmer 1720 FT-IR.
ESR: Bruker 200D SRC equipped with a He-flow cryostat (ESR 910,
Oxford Instruments). ESR spectra were recorded within a temperature
range from 2 ± 100 K on 2 mm samples in an acetonitrile/toluene mixture
(v :v� 1:3). Mössbauer: Mössbauer spectra were recorded by using a
conventional spectrometer in the constant acceleration mode. Isomer shifts
are given relative to a-Fe at room temperature. The spectra obtained at low
fields (20 mT) were measured in a He bath cryostat (Oxford Instruments,
HD 306), equipped with a pair of circular permanent magnets. The spectra
were analyzed by least-square fits using a Lorentzian line shape. Electro-
chemistry: PAR Model 270 Research Electrochemistry Software controlled
Potentiostat/Galvanostat Model 273A with the electrochemical cell placed
in a glovebox. Electrochemical experiments were performed on solutions
of the compounds (1 ± 2 mm) in acetonitrile containing (Bu4N)ClO4 (0.2m)
as supporting electrolyte; a higher than normal electrolyte concentration
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was applied to minimize solution resistance. All potentials were measured
vs. a SCE reference electrode at 25 8C. The potentials were not corrected
for junction potentials. A Pt-foil electrode was employed as the working
electrode. Under these conditions the potential for the ferrocene/ferroce-
nium ion couple was 0.44 V. Coulometric experiments were performed by
using a Pt-gauze electrode. The electrolyses at low temperatures were
carried out in a double-jacketed electrolysis cell connected to a Lauda
Ultrakryomat RUK 90. Magnetic susceptibilities: SQUID magnetometer
(MPMS, Quantum Design) in the temperature range from 2 ± 295 K in an
applied field of 1 T. The values for the diamagnetic susceptibilities of the
ligand L-N4Me2 and of the other components of the complexes were taken
from the literature.[12]


Preparation of compounds : The tetraazamacrocyclic ligand L-N4Me2 was
synthesized according to already published procedures, employing some
slight modifications.[13]


[Fe(L-N4Me2)(S2C6H4)](ClO4) ´ 0.5H2O (1): Under an atmosphere of pure
nitrogen, an ethanolic solution (10 mL) containing 1,2-dimercaptobenzene
(71 mg, 0.5 mmol) and triethylamine (210 mL, 1.5 mmol) was slowly added
dropwise to a solution of [Fe(L-N4Me2)Cl2]� prepared from FeCl3 ´ 6H2O
(135 mg, 0.5 mmol) and L-N4Me2 (134 mg, 0.5 mmol) in warm 96 % ethanol
(20 mL). The resulting dark violet solution was filtered and then heated
before an ethanolic solution (10 mL) of sodium perchlorate (61 mg,
0.5 mmol) was added. After the mixture was left to stand at ÿ30 8C for
1 d, the resulting microcrystalline solid was collected and redissolved in
acetonitrile. Diffusion of ether into the filtered solution afforded single
crystals of the dark violet complex (238 mg, 83% yield). C22H25ClFe-
N4O4.5S2 (572.88): calcd. C 46.12; H 4.40, N 9.78; found C 46.09, H 4.24, N
9.84; UV/Vis (acetonitrile, 20 8C): lmax (eM) 321 (9900), 375 (sh, 5180), 527
(2920), 610 (1370), 822 (548) nm; IR (KBr): 3050, 2918, 1608, 1577, 1476,
1443, 1423, 1168, 1095, 1016, 873, 798, 759, 750, 624 cmÿ1 (strong bands only).


Warning : Perchlorate salts are potentially explosive and should be handled
with care.[14]


Crystal structure analyses of 1: Table 4 contains the cell parameters of the
crystals and experimental details on the data collections and structure
refinements. The positions of the non-hydrogen atoms were determined by
SHELXS 86[15] and by Fourier difference maps using the program
SHELXL-93.[15] The structural parameters were refined with the program
SHELXL-93 by using F 2 of all symmetry-independent reflections except


those with very negative F 2 values. All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were assigned idealized locations and
their isotropic temperature factors were refined except for those bound to
the water molecule, which were located by Fourier difference maps and
refined isotropically for the measurement at low temperature. The
hydrogen atoms of the water molecule in the structure of 1 determined
at 20 8C could not be found. The largest peaks (holes) in the final difference
Fourier maps correspond to 0.63 (ÿ0.37) e �ÿ3 and 0.76 (ÿ0.31) e�ÿ3 for
structure analyses of 1 at ÿ120 8C and at 20 8C, respectively. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC-100464. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : depos-
it@ccdc.cam.ac.uk).
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Table 4. Summary of crystal data, intensity collection and refinement
parameters for [Fe(L-N4Me2)(S2C6H4)](ClO4) ´ 0.5H2O (1) determined at
ÿ120 8C and at 20 8C.


Data at ÿ120 8C at 20 8C


formula C22H25ClFeN4O4.5S2 C22H25ClFeN4O4.5S2


Mr [g mol-ÿ1] 572.88 572.88
crystal dimensions [mm] 0.3� 0.3� 0.7 0.4� 0.6� 1.3
crystal system orthorhombic orthorhombic
space group Pnma (no. 62) Pnma (no. 62)
Z 8 8
a [�] 17.534(4) 17.653(4)
b [�] 14.503(3) 14.657(4)
c [�] 19.549(8) 19.856(7)
V [�3] 4971(3) 5138(3)
1calcd [gcmÿ3] 1.531 1.481
diffractometer Hilger & Watts Syntex P21


temperature [K] 153 293
l [�] 0.71073(MoKa) 0.71073(MoKa)
m [cmÿ1] 9.21 8.92
F(000) 2368 2368
scan method w-2V V-2V


2V limits (8) 3.10� 2V� 55.10 4.60� 2V� 50.50
unique reflections 5970 4809
reflections with Fo> 4s(Fo) 3517 3037
number of variables 340 336
GooF on F2[a] 1.096 1.136
R (wR2) [%][a, b, c] 5.49 (9.64) 6.69 (15.38)


[a] For all reflections with Fo> 4s(Fo). [b] R�S j jFo jÿjFc j j /S jFo j .
[c] wR2� {S [w(F2


oÿF2
c)2]/S[w(F2


o)2]}1/2.








Structural Distortions in Diiodine-Substituted Unsaturated Hydrocarbons**


Hans Bock,* Mark Sievert, and Zdenek Havlas


Dedicated to Professor Heribert Offermanns on the occasion of his 60th birthday


Abstract: 1,10-Diiodophenanthrene,
prepared for the first time by reacting
I2 with dilithiophenanthrene, has a twist
angle w(I ´´ ´ C ± C ´´´ I)� 638 between
the two iodine centers and a distance
dI´´´I� 3.61 �, which amounts to only
84 % of the sum of van der Waals radii,
2rvdW


I � 2� 2.15� 4.30 �. Based on an
extensive literature search for distor-
tions of carbon skeletons by repulsion
between overlapping iodine substitu-


ents, the low-temperature structures of
2,2'-diiodobiphenyl (w� 858, dI´´´I�
4.35 �, 101 % of 2rvdW


I ) and 1,8-diiodo-
naphthalene (w� 28 to 178, dI´´´I� 3.51 ±
3.54 �, 82 % of 2rvdW


I ) have also been
determined. Density functional B3LYP


calculations with 6-31G** basis sets and
31G* effective pseudopotentials for io-
dine provide information on an unex-
pectedly balanced charge distribution,
leading to estimates of about 30 kJ molÿ1


for the I/I repulsion and of about
10 kJ molÿ1 for the reduced p delocali-
zation in the extremely twisted skeleton
of 1,10-diiodophenanthrene.Keywords: arenes ´ density func-


tional calculations ´ interatomic re-
pulsion ´ iodine ´ skeletal distortion


Introduction


Molecular distortion due to nonbonded substituent interac-
tions : Sterically overcrowded and therefore structurally dis-
torted molecules or molecular ions have attracted the
attention of chemists for many years.[2] Numerous such
species have been reported, of which we have selected one
p- and one electron-pair-perturbed example for this intro-
duction. The recently published structure of octaphenyldi-
benzo[a,c]naphthacene (A) shows a 1058 twist along the long
hydrocarbon axis,[3] and octachlorotetraradialene (B), struc-
turally characterized in 1970,[4] is a severely distorted four-
membered ring. In contrast to p interactions, well-investigat-
ed recently due to their biochemical implications,[5] the
repulsive s-type interactions between one-center substituents
such as the halogens still need further exploration.


For qualitative estimates of the space filled by substituents,
which can provide kinetic stabilization of thermodynamically
stable molecules generated in the gas phase under unim-
olecular conditions but that rapidly polymerize on condensa-
tion,[6] often the interference, interaction, or van der Waals


radii[7] are considered. They are derived from ionic radii or
molecular structures,[7a] de Broglie wavelengths, collision
cross-sections, or critical-point data,[7b] and from force-field
calculations.[7c] Their angle- and direction-dependent[7a,d] val-
ues are occasionally overestimated.[7e] According to a more
general definition, the van der Waals volume of a molecule
cannot be penetrated by that of another one at thermal
energies corresponding to room temperature.[7b]


Some frequently used literature values for hydrogen and
halogen centers[7a,f] are compared with essential C ´´´ C
distances in the molecular skeletons of the unsaturated
hydrocarbons phenanthrene, biphenyl, and naphthalene, the
structural distortions of which we investigate here (Sche-
me 1 A).
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Despite the frequently demonstrated usefulness of inter-
ference radii for qualitative estimates of structures containing
bulky groups,[2] some caution is advisable even for single-
center substituents: The structure of planar tetraiodoethene
(Scheme 1 B), determined by gas-phase electron diffraction,[8]


has distances of 3.65 and 3.54 � between vicinal and geminal
iodine centers, which are considerably exceeded by the sum of
their interference radii, 2rvdW


I � 2� 2.15� 4.30 �, and indicate
that for groups CHal2, therefore, the assumption of spherical
electron-density distributions around the individual halogen
centers[7a,d] is obviously unjustified.


Results and Discussion


Our investigations started with the synthesis of the unknown
1,10-diiodophenanthrene[9] by a well-known dilithiation
route[10] (Scheme 2 and Experimental Section). The structure
determination revealed a surprising twisting of the phenan-
threne skeleton by an interiodine angle of 638 and stimulated
the preparation and crystal growth of both 2,2'-diiodobiphen-
yl and of 1,8-diiodonaphthalene, the structural data for which
are not listed so far in the Cambridge Structural Database.
The hydrocarbon skeletal distortions due to repulsive inter-
actions between overlapping iodine substituents are discussed
based on density functional B3LYP calculations with 6-31G**
basis sets, which for the iodine centers were completed by
effective pseudopotential 31G* functions (Experimental
Section).


Crystal structures : The structures of the diiodohydrocar-
bons investigated will be presented in the sequence of
perturbations: Beginning with 1,10-diiodophenanthrene, the
removal of the CCCC bridge in the central six-membered ring
generates the rotationally flexible 2,2'-diiodobiphenyl, and


further ring condensation 1,8-diiodonaphtha-
lene, the in-plane distortions of which will also
be discussed.


1,10-Diiodophenanthrene : The compound
crystallizes in the triclinic space group P 1Å with
Z� 4 molecules in the unit cell (Figure 1). The
structure contains two crystallographically in-
dependent molecules. The 1,10-diiodophenan-
threne molecules form alternating stacks both
in x (Figure 1, A) and y directions (Figure 1, B)
with an angle of 748 between them. The
interplanar distances between the idealized


molecular planes amount to 3.62 (0.006) � along the x stack
and 3.74 (0.007) � along the y one, exceeding the double van
der Waals p radius of 3.40 �[7a] by 0.22 and 0.34 �, respec-
tively. This is presumably a result of the repulsion between the
bulky iodine substituents, for which a shortest intermolecular
distance of 4.10 � is determined.


The two crystallographically independent molecules exhibit
almost identical structural parameters, as expected (Table 1).
The structures are dominated by the torsional distortion due
to the I1/I2 or I3/I4 repulsive interactions at a distance of


3.60 �, which is about 16 % shorter than two
van der Waals radii of iodine, 2rvdW


I � 2�
2.15� 4.3 �[7a] (Scheme 1). The torsion
around the C ± C bond in the central region
of 1,10-diiodophenanthrene amounts to 638
(!) with respect to the axes of the C ± I bonds.
This rather large skeletal distortion is best
illustrated by the considerable distance of


Scheme 1. A) Some frequently used literature values for hydrogen and halogen van der
Waals radii compared with essential C ´´ ´ C distances in the molecular skeletons of the
unsaturated hydrocarbons phenanthrene, biphenyl, and naphthalene, and B) C ´´´ I
distances and selected angles in planar tetraiodoethene.


Scheme 2. Synthesis of 1,10-diiodophenanthrene by dilithiation.


Figure 1. Crystal structure of 1,10-diiodophenanthrene at 150 K: A) unit
cell (triclinic, P1Å, Z� 4) viewed along the x and B) the y axes, C) structures
of the two crystallographically independent molecules with numbering
(thermal ellipses drawn at the 50 % probability level); D) front and E) side
view (*� I; *�C; *�H).







Structural Distortion 677 ± 685
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0.43 � between a C center and the idealized plane resulting
for the twisted phenanthrene p system. The C ± I bond lengths
of 2.11 (0.004) � are normal,[11] but some unusual angle
deviations are observed (Table 1). For instance, the angles
C-C-I are enlarged to 123 (0.3)8 and the angles C10-C11-C12
and C30-C31-C32 to 126 (0.3)8. In the central phenanthrene
ring, the usual bond alternation is more pronounced, with
short distances C5 ± C6 and C25 ± C26 of only 1.35(0.007) �
and rather long ones C11 ± C12 as well as C31 ± C32 of
1.46(0.005) � (Table 1).


2,2'-Diiodobiphenyl : The known compound[10] is synthesized
analogously to the method of Scheme 2 by reacting the
dilithium biphenyl with elemental iodine (Experimental
Section) and crystallizes in the orthorhombic space group
Pbca with Z� 8 molecules in the unit cell (Figure 2) stacked
along the y direction (Figure 2 A and B).


The crystal packing of the severely twisted 2,2'-diiodobi-
phenyl molecules with their space-filling iodine substituents
(Figure 2 A) exhibits stacks, for which the closest intermolec-
ular distance is determined to be only 3.89 (0.009) �, that is,
0.31 � smaller than the double van der Waals radius of iodine
(Scheme 1). The torsion angle of 858 around the central C ± C
bond in 2,2'-diiodobiphenyl (Figure 2 E), which exhibits a
normal length of 1.5 (0.005) �[11] (Table 2), separates the two
iodine centers by a distance of 4.35 (0.009) �. The phenyl
rings form ipso angles of 1188 at the C ± C connection centers
and do not show any significant distortions. Electron diffraction
in the gas phase yields a slightly lower torsion angle of 798.[12]


1,8-Diiodonaphthalene : The compound was synthesized as far
back as 1910 by diazotation of 1,8-diaminonaphthalene and its
two-step iodide decomposition (Scheme 3,[13] Experimental


Figure 2. Crystal structure of 2,2'-diiodobiphenyl at 200 K: (A) unit cell
(orthorhombic, Pbca, Z� 8) viewed along the y and (B) the x axes, (C)
molecular structure with numbering of the centers (thermal ellipses drawn
at the 50% probability level; (D) front and (E) side view (*� I; *�C;
*�H).


Scheme 3. Synthesis of 1,8-diiodonaphthalene (1910) by diazotation of 1,8-
diaminonaphthalene and its two-step iodide decomposition.


Section). For the orange-brown needles recrystallized from
methanol, a rather complex structure in the triclinic space
group P 1Å with Z� 12 molecules in the unit cell is determined
(Figure 3), which contains no less than six (!) crystallo-
graphically independent 1,8-diiodonaphthalenes (Figure 3 C).


Table 1. Selected bond lengths [�] and angles [8] of 1,10-diiodophenan-
threne (see Figure 1 for numbering).


I(1)-C(1) 2.108 (4) C(7)-C(14) 1.404 (6) C(25)-C(26) 1.348 (6)
I(2)-C(10) 2.106 (4) C(9)-C(10) 1.387 (6) C(25)-C(33) 1.437 (6)
I(3)-C(21) 2.101 (4) C(10)-C(11) 1.427 (6) C(26)-C(34) 1.433 (6)
I(4)-C(30) 2.112 (4) C(11)-C(14) 1.434 (5) (C27)-C(28) 1.373 (5)
C(1)-C(2) 1.392 (6) C(11)-C(12) 1.463 (5) C(27)-C(34) 1.411 (6)
C(1)-C(12) 1.418 (5) C(12)-C(13) 1.414 (5) C(29)-C(30) 1.393 (6)
C(3)-C(4) 1.382 (7) C(21)-C(22) 1.396 (5) C(30)-C(31) 1.418 (5)
C(4)-C(13) 1.406 (6) C(21)-C(32) 1.421 (5) C(31)-C(34) 1.425 (5)
C(5)-C(6) 1.347 (7) C(23)-C(24) 1.373 (6) C(31)-C(32) 1.459 (5)
C(5)-C(13) 1.435 (6) C(24)-C(33) 1.404 (6) C(32)-C(33) 1.435 (5)
C(6)-C(14) 1.435 (6)


C(2)-C(1)-C(12) 121.0 (4) C(22)-C(21)-C(32) 120.7 (4)
C(2)-C(1)-I(1) 113.9 (3) C(22)-C(21)-I(3) 114.6 (3)
C(12)-C(1)-I(1) 123.3 (3) C(32)-C(21)-I(3) 123.2 (3)
C(1)-C(2)-C(3) 120.2 (4) C(23)-C(22)-C(21) 120.7 (4)
C(4)-C(3)-C(2) 118.6 (4) C(24)-C(23)-C(22) 119.8 (4)
C(3)-C(4)-C(13) 121.1 (4) C(23)-C(24)-C(33) 120.6 (4)
C(9)-C(10)-C(11) 121.6 (4) C(29)-C(30)-C(31) 121.2 (4)
C(9)-C(10)-I(2) 114.5 (3) C(29)-C(30)-I(4) 113.9 (3)
C(11)-C(10)-I(2) 122.6 (3) C(31)-C(30)-I(4) 123.1 (3)
C(10)-C(11)-C(14) 115.3 (3) C(30)-C(31)-C(34) 116.2 (3)
C(10)-C(11)-C(12) 126.8 (3) C(30)-C(31)-C(32) 126.4 (3)
C(14)-C(11)-C(12) 117.6 (3) C(34)-C(31)-C(32) 117.3 (3)
C(13)-C(12)-C(1) 116.6 (4) C(21)-C(32)-C(33) 116.0 (3)
C(13)-C(12)-C(11) 117.7 (3) C(21)-C(32)-C(31) 126.0 (3)
C(1)-C(12)-C(11) 125.6 (3) C(33)-C(32)-C(31) 117.8 (3)


Table 2. Selected bond lengths [�] and angles [8] of 2,2'-diiodobiphenyl
(for numbering of the centers, see Figure 2).


I(1)-C(1) 2.107 (4) C(3)-C(4) 1.384 (7) C(7)-C(8) 1.368 (7)
I(2)-C(10) 2.103 (4) C(4)-C(5) 1.379 (6) C(8)-C(9) 1.377 (7)
C(1)-C(12) 1.386 (5) C(5)-C(12) 1.394 (5) C(9)-C(10) 1.389 (5)
C(1)-C(2) 1.402 (6) C(6)-C(7) 1.390 (6) C(10)-C(11) 1.384 (5)
C(2)-C(3) 1.369 (6) C(6)-C(11) 1.392 (5) C(11)-C(12) 1.500 (5)


C(12)-C(1)-C(2) 120.7 (4) C(8)-C(9)-C(10) 119.0 (4)
C(12)-C(1)-I(1) 120.5 (3) C(11)-C(10)-C(9) 122.0 (4)
C (2)-C(1)-I(1) 118.7 (3) C(11)-C(10)-I(2) 120.3 (3)
C(3)-C(2)-C(1) 119.6 (4) C(9)-C(10)-I(2) 117.7 (3)
C(2)-C(3)-C(4) 120.5 (4) C(10)-C(11)-C(6) 117.8 (4)
C(5)-C(4)-C(3) 119.6 (4) C(10)-C(11)-C(12) 122.0 (3)
C(4)-C(5)-C(12) 121.3 (4) C(6)-C(11)-C(12) 120.2 (3)
C(7)-C(6)-C(11) 120.3 (4) C(1)-C(12)-C(5) 118.2 (4)
C(8)-C(7)-C(6) 120.6 (4) C(1)-C(12)-C(11) 122.0 (3)
C(7)-C(8)-C(9) 120.3 (4) C(5)-C(12)-C(11) 119.8 (3)
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Figure 3. Crystal structure of 1,8-diiodonaphthalene at 200 K: (A) unit cell
(triclinic P1Å, Z� 12) viewed along the y axis, (B) side view of the staples,
(C) the six crystallographically independent molecules (thermal ellipses
drawn at the 50 % probability level) as well as their location within the
stacks and the molecular structure viewed (D) from top and (E) in the
hydrocarbon plane, with angles a between 28 and 178 (Table 3). (*� I;
*�C; *�H).


The positions of the six crystallographically independent 1,8-
diiodonaphthalene molecules (Figure 3 C and Table 3) can be
characterized as follows: The four denoted 3 to 6 are
stacked in the y direction, whereas the two marked1 and2
form layers perpendicular to the stacks, separating the latter
from each other. Within the stacks, the molecules are packed
alternately and the interplanar distances between their almost
coplanar (idealized) molecular planes vary only slightly
between 3.49 (0.006) and 3.52 (0.005) �, that is, just 0.1 �
longer than the double van der Waals p radius of 3.4 �.[7a]


Molecules of neighboring stacks exhibit a herringbone crystal-
packing pattern with respect to each other, with an interplanar
angle of 488 (Figure 3 A, C). The shortest intermolecular
distance I ± I determined amounts to 3.82 �. All six inde-
pendent molecules (Figure 3 C) show different structural
parameters (Table 3). Of particular interest are the intra-
molecular distances between the iodine substituents, which
range from only 3.51 (0.009) � in molecule5 (Figure 3 C) to
3.54 (0.008) � in molecule 3 (Table 3), and concomitantly
the torsion angles a of the p systems, from 28 in molecule5 to
178 in molecule 3 (Table 3). Based on the iodine van der
Waals radius of 2.15 �[7a] (Scheme 1), the distances I ´´ ´ I
between the iodine centers in 1,8-disubstituted naphthalene


are shorter by about 0.78 � or about 82 % within the van der
Waals limit. The resulting I/I repulsion distorts the structure
of the hydrocarbon skeleton significantly; in particular, the
angles I-C1-C9 of 126 (0.6)8 to 128 (0.7)8 and C1-C9-C8 of
130 (0.7)8 to 132 (0.7)8 clearly reflect the interaction between
the two iodine substituents. The central bond C9 ± C10 is
stretched from 1.42 � to 1.46(0.01) � or the bonds C3 ± C4
and C5 ± C6 are compressed to rather short and partly even
unrealistic distances between 1.29 (0.01) and 1.36 (0.01) �
(Table 3).


Structural comparison based on density functional calcula-
tions : The rather large distortions detected in some cases in
the structure determination of the selected diiodo-substituted
six-membered ring prototype hydrocarbons phenanthrene,
biphenyl, and naphthalene, which predominantly involve


Table 3. Selected bond lengths [�], angles [8] and
intramolecular distances [�] of the six crystallograph-
ically independent 1,8-diiodonaphthalene molecules
(for indexing see diagrams).
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torsion angles, but also bond angles and even bond
lengths,[2, 5, 11, 14, 15] stimulated an extensive search for related
molecules in the Cambridge Structural Database. The most
relevant information extracted concerns the structure of 1,12-
diiodotriphenylene, hidden in a short communication on the
dilithiation of polycyclic aromatic hydrocarbons
(Scheme 4).[16] On removal of the outer six-membered ring


Scheme 4. The structure of 1,12-diiodotriphenylene.


carbons C5 to C8, the molecule 1,10-diiodophenanthrene
remains, for which a 58 smaller dihedral angle of 638 has been
determined (Figure 1 and Table 1) together with an inter-
iodine distance of 3.61 �, 0.07 � shorter than that of 1,12-
diiodotriphenylene. These rather small structural differences
may be rationalized by an increased stiffness of the triphen-
ylene framework, but of more essential importance is the
observed comparability for iodine/iodine interactions in the
2,2'-positions of rotationally restricted biphenyl skeletons.


Full geometry optimization for the 24 atom/198 electron
molecule 1,10-diiodophenanthrene with its total 66 degrees of
freedom within a density functional B3LYP calculation using
a 6-31G** basis set for carbon and hydrogen centers and
additional 31G* effective pseudopotentials (ECP) for the
iodine centers (Experimental Section) reproduces all essential
details of the structure determined (Scheme 5, left-hand side).


Scheme 5. Left: Geometric parameters for 1,10-diiodophenanthrene from
a density functional B3LYP calculation using a 6-31G** basis set for carbon
and hydrogen centers and additional 31G* effective pseudopotentials
(ECP) for the iodine centers; right: the Mulliken charge densities.


To begin with the I/I-enforced twisting (experimental values
in brackets, Table 1), the rotational angle is calculated to be
608 (638) and the distance I ´´ ´ I 3.7 � (3.61 �). The bonds C ± I
are calculated to be 2.14 � (2.11 �) long, and all the rather
unused C ± C bond lengths predicted are close to reality, from
the long central C11 ± C12 bond of 1.46 � (1.46 �) to the
shortest C5 ± C6 one of 1.35 � (1.35 �). Therefore, despite


some hesitation, especially concerning the iodine centers, the
Mulliken charge densities are also presented (Scheme 5, right-
hand side). According to the DFT calculation, the iodine
centers should be uncharged and the whole skeleton only
negligibly polarized. The largest negative partial charges are
predicted for the iodine-substituted carbon centers. The
accumulation of partial positive charges on the peripheral
hydrogens is a known artefactual phenomenon often observed
for corrected C ± H bond lengths.


To obtain energy estimates for both the repulsive I/I-
interaction as well as for the loss of p-delocalization energy
due to the enforced skeletal twisting, additional DFT model
calculations were performed. The repulsion between the
iodine centers at the 3.7 � distance (Scheme 5) was approxi-
mated by considering a second 4,10-diiodo-substituted iso-
mer, for which a difference in total energy DE(1,10ÿ 4,10)�
44 kJ molÿ1 results (Scheme 6 A).


Scheme 6. A) Comparison of DFT total energies for 1,10- and 4,10-diiodo-
substituted isomers; B) the I ´´ ´ I repulsion simulated by DFT model
calculations for two methyl iodide subunits at the respective interiodine
distances of the 1,10- and 4,10-diiodophenanthrene isomers.


In addition, the I ´´ ´ I repulsion was simulated by DFT
model calculations for two methyl iodide subunits at the
respective interiodine distances of the 1,10- and 4,10-diiodo-
phenanthrene isomers (Scheme 6 B), for which a qualitative
total energy difference of 33 kJ molÿ1 resulted (neglecting the
basis set superposition error). Combining both DFT results in
Scheme 6, the loss of p-delocalization energy due to the
different twisting of the s skeletons from w� 08 to w� 608 is
estimated to be at least DDEtotal� 10 kJ molÿ1. This would
correspond both to the value expected from simple p-
perturbation arguments, b� bo(1ÿ cos2w) with (1ÿ
cos2(608))� 0.75, a reduction of the p delocalization by only
about 25 %, as well as to the asymmetric energy hypersurface
(Figure 4) calculated for the phenyl ring rotation around the


Figure 4. The asymmetric energy hypersurface for rotation around the
central C ± C bond in 2,2'-diiodobiphenyl.
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central C ± C bond in 2,2'-diiodobiphenyl, in which the
stiffening (HC ± CH) bridge of 1,10-diiodophenanthrene has
been removed.


Starting from the twisted system with w� 908, in which the
p delocalization is by definition missing, an increase of DEDFT


by about 10 kJ molÿ1 should turn the phenyl rings towards
coplanarity by approximately 308, close to the experimentally
determined value w� 638 (Figure 1 and Table 1). The com-
parison of the angle w between 1,10-diiodophenanthrene and
2,2'-diiodobiphenyl can be further supported by comparable
substituent effects depending on the van der Waals radii
(Scheme 1) of one-center substituents. The slopes of the
qualitative regression lines for both hydrocarbons (Figure 5)


Figure 5. Effect of the substituent X on the angle w in 1,10-diiodophenan-
threne and 2,2'-diiodobiphenyl. The qualitative regression lines (- - -) for
both hydrocarbons correspond approximately to changes Dw of between
308 to 508 for a 0.8 � increase in the van der Waals radii of the substituents.


correspond approximately to changes Dw of between 308 to
508 for a 0.8 � increase in the van der Waals radii of the one-
center substituents (Scheme 1).


As was the case for 1,10-diiodophenanthrene (Scheme 5),
the geometry-optimized density functional calculations for
2,2'-diiodobiphenyl (Scheme 7, left-hand side) reproduce the


Scheme 7. Left: Geometric parameters for 2,2'-diiodobiphenyl from a
density functional B3LYP calculation; right: the Mulliken charge densities.


experimentally determined structural parameters rather well
(experimental values (Table 2) in brackets), from the 908
(858) phenyl ring twisting through the 2.13 � (2.11 �)
long C ± I bonds to the 1.49 � (1.50 �) long central C ± C
bond. Comparable to those for 1,10-diiodophenanthrene
(Scheme 5), the calculated Mulliken charge densities for
2,2'-diiodobiphenyl (Scheme 7, right-hand side) predict nearly
uncharged iodine centers as well as a negligibly small polar-


ization of the hydrocarbon skeleton, except for the artefactual
CdÿÿHd� bonds.


An extensive CSD structure search for related polyiodine-
substituted hydrocarbons revealed numerous derivatives with
a planar skeleton analogous to prototype tetraiodoethylene
(Scheme 1 B).[2] Selected examples are 1,1-diiododinitroethyl-
ene (Scheme 8 A),[17] 1,2-diiodocyclobutene-3,4-dione (Sche-
me 8 B),[18] 1,2,4,5-tetraiodo-p-benzoquinone (Scheme 8 C),[19]


3,4,5-triiodotoluolene (Scheme 8 D),[20] 2,3,4,5-tetraiodo-
phthalic acid anhydride (Scheme 8 E),[21] and hexaiodoben-
zene (Scheme 8 F).[22] In 1,1-diiododinitroethylene, two elec-


Scheme 8. Planar polyiodine-substituted hydrocarbons (cross-hatched
circles: O; shaded circles: N; empty circles: C).


tron-withdrawing nitro groups shorten the distance I ´´ ´ I
between the geminal iodine centers of 3.50 � relative to those
in tetraiodoethylene of 3.54 � (Scheme 18) by only 0.04 �.
Enlarging the angles C-C-I in 1,2-diiodocyclobutene-3,4-
dione to 1318 increases the distance I ´´ ´ I to 4.13 �. In the
1,2,4,5-tetraiodo-p-benzoquinone with C�C bonds of 1.32 �,
the vicinal iodine centers are again 3.65 �[21] apart as in
I2C�CI2. Of the three benzene derivatives, both the fully
planar hexaiodo derivative (F) as well as 1,2,3-triodotoluene
show the obviously characteristic I ´ ´ ´ I distances of about 3.75
to 3.77 �, whereas those in 2,3,4,5-tetraiodophthalic anhy-
dride are reported to be shorter by about 0.2 �;[21] recalcu-
lation from the structural data yields an average value of
3.64 �. To summarize the iodine structural parameters in
approximately planar polyiodosubstituted unsaturated hydro-
carbons, typical bond lengths C ± I are found within a rather
narrow range between 2.05 and 2.10 �, whereas the inter-
molecular I ´´ ´ I distances between adjacent iodine centers
range from 3.50 to 3.77 � depending on the skeletal topology
(Scheme 8).


It was this overview that tempted us to prepare 1,8-
diiodonaphthalene again[13] and to determine its structure,
because the distance between its 1,8-peri positions amounts to
only about 2.42 � and, therefore, only about 56 % of the
double iodine van der Waals radius 2rvdW


I � 4.30 �. A CSD
search reveals the structures of numerous crystalline 1,8-
naphthalene derivatives, for instance with substituents X�
F,[23] Cl,[24] Br,[25] or even Si(CH3)3,[26] but no iodine-substituted
one. The structure determined for 1,8-diiodonaphthalene and
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described earlier (Figure 3 and Table 3) exhibits unusual
facets: There are six independent molecules with distances
I ´ ´ ´ I between 3.51 to 3.54 � and torsion angles a (I-CCC-I)
between 2 and 178, indicating dynamic flexibility of the
hydrocarbon with rather low activation barriers. Again the
density functional calculations (cf. Schemes 5 and 7) reflect
the experimental observations. To begin with, the difference
in DFT total energy between conformers twisted by a� 108
and 178 (Figure 3 E) amounts to only 0.6 kJ molÿ1 (!). For the
one with the maximum twist angle, a� 178, the geometry-
optimized parameters (Scheme 9, left-hand side) are calcu-


Scheme 9. Left: Geometric parameters for the 1,8-diiodonaphthalene
skeleton with the maximum twist, a� 178, from a density functional
B3LYP calculation; right: the Mulliken charge densities.


lated, closely reproducing the experimentally determined
ones (Table 3). The molecular skeleton of 1,8-diiodonaphtha-
lene is heavily distorted (experimental values (Table 3) in
brackets); the distance I ´´ ´ I of 3.62 � (3.54 �) creates the
C1 ´´ ´ C8 one of 2.60 � (2.59 �) in the C1-C9-C8 subunit,
which has C ± C bond lengths of 1.43 � (1.44 �) and an angle
of 1308 (1318). The central C ± C ring connection of 1.45 �
(1.46 �) is close to the length of an ordinary single bond and
only the opposite angle aC-C-C of 1188 (Table 3/angle 7:
1198) returns to a normal value. The accompanying Mulliken
charge densities (Scheme 9, right-hand side) indicate neutral
iodine centers again (cf. Schemes 5 and 7), but a considerable
polarization of the inner C ± C bond versus the peripheral
ones suggests that a radical anion of 1,8-diiodonaphthalene
might be accessible by reduction or that the neutral molecule
possibly exerts special p-acceptor properties towards elec-
tron-rich small donors.


Most intriguing of all DFT results, however, may be the
small total energy differences already pointed out, which do
to explain the existence of the six independent molecules
found in the triclinic crystal of 1,8-diiodonaphthalene (Fig-
ure 3 C) and provide snapshot impressions of its molecular
dynamics.


Conclusions and Perspectives


Three diiodosubstituted hydrocarbon derivatives were select-
ed to study the repulsive interactions between adjacent iodine


centers and the accompanying skeletal distortions. The largest
interiodine distance of 4.35 � in the rather flexible 2,2'-
biphenyl, with the density functional calculated minimum at a
908 rotational angle, is shortened to 3.61 � in 1,10-diiodo-
phenanthrene by a stiffening phenylene bridge. Estimates for
the I ´´ ´ I repulsion and for the p-delocalization loss due to the
skeletal twisting by a 638 dihedral angle suggest minimum
energy contributions of about 30 kJ molÿ1 and 10 kJ molÿ1. If
planarity is either present, as in the prototype derivatives
tetraiodoethylene and hexaiodobenzene, or enforced, as in
1,8-diodonaphthalene, other distortions involving bond angles
or even bond lengths may be observed depending on the
topology of the p system.


For rationalization of the structural distortions, arguments
based on the (average) van der Waals radius of iodine, rvdW


I �
2.15 �, are often quite helpful, if their limited directionality
and their considerable compressibility are kept in mind. Most
valuable information is provided by (approximate) density
functional calculations, for which the iodine basis set could be
improved to reproduce most of the structural parameters
experimentally determined. Accompanying Mulliken charge
densities suggest only negligible polarization in the iodine-
substituted hydrocarbons close to the iodine centers.


Iodine compounds are fascinatingÐfrom novel triatomic
molecules such as SiI2 generated under unimolecular con-
ditions in the gas phase 5 years ago [Eq. (1)], for which
calculations using a highly correlated relativistic pseudopo-
tential wavefunction were carried out[27] to all the interesting
novel organic compounds published day by day, such as
2,5,7,10-tetraiodo-1,6-methano[10]annulene (Scheme 10).[28]


SiI4� [Si]x ! 2SiI2 (1)


Scheme 10. 2,5,7,10-Tetraiodo-1,6-methano[10]annulene.


The rather bulky iodine centers in appropriate molecules
should be more extensively explored, because of their
potential shielding of reactive centers and, above all, because
they can act as both s donors and p acceptors.[29±31]


Experimental Section


1,10-Diiodophenanthrene :[9] Phenanthrene (10.65 g, 60 mmol) was sus-
pended under argon in tetramethylethylenediamine (17.7 mL) and, after
cooling with ice, a solution of n-butyllithium in n-hexane (1.6m, 75 mL)
added under constant stirring. The resulting dark brown mixture was
heated under reflux to 70 8C for 3 h to evaporate the butane gas. After
standing for 24 h at room temperature, the black mixture was cooled with
ice again and the crude dilithium phenanthrene filtered off under argon.[10]
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Its solution in THF (90 mL) was cooled to ÿ75 8C; iodine (9.8 g,
38.5 mmol) was added, and the mixture stirred at room temperature for
17 h. After quenching with water added dropwise (20 mL) the solution was
extracted twice with ether (each 50 mL); the combined ether phases were
washed first with 40 % NaHSO3 solution and then four times with water
(each 50 mL). The ether solution dried over MgSO4 and evaporated yields
1,10-diiodophenanthrene as a light brown product, which can be recrystal-
lized at ÿ20 8C after addition of n-hexane (m.p. 188 ± 193 8C).


Crystal structure determination for 1,10-diiodophenanthrene : 1,10-Diio-
dophenanthrene, brown blocks, C14H8I2 (Mr� 430), a� 877.2(1), b�
877.4(1), c� 1658.2(1) pm, a� 105.03(1)8, b� 100.28(1)8, g� 90.15(1)8,
V� 1211.2� 106 pm3 (T� 150 K), 1ber� 2.358 gcmÿ3, triclinic, P 1Å (No. 2),
Z� 4, F(000)� 792.0, w ± q scan on a Siemens P4 four-circle diffractometer,
MoKa radiation, m� 5.16 mmÿ1, all data corrected for Lorentz and polar-
ization effects and absorption correction established by DIFABS.[32] Range
3� 2q� 668 ; 9728 reflections, of which 8936 independent and 8185 used for
refinement (Rint� 0.0211). Structure solution with direct methods by means
of SHELXS-86, refinement with SHELXL-93, 290 parameters, w� 1/
[s2(F2


o)� (0.0298P)2� 2.49P], R� 0.0401 for 8185 Fo> 4s(Fo), wR2�
0.0979 for all 9728 reflections, GoF� 1.231, residual density: 1.45/ÿ
1.20 e �ÿ3. All heavy centers were refined with anisotropic displacement
parameters and all hydrogens located from the difference map, positioned
ideally, and refined with isotropic displacement parameters using the riding
model ([Uiso� 1.2Ueq(C ± H/CH2)]; [Uiso� 1.5Ueq(C ± H/CH3)]).


2,2'-Diiodobiphenyl :[10] Biphenyl (4.7 g, 30.5 mmol) was stirred under
argon in n-butyllithium in n-hexane solution (1.6m, 46 mL, 74 mmol) and
then heated to 60 8C for 3 h. After standing at room temperature for 10 h,
the mixture was cooled to ÿ20 8C, the resulting light yellow solid filtered
off, pure THF (20 mL) added and the red solution cooled toÿ75 8C. Under
argon, iodine (15 g, 59 mmol) was added, and the dark brown solution
allowed to warm up to room temperature and stirred for 2 h. On shaking
the mixture with ether and 40% NaHSO3 solution, it turned orange.
Washing with water to neutral pH and evaporation yielded a dark oil, from
which on addition of n-hexane a light yellow solid precipitated. Crystals of
2,2'-diiodobiphenyl are best obtained by a 7-day sublimation at 70 8C and
10 mbar (m.p. 109 8C).


Crystal structure determination for 2,2'-diiodobiphenyl : 2,2'-Diiodobi-
phenyl, yellow rods, C12H8I2 (Mr� 405.98), a� 767.4(1), b� 1412.7(2), c�
2212.4(2) pm, a� b�g� 908, V� 2398.5� 106 pm3 (T� 200 K), 1ber�
2.249 gcmÿ3, orthorhombic, Pbca (No. 61), Z� 8, F(000)� 1488.0, w ± q


scan on a Siemens/Stoe AEDII four-circle diffractometer, MoKa radiation,
m� 5.21 mmÿ1, all data corrected for Lorentz and polarization effects and
empirical absorption correction established by XEMP (min. transm.�
0.730, max transm.� 0.993).[33] Range 3� 2q� 528 ; 3215 reflections, of
which 2322 independent and 1755 used for refinement (Rint� 0.0117).
Structure solution with direct methods using SHELXS-86, refinement with
SHELXL-93, 128 parameters, w� 1/[s2(F2


o)� (0.0259P)2� 3.27P], R�
0.0246 for 1755 Fo> 4s(Fo), wR2� 0.0645 for all 3215 reflections, GoF�
1.042, residual density: 0.90/ÿ 0.65 e�ÿ3. All centers were refined with
anisotropic displacement parameters and all hydrogens located from the
difference map, positioned ideally, and refined with isotropic displacement
parameters using the riding model ([Uiso� 1.2Ueq(C ± H/CH2)]; [Uiso�
1.5 Ueq(C ± H/CH3)]).


1,8-Diiodonaphthalene :[13] The compound is prepared in two steps via 1,8-
iodonaphthylamine hydrochloride (see Scheme 3).


1,8-Iodonaphthylamine hydrochloride : A hot solution of 1,8-naphthylendi-
amine (15 g, 95 mmol) in conc. HCl (200 mL) was poured into water
(1400 mL); the solution was filtered and cooled by adding ice (300 g).
Subsequently, H2SO4 (15 mL) and NaNO2 (6.7 g, 97 mmol) were added
under constant stirring and after cooling the temperature to well below
5 8C. The product was filtered off, dried at 10ÿ2 mbar and suspended in HI
(100 g, 781 mmol). Under constant stirring, copper metal (4 g, 63 mmol)
was added in small portions and the reaction mixture heated for 2 h on a
waterbath. Under vigorous liberation of nitrogen, a black crystalline
product formed, which could be recrystallized from hot ethanol to yield
grey needles of 1,8-iodonaphthylamine hydrochloride. This was purified by
refluxing with diethyl ether for 2 h, drying the filtered solution with K2CO3


and precipitating the hydrochloride salt with aqueous HCl. Recrystalliza-
tion from hot ethanol yielded light gray needles (m.p. 186 ± 189 8C).


1,8-Diiodonaphthalene : 1,8-Iodonaphthylamine hydrochloride (6.3 g,
24 mmol) was dissolved in conc. HCl (71 mL) and cooled to ÿ1 8C; under
stirring NaNO2 (1.46 g, 21 mmol) was added in small portions. On addition
of KI (5.5 g, 33 mmol), the yellow-brown solution of the diazonium
chloride turned into the red one of diazonium iodide. After heating the
mixture for 2 h on a waterbath, nitrogen evolution ceased; the crude
product was recrystallized from methanol to yield orange-brown needles
(m.p. 109 8C).


Crystal structure determination for 1,8-diiodonaphthalene: 1,8-Diiodo-
naphthalene, orange-brown needles, C10H6I2 (Mr� 379.95), a� 1283.8(2),
b� 1540.2(2), c� 1599.9(2) pm, a� 77.16(1), b� 72.64(1), g� 82.26(1)8,
V� 2935.9� 106 pm3 (T� 200 K), 1ber� 2.579 g cmÿ3, triclinic, P 1Å (No. 2),
Z� 12, F(000)� 2064.0. w ± q scan on a four-circle diffractometer Siemens/
Stoe AEDII, MoKa radiation, m� 6.37 mmÿ1, all data corrected for Lorentz
and polarization effects and absorption correction established by PSI-scan
measuring 10 reflections in steps of 108. In the range 3� 2q� 528 are
measured 9962 reflections, of which 9251 independent and 7766 used for
refinement (Rint� 0.0863). Structure solution with direct methods using
SHELXS-86, refinement with SHELXL-93, 650 parameters, w� 1/
[s2(F2


o)� (0.0614P)2� 20.76P], R� 0.0408 for 7766 Fo> 4s(Fo), wR2�
0.1152 for all 9962 reflections, GoF� 1.057, residual density: 3.33/ÿ
2.14 e�ÿ3. All heavy centers were refined by means of anisotropic
displacement parameters and all hydrogens located from the difference
map, positioned ideally, and refined with isotropic displacement parame-
ters using the riding model ([Uiso� 1.2 Ueq(C ± H/CH2)]; [Uiso� 1.5 Ueq(C ±
H/CH3)]).


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-101284.
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).


Density functional calculations are performed at the B3LYP level[34±36] with
631G** basis sets[37±39] for centers H and C. For iodine, the effective core
potential known from the literature[40] was modified to extend the valence
basis set to (4s,4p). The uncontracted gaussians were simultaneously
optimized for the I atom (at the B3LYP level), the polarization d function
(a� 0.246, optimized for HI) added and the valence basis set contracted to
double-zeta 31G* quality. The resulting basis set for iodine fits the 6-31G**
basis set of the other atoms. All molecules studied were totally geometry-
optimized. To compute the rotational potential energy surface of 1,1'-
diiodobiphenyl, the central (H)C-C-C-C(H) torsion angle was varied in 108
steps and all the other parameters optimized.
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Simple Silylhydrazines as Models for Si ± N b-Donor Interactions
in SiNN Units


Norbert W. Mitzel*


Dedicated to Professor Wolfgang A. Herrmann on the occasion of his 50th birthday


Abstract: Two simple silylhydrazines,
H3SiMeNNMe2 and (H3Si)2NNMe2,
have been prepared by the reaction of
bromosilane with the corresponding
NH-functional hydrazine in the pres-
ence of a base and the appropriate
lithiated hydrazine. The intermolecular
attractive interactions (b-donor ± accep-
tor interaction) between the silicon and
b-nitrogen atoms of H3SiMeNNMe2 and
(H3Si)2NNMe2 has been demonstrated
by low-temperature X-ray crystallogra-
phy and ab initio calculations (MP2/6-


311 G). The contributions to the strength
of this two-bond interaction are dis-
cussed in the light of a new series of
calculations on RSiH2NR'NR ''


2 mole-
cules (R�H, F; R'�H, Me, SiH3;
R''�H, Me), which show electronega-
tive substituents at the silicon acceptor


center to exert the largest effect, while
the electronic nature of the substituent
at the b-nitrogen atom is also important.
As the resulting structures cannot be
described satisfactorily by either the
VSEPR concept or Bartell�s two-bond
radius model, a two-bond interatomic
attraction has to be taken into account in
addition; this leads to an extension of
the common models for empirical struc-
ture prediction.


Keywords: ab initio calculations ´
donor ± acceptor systems ´ molecu-
lar modeling ´ silylhydrazines ´
structure elucidation


Introduction


We have recently proved the occurrence of b-donor bonding
in the chemistry of p-block elements. Interactions between
donor and acceptor centers separated by one atom only (two
classical bonds) are well established in the chemistry of
transition metal compounds, for example in the eight-
coordinate systems [Ti(ONR2)4] with side-on-coordinated
hydroxylamino ligands.[1,2] Our examples from p-block chem-
istry so far include systems containing SiON[3,4] and SiNN
units,[5,6] both of which have relatively short Si ´´ ´ N distances
and small Si-X-N angles (with X�O, NR). To date, the
strongest of these interactions has been detected in
H2Si(ONMe2)2, in which the Si-O-N angle is as small as
95.28 and the Si ´´ ´ N distance is only 2.30 �. Although
predictably weak, such b-donor interactions can lead to a
partial enlargement of the coordination sphere of the central
atom and consequently change its reactivity and reaction
kinetics.[6]


So far, we have been able to show b-donor interactions to
be operative in two SiNN systems: Cl2Si(NMeNMe2)2 (SiNN
angle: 108.78) and the heterocyclic silylhydrazine (H2CSiH2)2-
NNMe2, which has (solid-state) Si-N-N angles of 115.0(1)8
and 129.1(1)8. In contrast, the isoelectronic compound
(H2SiCH2)2NCHMe2 is unable to form b-donor interactions
and the corresponding (gas-phase) Si-N-C angles are
122.6(6)8 and 125.5(6)8.


In order to exclude any contributions that are difficult to
predict, such as ring strain (as in (H2CSiH2)2NNMe2) or the
electronic effects of electronegative ligands (as in Cl2Si(N-
MeNMe2)2), we decided to examine the simplest systems
capable of forming b-donor interactions in SiNN atom
sequences. As the most basic silylhydrazines without any
alkyl substituents, H3SiNHNH2 and (H3Si)2NNH2, are prob-
ably not isolable or are unstable at the temperatures necessary
at present for detailed studies, we prepared the simplest N-
methylated derivatives, H3SiMeNNMe2 and (H3Si)2NNMe2,
which can serve as model compounds for most silylhydrazines.
A wide variety of silylhydrazines have already been synthe-
sized and studied structurally,[7] but most of these com-
pounds either bear silicon substituents at both nitrogen atoms
or have peralkylated silicon substituents and are therefore
unsuitable as models for the study of b-donor ± acceptor
interactions.
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Results


Preparation of H3SiMeNNMe2 and (H3Si)2NNMe2 (1 and 2):
Condensation reactions [Eqs. (1) and (2)] of bromosilane with
the corresponding NH-functional hydrazines in the presence


Me2NNHMe�H3SiBr� 2,6-Me2C5H5N!
H3SiMeNNMe2 (1)� 2,6-Me2C5H5N ´ HBr (1)


Me2NNH2� 2 H3SiBr� 2 2,6-Me2C5H5N!
(H3Si)2NNMe2 (2)� 2 2,6-Me2C5H5N ´ HBr (2)


of the auxiliary base 2,6-lutidine were found to give better
results than those with triethylamine or an excess of the
hydrazine itself. The yields of these reactions, however, were
never higher than 12 %.


Although we found slightly higher yields (15 %) in an
alternative procedure, reaction of bromosilane with lithium
trimethylhydrazide (prepared according to Equation (3)) in
dimethyl ether as a solvent [Eq. (4)], separation of the desired


Me2NNHMe� nBuLi!Me2NNLiMe (3)


Me2NNLiMe�H3SiBr!H3SiMeNNMe2 (1)�LiBr (4)


product from the H3SiBr ´ OMe2 adduct proved difficult.
Yields of the product were not satisfactory, however, with
low-boiling hydrocarbons as solvents.


Compounds 1 and 2 are both very sensitive to hydrolysis
and spontaneously ignite in moist air. In pure form they can be
stored in a sealed tube at ambient temperature.


The compounds have been characterized by gas-phase IR
and solution NMR (1H, 13C, 15N, 29Si) spectroscopy and by
mass spectrometry. Under high-resolution conditions, the


proton-coupled 13C NMR signals show the typical splitting
into a quartet (1J(C,H)) of quartets (3J(C,H)), the 3J coupling
being much larger for the Me2N units in 1 (4.6 Hz) and 2
(5.0 Hz) than for the H3CNSiH3 unit (2.2 Hz) in 1 or the
corresponding 3J(Si,H) coupling in the (H3Si)2N group in 2.
All the 15N NMR chemical shifts are found in a very narrow
range of the spectrum and do not provide direct information
about the bonding situation. The 29Si NMR chemical shift of 1
is d�ÿ52.2, which is 6.7 ppm higher than that of 2, reflecting
the slightly higher electron-withdrawing ability of an H3CN
group compared with an H3SiN group in 2. The 1H NMR
resonance of the two different silyl groups of 2 does not split
into two signals down toÿ110 8C in 2-methylbutane as solvent
(400 MHz). This indicates rapid topomerization of the
molecule by internal rotation about the N ± N bond and/or
by inversion of the NNMe2 group.


Experimental and theoretical studies on the molecular
structures of 1 and 2: The main goal of this study was to
obtain structural information
about the two simple silylhy-
drazines 1 (Figure 1) and 2
(Figure 2). Both compounds
are liquids at ambient tem-
perature and solidify at very
low temperatures (1 at ca.
ÿ115 8C; 2 at ca. ÿ85 8C).
However, we were successful
in growing single crystals of
both compounds from the
melt sealed in glass capilla-
ries, by using the cryostream
of a diffractometer and the
technique of microscale zone
refinement for the produc-
tion of a suitable seed crystal,
then slowly decreasing the
temperature.


Compound 1 crystallizes in
the triclinic space group P1Å,
but 2 forms a crystal belong-
ing to the hexagonal system,
space group P63/m, with a
crystallographic plane of
symmetry passing through
the Si2NN skeleton of the molecule. This means that 2 has
an exactly planar coordination geometry at the silylated
nitrogen atom (an example of the N-planarity in silylamines
imposed by crystal symmetry), whereas 1 shows a slight
deviation from planarity. Both coordination geometries are in
very good agreement with ab initio calculations at the MP2/6-
311 G** level of theory (see Table 1 for a comparison).
Theory levels at which electron correlation is not considered
predict a planar nitrogen geometry for 1 and it is only at the
MP2/6-31 G* level that frequency calculations show these
planar arrangements not to correspond with minima on the
potential hypersurface.


The main focus of interest is the Si-N-N angles in 1 and 2,
because they reflect the strength of b-donor bonding in such


Abstract in German: Die beiden einfachen Silylhydrazine
H3SiMeNNMe2 und (H3Si)2NNMe2 wurden aus Bromsilan
und den entsprechenden NH-funktionellen Hydrazinen in
Gegenwart einer Base oder den lithiierten Hydrazinen her-
gestellt. H3SiMeNNMe2 und (H3Si)2NNMe2 bilden intermole-
kulare Wechselwirkungen zwischen ihren Silicium- und b-
Stickstoffatomen (b-Donor-Acceptor-Wechselwirkung). Dies
wurde durch Tieftemperatur-Kristallographie und Ab-initio-
Rechnungen (MP2/6-311 G**) nachgewiesen. Die Beiträge,
welche die Stärke dieser Zwei-Bindungs-Wechselwirkung be-
stimmen, werden anhand einer Serie von Rechnungen an
Molekülen der Formel RSiH2NR'NR ''


2 (R�H, F; R'�H, Me,
SiH3; R''�H, Me) diskutiert, wobei sich zeigt, daû elektro-
negative Substituenten an den Silicium-Acceptor-Zentren den
bedeutendsten Einfluû haben und der elektronischen Natur der
Substituenten am b-Stickstoffatom ebenfalls eine bedeutende
Rolle zukommt. Die resultierenden Strukturen können mit
dem VSEPR-Konzept genausowenig befriedigend beschrieben
werden, wie mit dem Zwei-Bindungs-Radienmodell von Bar-
tell. Attraktive interatomare Wechselwirkungen über zwei
Bindungen hinweg müssen deshalb zusätzlich in die Beschrei-
bung einbezogen werden, was eine Erweiterung der gängigen
Modelle zur Strukturvorhersage bedeutet.


Figure 1. Molecular structure of
H3SiMeNNMe2 (1).


Figure 2. Molecular structure of
(H3Si)2NNMe2 (2).
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compounds. For 1 the Si-N-N angle was refined to 108.2(1)8,
which is as much as 11.18 smaller than the N-N-C angle at the
same nitrogen atom, indicating the amount of distortion
exerted by the weak Si ± b-N interaction.


One of the Si-N-N angles in 2, which includes the silicon
atom oriented cis to the lone pair of electrons at the b-N atom,
is only 106.0(2)8, whereas the other Si-N-N angle is as much as
18.58 larger [124.5(2)8] and on that side of the molecule which
does not allow the formation of b-donor interactions. The
resulting intramolecular Si ´´ ´ N distances are 2.537(2) � in 1
and 2.540(2) � in 2, which are much shorter than the sum of
the van der Waals radii of Si and N (3.54 �).[8] In each case the
conformation of the NMe2 group relative to the silicon atom
involved in secondary bonding is such that a maximum
interaction between the lone pair of electrons (lp) and the
acceptor silicon atom becomes possible, to give an arrange-
ment where Si-N-N-lp is coplanar. In the present cases, this
geometry is also favored by the minimization of the repulsive
forces between the lone pairs of electrons at the two nitrogen
atoms, which is achieved in orthogonal orientation.


There are no strong intermolecular interactions in the
crystal packing of the molecules of either compound 1 or 2
(Figures 3 and 4). The most likely interactions would be those
between the dimethylamino-nitrogen atom of one molecule
and one H3Si group of another. However, the shortest


Figure 3. View of the unit cell of H3SiMeNNMe2 (1) down the x axis.


Figure 4. View of the unit cell of (H3Si)2NNMe2 (2) down the z axis.


intermolecular Si ´´ ´ N distances are 4.873 � (1) and 4.949 �
(2) (see Figures 3 and 4). This is surprising if considered with
respect to the structures of comparable silylamines such as
Me2NSiH3


[9] and Me2NSiH2Cl,[10] in the crystals of which
pentamers and dimers, respectively, are formed by enlarge-
ment of the coordination spheres of their silicon and nitrogen
centers. The basicity of the a-nitrogen lone pairs in 1 and 2 is
quite low because of the silicon substituents, which generally
reduce the nitrogen basicity and lead to geometries with
planar nitrogen coordination.[11] However, in 1 and 2 non-
silylated nitrogen atoms are present in the Me2N groups and
these can be expected to have high donor ability, as has been
shown, for example, by the formation of H3B adducts of the
cyclic silylhydrazines such as (H2CSiH2)2NNMe2(BH3).[12] The
absence of intermolecular interactions in 1 and in 2 is
therefore consistent with the interpretation that the lone pair
of the Me2N groups is involved in b-donor interactions and is
consequently not available for intermolecular secondary
bonding.


Theoretical studies of the effects influencing the strength of
the b-donor interactions: The excellent agreement between
calculated and crystallographically determined geometric
parameters of simple silylhydrazines encouraged us to per-
form calculations on even simpler silylhydrazines in order to
gauge the effect of the methyl substituents on the exper-
imentally observed structures. For this purpose a carefully
graded series of ab initio geometry optimizations was
performed on H3SiNHNH2. The results are listed in Table 2
and show that it is necessary to take electron correlation into
consideration in order to obtain reliable geometry predictions
by means of quantum-chemical calculations. On the other
hand, comparison of the values at the MP2/6-31 G* level of
theory with those calculated at higher levels indicates that the
geometry optimizations almost converge at these levels. The
use of basis sets larger than 6-31 G* changes the results only
slightly. The inclusion of diffuse functions (6-311�G** basis
set) could be shown to have only a marginal effect.


The calculations predict a much weaker Si ´´ ´ N b-donor
interaction for H3SiNHNH2 than those that were observed
and predicted for 1 and 2. The Si-N-N angle in H3SiNHNH2 is


Table 1. Molecular geometries of H3SiMeNNMe2 (1) and (H3Si)2NNMe2


(2) as determined by low-temperature X-ray crystallography and calculated
by using ab initio methods at the MP2/6-311G** level of theory (distances
in [�], angles in [8]).


H3SiMeNNMe2 (1) (H3Si)2NNMe2 (2)
XRD MP2/6-311G** XRD MP2/6-311G**


Si ± N 1.693(1) 1.730 1.714(2) 1.746
Si/C ± N 1.448(2) 1.455 1.719(2) 1.753
N ± N 1.432(2) 1.425 1.461(3) 1.449
N ± C 1.452-8(2) 1.460 1.451(3) 1.459
Si-N-N 108.2(1) 109.1 106.0(2) 104.0
Si/C-N-N 119.4(1) 118.9 124.5(2) 124.7
Si-N-Si/C 130.3(1) 128.3 129.5(1) 131.3
C-N-N 112.6/111.5(1)


112.5/111.1
110.5(2) 110.5


C-N-C 111.5(1) 111.6 111.6(3) 111.9
Si ´´ ´ N 2.540(2) 2.577 2.537(2) 2.545
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114.58 (MP2/6-311 G**), which is much larger than the
corresponding ones in 1 and 2. This implies that the greater
basicity of an Me2N group compared with that of an H2N
group leads to stronger interactions in 1 and 2. Despite its
weakness the b-donor interaction in H3SiNHNH2 leads to a
distortion of the geometry of the H3Si group. The H atom on
the side opposite the b-donating N atom encloses a smaller N-
Si-H angle (105.78 at QCISD/6-311�G**), whereas the
position of the one closest to the b-N atom is defined by an
N-Si-H angle of 113.68. The silylated nitrogen atom in this
compound is predicted to be slightly pyramidal (sum of angles
at N� 351.98).


The geometries of a series of other compounds have been
optimized at the MP2/6-311 G** level of theory. The molec-
ular structures are presented in Figure 5 and the values of the
geometrical parameters are listed in Table 3. Three contribu-
tions to the strength of the b-donor interaction in SiNN units
have been probed: the effect of an alkylated nitrogen donor
center compared with an unsubstituted one; the effect of
substitution of the a-nitrogen atom; and the effect of electro-
negative substitution at the silicon acceptor center.


Comparison of the Si-N-N angles in 1, 2, and 3 (with b-
NMe2 groups) with those of 1 a, 2 a, and 3 a (with b-NH2


groups) shows that 1, 2, and 3 have equal or slightly smaller
angles. This implies a strengthening of the b-donor interaction
with alkyl substitution, due to the higher basicity of alkylated
amino functions. In this context it is also worth mentioning the
structure of tetrasilylhydrazine, (H3Si)2NN(SiH3)2, which has
D2d symmetry and shows no sign of the b-donor interaction,
exhibited also by most of the silylated hydrazines studied so


far. The complete silyl substitution
leaves no nitrogen atom with signifi-
cant donor ability which could exert
donor bonding towards a silicon ac-
ceptor center.


The contribution of the substituent
at the a-nitrogen atom also has a
marked effect. The b-donor interac-
tions become stronger in the order
3!1!2, 3 a!1 a!2 a, and 3 b!
1 b!2 b ; that is, as R in the SiNRN
unit changes from H to C to Si (steps of
< SiNN are about 4 ± 58). The differ-
ences in angle between the molecules
with R�C and R� Si are most easily


explained. The smaller electron-withdrawing ability of Si
allows the electron cloud of the Si' ± N bond to get closer to
the nitrogen atom than in the corresponding C ± N bond.
According to the VSEPR model this leads to Si'-N-N and Si'-
N-Si angles which are larger than the corresponding C-N-N
and C-N-Si angles. As the silylated nitrogen atoms are always
almost planar, the Si-N-N angle describing the b-donor
interaction must become smaller if R� Si.


The most pronounced effect on the strength of the b-donor
interaction was predicted for the substitution on the acceptor
silicon atom of electronegative elements, thus increasing its
electrophilicity. Each of the three compounds 1 b, 2 b, and 3 b
bears one fluorine substituent on its silicon atom. Compared
with the nonfluorinated compounds 1, 2, and 3, the com-
pounds 1 b, 2 b, and 3 b have Si-N-N angles that are smaller by
more than 78. The most extreme case is that of 2 b, which has
an Si-N-N angle of only 93.98 according to the calculations. In
the compounds 1 b, 2 b, and 3 b the geometry of the FH2Si
group is slightly distorted because of the close proximity of
the NMe2 group on the side of the two hydrogen atoms. For
instance, in the simplest of these compounds (3 b) the N-Si-H
angles are calculated to be 110.28 and 114.18, whereas the N-
Si-F angle is 106.18. The F atom in these compounds is always
at the maximum distance from the b-donor nitrogen atom.


Calculations on FH2SiNHNH2 (4) give an Si-N-N angle that
is slightly larger than that of FH2Si ± NH ± NMe2 (3 b); this is
consistent with the contribution of b-nitrogen substitution
discussed above. Surprisingly, however, a calculation on
F3SiNHNH2 (5) predicts the Si-N-N angle to be 114.58, which
is exactly the same as predicted for H3SiNHNH2 (3 a). This


Table 2. Molecular geometry of H3SiNHNH2 calculated by using ab initio methods at different levels
of theory (distances in [�], angles in [8], energies in hartrees).


SCF MP2 QCISD
3-21G* 6-31G* 6-31G* 6-311G** 6-311�G** 6-31G* 6-311G** 6-311�G**


Si ± N 1.711 1.723 1.739 1.729 1.737 1.743 1.730 1.737
N ± N' 1.446 1.405 1.430 1.422 1.424 1.434 1.426 1.427
Si-N-N 114.3 117.5 113.5 114.5 114.7 113.7 114.8 115.1
Si-N-H 128.6 123.3 121.3 122.5 122.1 120.8 122.0 121.6
N'-N-H 117.1 116.4 115.8 116.2 115.6 115.4 115.8 115.2
N-Si-H 106.4 105.8 105.5 105.5 105.7 105.5 105.5 105.7
N-Si-H 112.9 111.4 110.3 110.6 109.9 110.2 110.6 109.9
N-Si-H 112.9 113.6 114.4 114.2 113.5 114.5 114.3 113.6
E ÿ 399. ÿ 401. ÿ 401. ÿ 401. ÿ 401. ÿ 401. ÿ 401. ÿ 401.


2321553 267414 6728278 8038897 8121176 7110697 8434185 85129336


Table 3. Molecular geometry of various silylhydrazines Rs-NRa-NRb
2 calculated by using ab initio methods at the MP2/6-311G** level of theory (the


geometries are shown in Figure 5). Rs� silyl group, Ra� substituent at the a-N atom, Rb� substituents at the b-N atom (distances in [�], angles in [8]).


1 1a 1 b 2 2 a 2b 3 3a 3 b 4 5


Rs H3Si H3Si FH2Si H3Si H3Si FH2Si H3Si H3Si FH2Si FH2Si F3Si
Ra Me Me Me H3Si H3Si H3Si H H H H H
Rb Me H Me Me H Me Me H Me H H
symmetry C1 C1 C1 Cs Cs Cs C1 C1 C1 C1 C1


N ± Si 1.730 1.737 1.708 1.746 1.740 1.725 1.731 1.729 1.718 1.718 1.680
N ± N' 1.425 1.424 1.421 1.449 1.448 1.449 1.418 1.422 1.425 1.425 1.417
N ± R 1.455 1.451 1.449 1.753 1.737 1.746 1.019 1.011 1.017 1.012 1.010
Si ´´ ´ N 2.577 2.600 2.457 2.515 2.590 2.328 2.656 2.655 2.540 2.587 2.608
Si-N-N 109.1 110.3 103.1 104.0 108.3 93.9 114.7 114.5 109.1 109.1 114.5
Si-N-R 128.3 115.1 135.4 131.3 117.7 139.1 123.6 122.5 125.4 125.4 126.4
N-N-R 118.9 125.1 121.5 124.7 134.0 127.0 114.2 116.2 116.8 116.8 119.1
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Figure 5. Calculated molecular structures (MP2/6-311 G**) of each silyl-
hydrazine described in Table 3 with its Si-N-N angle.


shows that backbonding from the fluorine lone pairs of
electrons towards the silicon compensates for the effect of
electronegative substitution.


These results point to new goals for the synthesis of
compounds with very strong Si ´´ ´ N b-donor interactions,
which could be achieved if NR2 groups with stronger basicity
are involved. Alternatively, a strengthening of the interactions
could also be achieved by making the Si acceptor center more
electrophilic. The extreme bonding situations in these hydra-
zines could lead to unexpected reactivity.


Comparison with other SiNN and SiON compounds: Table 4
lists a number of compounds in which Si-N b-donor inter-
actions have been detected. A graphical representation
including the results of Table 3 is presented in Figure 6. A
comparison of compounds 1 and 2 and the silylhydrazines in
Table 4 with the silylhydroxylamines in this table shows that
stronger Si ± N b-donor bonds are generally formed by
hydroxylaminosilanes than by hydrazinosilanes. The maxi-
mum strength of such interactions has been predicted for
FH2SiONMe2 (Si-O-N 90.08 at MP2/6-311 G**). The corre-
sponding hydrazines FH2SiNRNMe2 have larger Si-N-N
angles, although that in (FH2Si)(H3Si)NNMe2 (4, 93.68) is
close to the latter Si-O-N angle in magnitude. The bis(hy-
drazino) compound Cl2Si(NMeNMe2)2 (Si-N-N 108.78) has a


Figure 6. Graphical comparison of Si-X-N angles and Si ´´ ´ N b-donor
distances for selected hydrazinosilanes and hydroxylaminosilanes.


far weaker b-donor interaction than the bis(hydroxylamino)
compound H2Si(ONMe2)2 (Si-O-N 95.28), although the hy-
drazino compound bears electronegative substituents on the
silicon atom which should increase its electrophilicity.


Discussion


b-Donor interactions make a significant contribution to the
molecular structures of compounds that have acceptor and
donor centers separated by two bonds only. However, so far a
more detailed discussion of the interaction between atoms in
the b-position to one another has been widely neglected in
empirical models for structure prediction, and has only been
treated in calculations, which often do not give a simple
description of the nature of the bonding. The presence of
those interactions has to be taken into account in the
prediction of molecular structures; this is in addition to
semiquantitative models such as the VSEPR concept, which
was introduced by Gillespie and Nyholm,[14] and was recently
extended[15] and newly rationalized by comparing the pre-
dictions of the model with those from ab initio calculations
and (where possible) with experimental values for an array of
simple molecules (HnX)nE (X�main group element). Ac-
cording to the VSEPR method, only interelectron repulsions
are considered, whereas internuclear repulsions or intera-
tomic attractions over two-bond distances are neglected. An
attempt to address the effect of internuclear repulsion was


Table 4. Comparison of values of the geometrical parameters in com-
pounds with b-donor interactions (XRD�X-ray diffraction, GED� gas
electron diffraction, av� average)


Method Si-X-N [8] Si ´ ´ ´ N [�] Ref.


Cl2Si(NMeNMe2)2 XRD 108.7(av) 2.514(4) [5]
(CH2SiH2)2NNMe2 XRD 115.0(1) [6]


GED 116.4(6) 2.678(7) [6]
Si(ONMe2)4 XRD 109.1(av) 2.537(av) [3]
H3SiONMe2 XRD 102.6(1) 2.453(2) [4]


MP2/6-311G** 102.5 2.454 [3]
H2Si(ONMe2)2 XRD 95.2(av) 2.318(av) [14]
HSi(ONMe2)3 XRD 103.5(av) 2.442(av) [13]
FH2SiONMe2 MP2/6-311G** 90.0 2.229 [3]
F3SiONMe2 MP2/6-311G** 93.8 2.281 [3]
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made by Bartell[16] and later by Glidewell,[17] who defined two-
bond radii which can be used to predict bond angles by simple
trigonometry involving the standard covalent radii. Using the
average crystallographic values for Si ± N and N ± N bond
lengths in 1 and 2 (1.704 � and 1.447 �) and the two-bond
radius for Si ´ ´ ´ N (2.69 �), a trigonometric calculation pre-
dicts 117.08 for the Si-N-N angle. This can be regarded as the
angle that would be adopted by SiNN units in the absence of
other geometry-distorting effects. A similar calculation of a
standard Si-O-N angle gives 1208, which shows by consider-
ation of the values given in Table 4 that O-silylhydroxyl-
amines have stronger b-donor interactions than comparable
silylhydrazines. Angles that are much smaller than these
estimated values indicate the presence of b-donor interactions
in strain-free molecules. The two-bond radii therefore have to
be modified if they are used to describe XMY systems with a
large difference in the atomic charges of X and Y, which can
be approximated by the difference between the effective
nuclear charges.


Consideration of three effects, interelectron repulsion, two-
bond internuclear repulsion, and two-bond interatomic at-
tractions, thus leads to a more complete description of
electronic and electrostatic contributions to molecular geo-
metries.


Conclusion


Two model compounds, which are at present among the most
basic known examples of silylhydrazines, have been prepared
successfully. Their molecular structures have been determined
by low-temperature X-ray crystallography and by theoretical
calculations. The results show that silylhydrazines with one
nonsilylated nitrogen atom adopt molecular structures with a
significant contribution from b-donor interactions between Si
and b-N atoms. There is evidence that the formation of
intramolecular b-donor interactions is preferred over the
alternative formation of intermolecular Si ´ ´ ´ N contacts in
crystals, which are observed in many systems not capable of
forming b-donor interactions.


At least three major contributions to the strength of those
b-donor interactions could be derived from comparative
theoretical studies on simple model compounds: the nucleo-
philicity of the b-N atom, which is influenced by its
substituents; the electrophilicity of the silicon center, which
can be increased by electronegative substituents, but de-
creased by backbonding from substituents bearing lone pairs
of electrons; and the nature of the substituent at the b-N atom,
which influences the ease and extent of deformation of the
coordination geometry at this N atom.


Comparison of compounds containing SiNN units with
those containing SiON units shows silylhydrazines to form
weaker b-donor interactions than O-silylhydroxylamines.


Neither the VSEPR method nor the model of two-bond
radii, which takes two-bond internuclear repulsion into
account, is appropriate to describe the molecular geometry
of systems having acceptor and donor centers in a geminal
position to one another. A third contribution, b-donor


interactions or two-bond interatomic attractions, has to be
considered in addition.


So far, only a few systems capable of formation of b-donor
interactions have been synthesized, structurally characterized,
and tested for their reactivity. Systems involving other kinds
of donor centers (for example, P or S) and acceptor groups
(such as B, Al, Ge, or PF2) as well as a-atoms could be
envisaged as new goals for more detailed studies. The
enlargement of both donor and acceptor atoms in b-donor-
bonded systems, such as the (4�1)-coordinate silicon in SiNN
and SiON compounds, could lead to changes in reaction
kinetics. These are the areas of our present research.


Experimental Section


General: All experiments were carried out in a vacuum line with greaseless
stopcocks (Young taps), which is directly attached to the gas cell in an FTIR
spectrometer (Midac Prospect FTIR). Bromosilane was prepared from
phenylsilane and liquid HBr,[18] and trimethylhydrazine was obtained as
previously described.[19] Me2O and 2,6-lutidine were dried over CaH2. All
NMR spectra were recorded at 21 8C on a JEOL JNM-LA400 spectrometer
in sealed tubes with C6D6 as the solvent, directly condensed onto the
sample from K/Na alloy.


H3SiMeNMe2 (1): nBuLi solution in hexane (22.8 mL, 1.8m) was added to
trimethylhydrazine (3.04 g, 41 mmol) in a 500 mL bulb at ÿ78 8C. For
completion of the reaction the mixture was warmed to 0 8C for 15 min. The
volatiles were removed in vacuo at ambient temperature, the bulb
containing the lithium hydrazide was cooled to ÿ196 8C, and dimethyl
ether (5 mL) and bromosilane (4.56 g, 41 mmol) were condensed into it.
The mixture was brought to ÿ78 8C, and held there for 2 h then at ÿ50 8C
for 0.5 h. The contents were distilled through a series of traps held at ÿ78,
ÿ96, and ÿ196 8C. The first and second traps retained the product and
H3SiBr ´ OMe2 adduct. These were separated by four sequential distillations
through ÿ78, ÿ86, ÿ96, and ÿ196 8C traps with the product condensing in
the first two. The final distillation gave pure (H3Si)MeNMe2 (0.65 g) in the
ÿ78 and ÿ86 8C traps (15 %). 1H NMR: d� 2.17 (s, 6 H; H3C), 2.24 (s, 3H;
H3C), 4.58 (s, 3H; H3Si); 13C NMR: d� 24.4 (qq, 1J(C,H)� 134.2,
3J(C,H)� 1.2 Hz; CNSi), 42.0 (qq, 1J(C,H)� 135.0, 3J(C,H)� 4.6 Hz;
C2N); 15N NMR: d�ÿ326.1 (NC2), ÿ320.0 (NSi); 29Si NMR: d�ÿ52.2
(qq, 1J(Si,H)� 207.7, 3J(C,H)� 3.5 Hz); MS: m/z� 104.


(H3Si)2NNMe2 (2): 2,6-Lutidine (1.62 g) and N,N-dimethylhydrazine
(1.62 g, 27 mmol) were placed in a 1 L bulb and cooled to ÿ196 8C before
bromosilane (6.0 g, 54 mmol) was condensed onto them. The bulb was
closed and brought toÿ78 8C for 0.5 h, then allowed to warm to 0 8C within
2 h. After traces of noncondensable gases had been pumped off, the
mixture was repeatedly condensed from trap to trap to remove the
lutidinium salts and then fractionated through a series of traps held atÿ30,
ÿ78, ÿ96, and ÿ198 8C. The ÿ96 8C trap contained the product and some
H3SiBr, which was removed by another distillation through traps at ÿ78,
ÿ96, and ÿ196 8C. The ÿ96 8C trap contained (H3Si)2NNMe2 (0.39 g,
12%). 1H NMR: d� 2.28 (s, 6H; H3C), 4.40 (s, 6H; H3Si); 13C NMR: d�
46.4 (qq, 1J(C,H)� 134.3, 3J(C,H)� 5.0 Hz); 15N NMR: d�ÿ324.1 (NC2),
ÿ316.4 (NSi2); 29Si NMR: d�ÿ58.9 (qq, 1J(SiH)� 211.2, 3J(CH)�
2.2 Hz); MS: m/z� 120.


Crystal structure determinations of 1 and 2 : 1: Crystal system triclinic,
space group P1Å, Z� 2, a� 6.238(1) �, b� 6.315(1) �, c� 10.158(1) �, V�
341.18(8) �3 at 110 K, cell from 25 reflections in the q range 19 ± 228.
Diffractometer: Enraf ± Nonius Turbo-CAD4. MoKa radiation, graphite
monochromator, 2qmax.� 528, w scan, 1342 independent reflections of
which 1264 have F0> 4s(F0). No absorption correction. Solution by direct
methods (SHELXTL[20]), refinement using SHELXL-93;[21] 103 parame-
ters, R(F) (obs.)� 0.0381, wR(F)� 0.1043, maximum residual electron
density 0.46 and ÿ0.28 e�ÿ1. All non-H atoms were refined by applying
anisotropic thermal displacement parameters; all hydrogen atoms were
located in difference Fourier maps and refined by applying isotropic
thermal displacement parameters. 2 : Crystal system hexagonal, space
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group P63/m, Z� 6, a�b� 11.974(2) �, c� 9.343(3) �, V� 1154.9(5) �3 at
145 K, cell from 23 reflections in the q range 19 ± 228. Diffractometer:
Enraf ± Nonius Turbo-CAD4. MoKa radiation, graphite monochromator,
2qmax.� 528, w scan, 567 independent reflections (Rint.� 0.044) of which 566
have F0> 4s(F0). No absorption correction. Solution by direct methods
(SHELXTL[20]), refinement using SHELXL-93;[21] 60 parameters,
R(F) (obs.)� 0.0315, wR(F)� 0.0852, maximum residual electron density
0.25 and ÿ0.14 e �ÿ1. All non-H atoms were refined by applying
anisotropic thermal displacement parameters; all hydrogen atoms were
located in difference Fourier maps and refined by applying isotropic
thermal displacement parameters. Crystallographic data (excluding struc-
ture factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-100678. 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).


Ab initio calculations: Ab initio molecular orbital calculations were carried
out using the Gaussian 94 program.[22] Geometry optimizations and vibra-
tional frequency calculations were performed from analytic first and
second derivatives at the SCF and MP2 levels of theory. Calculations were
undertaken at the SCF level using the standard 3-21 G*,[25,26] 6-31 G*,[27±29]


and 6-311 G**[30,31] basis sets; the two larger basis sets were used for
calculations at the MP2 level of theory. Additional geometry optimizations
for H3SiNHNMe2 were performed at the MP2/6-311G**, QCISD/6-31 G*,
QCISD/6-311 G**, and QCISD/6-311�G** levels to test the effects of a
more complete description of electron correlation and the inclusion of
diffuse functions in the basis set.
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Characterization of Surface Topology and Binding Area in Complexes
of the Elongation Factor Proteins EF-Ts and EF-Tu ´ GDP from
Thermus thermophilus : A Study by Protein Chemical Modification and
Mass Spectrometry
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Dedicated to Professor Dieter Seebach on the occasion of his 60th birthday


Abstract: Amino acetylation of lysine
residues in combination with mass-spec-
trometric peptide mapping of tryptic
peptides has been applied to the char-
acterization of surface topology and
binding areas in complexes of the trans-
lation ± elongation factors EF-Tu and
EF-Ts from Thermus thermophilus.
Electrospray/ionization mass spectrom-
etry (ESI-MS) yielded pH-dependent
differences in the charge structure for
the molecular ions of EF-Ts indicating
differences in solution structure. The
noncovalent EF-Tu ´ GDP complex was
directly identified by ESI-MS. Acetyla-
tion reactions of EF-Ts, EF-Tu ´ GDP,
and EF-Ts ´ EF-Tu complexes with vary-
ing molar ratios of acetic anhydride


were directly followed by mass spec-
trometry, which identified the precise
number of acetyl groups in the partially
modified proteins. The acetylation sites
and relative reactivities of the lysine
residues were determined from mass-
spectrometric peptide-mapping data of
tryptic peptide mixtures; the modified
sites were identified by on-line HPLC ±
ESI-MS. The comparison of the acety-
lation pattern for the free proteins with
that of the EF-Tu ´ EF-Ts complex en-


abled the characterization of structural
changes in the effector loop of EF-Tu,
around the Lys-45 and Lys-52 residues,
upon complex formation. Two domains
in EF-Ts, the N-terminal region com-
prising Lys-21 and Lys-45 and a central
helix ± turn ± helix region comprising
Lys-119, Lys-133, and Lys-140, were
shielded from acylation in the complex;
this shows their different accessibilities
in free and complexed EF-Ts. These
results show the usefulness of an ap-
proach combining of differential chem-
ical modification combined with mass
spectrometry for probing surface top-
ology and molecular interactions in
protein complexes.


Keywords: acylations ´ mass spec-
trometry ´ peptides ´ protein ± pro-
tein interactions ´ supramolecular
complexes


Introduction


Elongation factor Tu (EF-Tu) is an essential component for
bacterial protein biosynthesis. EF-Tu belongs to the guano-
sine-5'-triphosphatase (GTPase) superfamily and promotes
the binding of aminoacyl tRNA to the mRNA codon-
programmed ribosomes. During its functional cycle EF-Tu
binds to several ligands: guanosine 5'-triphosphate (GTP),
aminoacyl-tRNA, ribosomes, guanosine 5'-diphosphate
(GDP), and elongation factor Ts (EF-Ts).[1] A characteristic
feature of the elongation cycle is a switch from an inactive


(GDP-binding, EF-Tu ´ GDP) to an active (GTP-binding, EF-
Tu ´ GTP) conformation;[2] the GDP to GTP ligand exchange
is promoted by EF-Ts. GDP and GTP are both strongly bound
to EF-Tu, with a KD for EF-Tu ´ GDP of 10ÿ9m.[1, 3] The EF-
Tu ´ GDP complex from E. coli has three domains:[4] domain I
(G domain) contains the nucleotide-binding region and
consists mainly of a/b bundles, while domains II and III have
b-sheet conformation. The crystal structures of the native EF-
Tu ´ GDP complexes from T. aquaticus and E. coli have been
determined only recently[5, 6] and showed that the structurally
flexible effector loops form a b-sheet structure. The crystal
structure of EF-Tu from T. thermophilus is that of a complex
with the nonhydrolyzable phosphamido analogue of GTP,
guanosine 5'-(b,g-imido)triphosphate (GPPNHP),[7] and by
comparison with EF-Tu ´ GDP has almost identical subunit
structures but dramatic differences in the arrangement of
domains upon cleavage of the GTP-g-phosphate group.[2] In
the EF-Tu ´ GPPNHP complex, the effector loop (also termed
switch I region) has an a-helical conformation.[8]
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EF-Ts from T. thermophilus has been isolated in vitro as a
stable complex with EF-Tu.[9] EF-Ts forms a homodimer by
means of an intermolecular disulfide bond. The stoichiometry
of the complex can be described as EF-Tu ´ (EF-Ts)2 ´ EF-
Tu.[10] The crystal structure of an N-terminal-truncated,
inactive EF-Ts from T. thermophilus[11] showed substantial
differences to EF-Ts from E. coli. This could be an explan-
ation for the lack of binding of the E. coli EF-Ts to EF-Tu
from T. thermophilus.[9] The X-ray structure of the (EF-Tu ´
EF-Ts)2 complex from E. coli has been recently reported.[12]


However, molecular interaction of EF-Tu ´ GDP with EF-Ts
from T. thermophilus is still unknown.


The combination of selective chemical modification of the
teriary structure and mass-spectrometric peptide mapping has
been developed as an efficient approach for the molecular
characterization of specific modification sites and their
relative reactivities.[13, 14] This method has already found
several applications in studies of protein structure and
structure ± function relationships.[15±25] The general analytical
scheme (Figure 1) comprises the mass-spectrometric deter-
mination of the precise number of modified groups and their
distribution as a first step, followed by identification of the
modified sites and their relative reactivities by mass-spectro-
metric peptide mapping.[22] Several amino acid-specific mod-
ification reactions have been found feasible, such as amino
acylation, tyrosine iodination or nitration, and the bifunc-
tional cysteine modification by phenylarsonous acid deriva-
tives.[14, 23, 24] The efficiency of this approach has been recently
illustrated by selective succinylation at the inner channel
surface of a porin ion-channel protein, which selectively
modified ion transport and selectivity.[25] In this study we have
characterized surface topology and binding areas of the EF-
Tu ´ EF-Ts complex from T. thermophilus by lysine acetylation
combined with mass-spectrometric peptide mapping. The
differential amino acylation and mass-spectrometric analysis
enabled us not only to characterize the binding area of
subunits, but also to identify structural changes upon complex
formation and shielding effects in different regions of the
complex.


Results


ESI mass spectrometry (ESI-MS) and conformational char-
acterization of elongation factors: The elongation factor
proteins were characterized by ESI-MS determination of


Figure 1. Analytical scheme for the characterization of protein tertiary
structures and noncovalent complexes by selective chemical modification
and mass spectrometry. Modification groups and proteolytic cleavage sites
are represented by filled circles and lines, respectively.


molecular weights and distributions of multiply charged
molecular ions. The molecular weights determined were
44 632 Da for EF-Tu and 44 555 Da for the EF-Ts disulfide-
linked dimer (Table 1). These data are precisely consistent
with the posttranslational removal of N-terminal methionine
residues from both proteins,[11, 26] which was confirmed by
mass-spectrometric peptide mapping as shown below.


ESI mass spectra of proteins display continuous series of
multiply charged macromolecular ions with charge states and
distributions (charge structures) characteristic of solution
structural states.[27, 28] An increase of charge states with
increasing pH was observed for EF-Ts. At pH 5 the charged
24� molecular ion ([M�24 H]24�) was most abundant,
whereas at pH 7 a bimodal distribution of molecular ions
was observed with the [M�31 H]31� ion being most abundant
(Figure 2a). These changes of charge structures cannot be
explained by solvent parameters such as protonation strength,
which would result in the opposite effect, that is increased


Table 1. MALDI-mass-spectrometric molecular weight determinations of EF-Ts, EF-Tu, and their acetylated derivatives.


Molar excess anhydride Mr (obsd) Mr (calcd)[a] No. acetyl groups Extent of modification[b]


EF-Ts[c] ± 44555 44557 ± ±
10 45130 45145 14 37
50 45236 45229 16 42


100 45433 45439 21 55
EF-Tu ´ GDP[d] ± 44632 44636 ± ±


10 45033 45013 9 43
50 46027 46021 23 105


100 46280 46273 29 132


[a] A mass increment of 42 Da per acetyl group was used to calculate the molecular weight of the acetylated derivatives. [b] Values are given in %. [c] EF-Ts
forms a covalently linked homodimer. [d] GDP dissociated from the EF-Tu ´ GDP complex prior to MALDI-MS analyses in unmodified and modified EF-
Tu ´ GDP with 10-fold molar excess acetic anhydride.
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charge states with decreasing pH. Instead, they are consistent
with conformational changes of the protein.[28±33] No pH-
dependent conformational change of EF-Ts was observed in
circular dichroism (CD) spectra (Figure 2b), which revealed a
predominantly a-helical conformation. Hence, the ESI-MS
and CD data suggest a structural change of EF-Ts such as
reorientation of two or more protein domains relative to each
other that does not affect secondary structure elements. Since
native EF-Ts occurs as a dimer, the charge structures of ions
may also reflect different orientations of the monomer units
relative to each other.


The use of ESI-MS for the direct analysis of noncovalent
interactions has been employed in several recent studies of
supramolecular protein complexes.[27, 28, 34±36] The ESI spec-
trum of the EF-Tu ´ GDP complex at pH 3 was comparable
with that of the nucleotide-free EF-Tu, showing a homoge-
neous series of ions around the most abundant [M�35 H]35�


ion for the apo-protein only (Figure 3). In contrast, at pH 6
the EF-Tu ´ GDP complex is represented by the series of
additional ions (Figure 3, inset); under these conditions
(tenfold molar excess of GDP) the molecular weight corre-
sponds exactly to an EF-Tu ´ 2 GDP complex was determined,
indicating the coordination of a second GDP probably to the
binding site of the 3' end of tRNA.


Characterization of amino acetylated EF-Tu and EF-Ts
derivatives : EF-Tu ´ GDP and EF-Ts were acetylated at
constant pH (7.5) with varying molar ratio of acetic anhydride.


The average number of acetyl groups intro-
duced was directly determined by matrix-
assisted laser desorption/ionization mass
spectrometry (MALDI-MS) and ESI-MS.
Both methods consistently yielded increas-
ing molecular weights for the acetylated
protein derivatives with increasing excess of
anhydride (Table 1, MALDI-MS data). ESI
spectra of EF-Tu and EF-Ts derivatives
acetylated to a small extent showed charge
structures of molecular ions nearly identical
to the unmodified proteins (data not shown),
indicating that the native structure is re-
tained. A gradual increase of acylation was
found for up to approximately 50 % (Ta-
ble 1) of the total number of amino groups in
the EF-Ts dimer (36 lysine residues and 2 N-
termini). The selective amino acetylation of
EF-Ts was ascertained by identification of all
the modified sites as shown below.


The acetylation of the EF-Tu ´ GDP com-
plex afforded a similar gradual increase in
molecular weights. However, at 50- and 100-
fold molar excess of acetic anhydride the
molecular weight increase (1385 Da and
1644 Da, respectively) considerably exceed-
ed the molecular weight increment corre-
sponding to the total number of amino
groups present (21 lysine-e-amino groups


and an N-terminus). Although such a result may, in principle,
be caused by additional O-acylation, quantitative acetylation
at serine and tyrosine residues has been shown to occur only
under strongly acidic reaction conditions.[37] The subsequent
peptide-mapping results clearly showed that the modified
sites were predominantly N-acetylated (see below). A possi-
ble explanation for the observed excessive increase in
molecular weight would be that upon acetylation the GDP
cofactor remained in the protein and can only be removed by
subsequent denaturation and proteolytic digestion. Indeed, if
the molecular weight of GDP is subtracted from that of the


Figure 2. pH-Dependent ESI-MS and CD spectra of EF-Ts. a) ESI-mass spectra of EF-Ts in
2mm NH4OAc/methanol (9:1, v/v); pH was adjusted by addition of ammonia. Charge numbers
denote [M�n H]n� ions; the molecular weight determined is 44555 Da (Mr calcd: 44557 Da).
Conformational states suggested by the charge state distributions are indicated by dotted lines.
b) pH-Dependent CD spectra of EF-Ts in 2 mm NH4OAc.


Figure 3. ESI mass spectra of EF-Tu and the EF-Tu ´ 2GDP complex. The
ion series, centered around the [M�35 H]35� ion signal at pH 3 (2% HOAc/
methanol 9:1), yields a molecular weight of 44632 Da (Mr calcd:
44636 Da). The spectrum (inset) obtained at pH 6 (2mm NH4OAc/
methanol 9:1) shows an additional ion series due to the EF-Tu ´ 2GDP
complex (Mr 45497 Da, indicated by the filled circles).
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protein derivative, a molecular weight corresponding to
acetylation of all the amino groups is obtained at a 50-fold
molar excess of acetic anhydride (Table 1). Reversible
acetylation influencing cofactor binding has been reported
for a cytochrome b5 ± heme complex.[38]


Mass-spectrometric identification of acetylation sites and
relative reactivities of lysine residues : The sites of N-
acetylations were identified by peptide-mapping analyses of
the protein derivatives: i) by MALDI-MS and ESI-MS after
tryptic digestion in solution and ii) by on-line HPLC ± ESI-MS
of acetylated tryptic peptides (Figure 4). Identification of the


tryptic peptide mixtures of EF-Ts and their acetylated
derivatives, as well as the proteolytic fragments of the EF-
Tu ´ EF-Ts complex, provided almost complete sequence
coverage for EF-Ts. For EF-Tu, acetylated tryptic peptides
were found predominantly in the G domain. The EF-Tu ´ GDP
complex was found to be highly resistant to proteolytic
cleavage in aqueous buffer solutions; therefore tryptic
digestion was carried out with addition of 30 % methanol.[21]


Under these conditions mainly a-helical parts of the protein
become accessible to cleavage, whereas b-sheet structures are
preferentially denatured by addition of chaotropes such as
urea.[21, 25] The peptide-mapping analyses of EF-Tu ´ GDP also
enabled us to indentify mixtures of proteolytic peptides for
both the A and B forms of EF-Tu, which are products of
different Tu/A and Tu/B genes, respectively.[26] After tryptic
digestion, the peptides were analyzed by MALDI-MS peptide
mapping and by LC ± ESI-MS, which yielded consistent
results. As an example, the N-terminal peptide 1 ± 7 (Figure 4,
peak 2) of the A form has a molecular ion at m/z� 806 (Val at
position 6). The same peptide of the B form (Ile at position 6)
has a molecular ion at m/z� 820 (Figure 4, peak 6). Another
ion doublet with a mass difference of 16 Da occurs as a result


of the substitution of two amino acids in the peptide sequence
25 ± 57. The A form contains Tyr-33 and Ala-35 residues and
thus has an ion at m/z� 3565, whereas the B form contains
Phe and Thr residues at these positions yielding an ion at m/
z� 3581. Since these three alternative positions, together with
a fourth heterogeneity Arg-264 vs Lys-264 in the A and B
forms, respectively, yield identical molecular weights for both
forms, structural differentiation is only possible by the mass-
spectrometric peptide-mapping data. Peptide 25 ± 57 was
found to be acetylated at Lys-45 and Lys-52 (m/z� 3664)
even at a low (10-fold) molar excess of acetic anhydride
(Figure 4, peak 11); this indicates the high reactivity of these
residues in the EF-Tu ´ GDP complex.


The acetylation pattern in the EF-Tu ´ GDP complex
provides information about the nucleotide-binding Lys resi-
dues. The Lys-137 residue, which is part of the nucleotide-
binding consensus sequence -Asn-Lys-Xxx-Asp-, was shown
to be acetylated from the shift of the ion representing peptide
135 ± 155 to m/z� 2533 (observed at m/z� 2491 in the
unmodified protein, Figure 4, peaks 10 and 14). This result is
consistent with X-ray crystallographic data[7] showing that this
Lys residue is involved in a lipophilic interaction with the
nucleotide by means of its hydrocarbon side chain leaving a
freely accessible e-amino group. In contrast, Lys-24, which is
involved in nucleotide binding through its e-amino group,
remained unacetylated. The corresponding tryptic peptide 8 ±
24 was identified in all protein derivatives (Figure 4, peak 4).


In addition to these specific N-acetylations, residues other
than Lys in the G domain of the EF-Tu ´ GDP complex (Cys-
82, Tyr-47, and Tyr-70) were acetylated in the presence of a
high molar excess of acetic anhydride. The corresponding
peptide ions were observed by MALDI-MS peptide mapping
with low abundances (data not shown). Independent analyses
of the tryptic peptide mixtures of EF-Ts and their acetylated
derivatives by MALDI-MS and ESI-MS produced consistent
results and almost quantitative sequence identification. Only
the partial sequences -Ala-Asp-Arg-Glu-Ala-Arg- (50 ± 55)
and -Phe-Glu-Leu-Gly-Ala- (191 ± 195, the C-terminal pep-
tide) were not observed. An [M�2 H]2� ion was observed for
the unmodified peptide 11 ± 21 at m/z� 556 together with the
signal for the acetylated peptide 11 ± 22 at m/z� 657 (Fig-
ure 5). As trypsin did not cleave at the acetylated Lys-21
residue, the identification of this modification site is unam-
biguous (Lys-21 is shielded in the EF-Tu ´ EF-Ts complex as
shown below). Furthermore, an [M�3 H]3� ion signal at m/z�
537 was found for the unmodified peptide 106 ± 119 cleaved by
trypsin at Lys-119. Upon acetylation, a corresponding ion
signal ([M�3 H]3�) for the Lys-119-acetylated peptide 106 ±
121 at m/z� 646 was observed (Figure 5). These results are
consistent with MALDI-MS peptide-mapping analysis in
which ions for peptide 106 ± 119 at m/z� 1609, peptide 106 ±
121 at m/z� 1894, and for the acetylated derivative of peptide
106 ± 121 at m/z� 1935 were detected as singly protonated
ions (Figure 6a). From the corresponding peptide-mapping
data, the Lys residues from EF-Ts were categorized according
to their relative chemical reactivities (Table 2). These results
are in agreement with the surface accessibilities determined
by X-ray crystallography of EF-Ts.[14] The amino groups with
the highest relative reactivities (Lys-7, Lys-8, Lys-21, Lys-119,


Figure 4. HPLC analysis of a tryptic peptide mixture from partially
acetylated EF-Tu. The EF-Tu ´ GDP complex was acetylated with a 10-
fold molar excess of acetic anhydride:NH2 group, digested with trypsin, and
subjected to narrow-bore reversed-phase HPLC. The eluate was monitored
by UV (214 nm) and then analyzed by on-line ESI-MS. Peptide sequences
and molar masses are assigned above the HPLC peaks in bold print.
Acetylated Lys residues are denoted by asterisks.
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and Lys-133) were those that underwent the most rapid
acetylation (Table 2). The corresponding ions of modified
peptides were found with increasing abundance at higher (50-


fold and 100-fold) reagent
excess. In contrast, low
reactivities were observed
for the C-terminal Lys
residues (Lys-165, Lys-
167, Lys-169, and Lys-
178) as evident from the
unmodified tryptic pep-
tide 166 ± 178 at m/z�
2345, observed even after
reaction with a 100-fold
molar excess of acetic an-
hydride (not shown). Al-
so, Lys-48 was unmodified
in all experiments.


Determination of shield-
ed lysine residues in the
EF-Tu ´ EF-Ts complex :
Acetylations of the EF-
Tu ´ EF-Ts complex were
carried out with 50-fold
and 100-fold molar excess
of acetic anhydride under
conditions previously es-
tablished to modify all
accessible Lys residues in
the free proteins. There-
fore, reactive Lys residues
that were not acetylated
in the complex could be
characterized as shielded


as a result of complex formation. As an example, acetylation
of the EF-Tu ´ EF-Ts complex with a 100-fold molar excess of
acetic anhydride produced peptides containing both unmodi-
fied and modified Lys-119 (Figure 6c); this indicates that Lys-
119 was partially shielded in the complex. In contrast,
MALDI-MS peptide mapping of the acetylated free EF-Ts
showed substantial modification of the Lys-119 residue at only
a tenfold molar excess of acetic anhydride, and complete
acetylation of the peptide 106 ± 121 at a 50-fold molar excess
of acetic anhydride (Figures 6a and 6b). Comparison of the
complete acetylation pattern for free EF-Ts with that of the
EF-Tu ´ EF-Ts complex showed that Lys residues Lys-21, Lys-
45, Lys-119, Lys-133, and Lys-140 in EF-Ts were shielded by
the interaction with EF-Tu (Table 3). The partial acetylation
and tryptic digestion of the EF-Tu ´ ET-Ts complex produced
a complex mixture of modified peptide fragments that


included several partial sequences with closely spaced lysine
residues that could not be directly assigned from the mass-
spectrometric peptide-mapping data. Therefore, on-line LC ±
ESI-MS analyses were additionally carried out; this resulted
in unequivocal peptide identification and assignment of
acetylations. For example, in the partial sequence of EF-Ts
bearing the three Lys residues Lys-45, Lys-48, and Lys-49
acetylation at Lys-45 and Lys-49 was ascertained by the
monoacetylated peptide 40 ± 48 (m/z� 1004) that was cleaved
by trypsin at the unmodified Lys-48 residue.


The comparison of the acetylation pattern for EF-Tu ´ GDP
with that of the EF-Tu ´ EF-Ts complex showed that lysine
residues Lys-45 and Lys-52 in EF-Tu were effectively shielded
by the interaction with EF-Ts (Table 4 and Figure 7). Tryptic
digestion of unmodified EF-Tu ´ GDP produced peptides


Figure 5. ESI-MS analysis of a tryptic peptide mixture from EF-Ts
partially acetylated with a 10-fold molar excess of acetic anhydride:NH2


group and digested with trypsin. Only [M�2 H]2� and [M�3 H]3� ions of
partial sequences encompassing (11 ± 22) and (106 ± 121) are denoted.
Partial sequences are shown on top.


Figure 6. MALDI-MS peptide-
mapping analyses of tryptic pepti-
des from EF-Ts and the EF-Tu ´ EF-
Ts complex, partial EF-Ts sequence
(106 ± 121). a) Acetylated EF-Ts
with 10-fold excess anhydride:NH2


group. b) Acetylated EF-Ts with 50-
fold excess anhydride:NH2 group.
c) Acetylated EF-Tu ´ EF-Ts com-
plex with 100-fold excess anhy-
dride:NH2 group. The acetylated
peptide is denoted by an asterisk.
Spectra were recorded with HCCA
as matrix.


Table 2. Relative reactivities of lysine amino groups from EF-Ts.


Relative reactivity[a] Lysine residue[b]


1 a, 7, 8, 21, 119, 133,
2 33, 45, 93,
3 49, 140, 147, 148, 162,
4 48, 165, 167, 169, 178.


[a] Descending reactivity. [b] Lysine residues were identified by MALDI
and ESI-MS peptide mapping.


Table 3. Mass assignments of selected lysine containing tryptic peptides
from EF-Ts and acetylated derivatives before and after complexation with
EF-Tu.


Peptide/ [M�H]� [M�H]� (obsd) Acetylated Lys
Lys residue (calcd) EF-Ts[a] EF-Ts ´ EF-Tu[b] residues


11 ± 21/21 1109 ± 1109 ±
11 ± 22/21 1266 ± 1267 ±
11 ± 22/21 1308 1311 ± 21
40 ± 45/45 692 ± 694 ±
40 ± 48/45 963 965 963 ±
40 ± 48/45 1004 1004 ± 45


106 ± 119/119 1607 ± 1607 ±
106 ± 121/119 1893 ± 1894 ±
106 ± 121/119 1935 1936 1934 119
122 ± 145/133, 140 2712 ± 2713 133 or 140
122 ± 145/133, 140 2754 2753 2755 133 and 140


[a] 50-Fold molar excess acetic anhydride:NH2 group. [b] 100-Fold molar
excess acetic anhydride: NH2 group.
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Figure 7. MALDI-MS peptide-mapping analyses of tryptic peptides from
EF-Tu and the EF-Tu ´ EF-Ts complex, partial EF-Tu sequence (25 ± 57).
a) Unmodified EF-Tu ´ GDP. b) Acetylated EF-Tu ´ GDP with 50-fold
excess anhydride:NH2-group. c) Acetylated EF-Tu ´ EF-Ts complex with
100-fold excess anhydride:NH2-group. Acetylated peptides are denoted by
asterisks. The ion in c) is the unmodified (shielded) fragment (46 ± 57).
Spectra were recorded with HCCA as matrix.


46 ± 57 and 25 ± 57 (m/z� 3581, B form) that contained Lys-45
and Lys-52 (Figure 7a). At 50-fold molar excess of acetic
anhydride, ion peaks from the nonacetylated peptides dis-
appeared and only ions of the acetylated peptides 25 ± 57 with
one and two acetyl groups (m/z� 3623 and 3665, respectively)
were observed (Figure 7b). In contrast, acetylation of the EF-
Tu ´ EF-Ts complex, even at a 100-fold molar excess of
anhydride, yielded exclusively the unmodified peptide 46 ±
57; hence, tryptic cleavage at Lys-45 was used to identify this
unmodified residue (Figure 7c). In contrast to these shielding
effects for amino groups, other lysine residues in both EF-Tu
and EF-Ts showed no differences in their modification
pattern. This is illustrated by the ESI spectra from tryptic
peptide mixtures for peptide 135 ± 155 from EF-Tu ´ GDP
(Table 4). The unmodified peptide ion [M�3 H]3� at m/z�
831 shifted almost completely to the Lys-137-acetylated
peptide ion at m/z� 846 upon acetylation. An identical
distribution of unmodified and Lys-137-acetylated peptide
ions was found for the acetylated EF-Tu ´ EF-Ts complex.


Discussion


The most useful analytical feature of ESI-MS is the direct
determination of molecular weights and modification patterns
of protein derivatives, with the particular advantage of ESI for
characterizing conformational states of native and partially
modified proteins.[14] For example, recent pH-dependent ESI-
MS studies provided evidence for a correlation of structural
states in solution with charge distributions (charge structure)
of multiple-protonated molecular ions.[23] Protein ions retain
defined conformations in the gas phase that are stable for
hours and can be probed by H/D-exchange reactions[39] and
ion-mobility techniques.[40, 41] These studies also show that
interconversion of protein conformations in the gas phase
requires additional energy input.[42] For EF-Ts, the observed
pH dependence of the charge distribution is consistent with
the dynamic interchange of tertiary structures in solution.[43]


Several applications of ESI-MS for the characterization of
noncovalent protein complexes with low molecular-weight
ligands such as substrates or inhibitors have been report-
ed.[28, 34±36] In the present study, ions corresponding to the EF-
Tu ´ 2 GDP complex were detected; this is in agreement with
the specific binding of one GDP molecule in the nucleotide-
binding pocket of the G domain and uptake of a second GDP
molecule probably in the aminoacyl-adenosine-binding cleft.[23]


These results suggest that ESI-MS can be used successfully for
the molecular characterization of protein ± nucleotide interac-
tions in conjunction with protein-chemical and spectroscopic
methods for their structural characterization.


The comparative mass-spectrometric analysis of protein
derivatives obtained by differential chemical modification is
shown to be a powerful approach for probing tertiary
structure differences.[13, 14] In a recent example, X-ray crystal-
lography in combination with mass spectrometry was success-
fully applied to an ion-channel protein, after selective
succinylation of lysine residues, where intact tertiary struc-
tures and specific ion conductances were maintained in the
protein derivatives;[25] hence, this approach seemed applicable
also to the study noncovalent complexes in their native forms.
In the present study, mass-spectrometric peptide mapping has
been used for the direct assignment of modification sites and
relative reactivities from the amino acetylated derivatives of
EF-Tu ´ GDP, EF-Ts, and the noncovalent EF-Tu ´ EF-Ts
complex. This technique also enabled us to identify particular
regions that were shielded as a result of the complex
formation. The characteristic proteolytic pattern shown here,
that is, the acylation of lysine residues that become inacces-
sible to trypsin digestion, can be readily extended to other
site-specific modifications such as amidation of carboxylate
groups that afford Glu and Asp residues that cannot be
cleaved by the S. Aureus V8-protease.[20] Mass-spectrometric
peptide mapping is found to be particularly efficient for the
characterization of initially modified proteins, which are often
significant for structure ± reactivity relations.[44]


Generally, acetylation of an accessible lysine e-amino group
in a protein (P ± NH2) competes with the complex formation
of P with a binding protein (Q) that results in the shielding of
this particular amino group. The shielded amino group (P ±
NH2) may either be involved in specific binding or in other


Table 4. Mass assignments of selected lysine-containing tryptic peptides
from EF-Tu and acetylated derivatives before and after complexation with
EF-Ts.


Peptide/ [M�H]� [M�H]�(obsd) Acetylated Lys
Lys residue (calcd) EF-Tu[a] EF-Ts ´ EF-Tu[b] residues


8 ± 24/24 1796 1795 1796 ±
25 ± 57/45, 52 3664 3664 ± 45 and 52
46 ± 57/52 1408 ± 1408 ±


135 ± 155[c]/137 2490 2491 2491 ±
135 ± 155[c]/137 2532 2532 2533 137


[a] 50-Fold molar excess acetic anhydride:NH2 group. [b] 100-Fold molar
excess acetic anhydride:NH2 group. [c] Cleavage after Phe-134 as a result
of the intrinsic chymotryptic activity of trypsin.[21]
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contacts in the P ± NH2 ´ Q complex. The competing reactions
are shown in Equation (1).


[P ± nh ± Ac]� [Q] ÿ
kÿ2ÿ!
k2


�Ac�
[P ± nh2]� [Q] ÿ!kon


 ÿ
koff


[P ± nh2 ´ Q] (1)


For the stable EF-Tu ´ EF-Ts complex, kon (8.3� 106 mÿ1sÿ1)
is large in comparison with koff (0.17 sÿ1) as determined by
fluorescence quenching.[45] Therefore, two situations may be
considered: i) k2�kon; in this case virtually no acetylation
will be observed for amino groups shielded by complex
formation; ii) k2� kon and also therefore k2� koff ; here,
acetylation of amino groups buried in the complex will occur
according to the complex dissociation (on the presumption
that concentration of acetylating agent, [Ac], is very high and
concentration dependence of the reaction can be neglected).
Since the amino acetylation is essentially irreversible under
the present conditions, k2 is much larger than kÿ2 (e.g., k2�
19.3 mÿ1sÿ1 for succinylation of aniline[46]). In the EF-Tu ´ EF-
Ts complex, k2 is much smaller than kon so that the acetylation
kinetics should follow i). Our results are in good agreement
with these considerations, although the above rate constants
were determined under slightly different conditions than
applied here and do not take into account partial protonation
of lysine e-amino groups (pKa� 11) under neutral conditions
and the simultaneous hydrolysis of acetic anhydride in
aqueous solutions. However, despite competing hydrolysis,
the final degree of modification of an accessible amino group
is a function of the amount of reagent and the ratio of the
amino acetylation vs hydrolysis rates.[47] As the hydrolysis of
acid anhydrides is slow relative to the amino acetylation (e.g.,
kHOH� 2.7� 10ÿ3 sÿ1 for acetic anhydride[48]), high yields of
acetylated lysine residues are obtained, enabling us to accu-
rately determine the shielding effects in protein complexes.


The present results and those of previous studies[14]


ascertained the potential of mass-spectrometric peptide
mapping for probing the surface topology of amino groups
in tertiary structures. A direct correlation of the present
chemical reactivity data with the surface structure of the T.
thermophilus EF-Ts is not possible owing to the lack of the N-
terminal region in EF-Ts used for the X-ray structure
determination. However, structural information obtained
from the mass-spectrometric data is consistent with the
recently published X-ray structure of the EF-Tu ´ EF-Ts
complex from T. thermophilus,[49] which was obtained after
the completion of the present study.[43] Our results show that
the Lys-45 and Lys-52 residues in EF-Tu, which are part of the
effector loop,[5, 6, 8] become shielded towards amino acetyla-
tion upon complexation with EF-Ts. Whether this shielding is
cause by direct contact between both proteins or by local
structural changes in the flexible EF-Tu region cannot be
unequivocally determined from the mass-spectrometric data
and the X-ray analysis does not provide structural information
about this extremely mobile element of EF-Tu.[49] However, a
local structural change of this flexible region in EF-Tu upon
complex formation is in agreement with the kinetics of the
tryptic cleavage at Arg-59 in the EF-Tu ´ EF-Ts complex.[50]


A structural comparison of the EF-Ts monomer from E.
coli[12] and T. thermophilus[11] shows that amino acids in the N-


terminal part are highly conserved, indicating the functional
importance of this domain. This has been confirmed by the
complete loss of function upon proteolytic removal of the N-
terminal part of EF-Ts.[10] By contrast, proteolytic cleavage of
the N-terminus of EF-Ts is prevented in the EF-Tu ´ EF-Ts
complex, a fact indicating its direct contact to EF-Tu.[51] Direct
interactions of Lys-23 and Lys-51 residues from EF-Ts by salt
bridges to Asp-141 and Asp-21 residues from EF-Tu have
been shown in the X-ray structure of the E. coli EF-Tu ´ EF-Ts
complex,[12] in agreement with the crystal structure of the T.
thermophilus complex.[49] The mass-spectrometric data show
that the corresponding residues Lys-21 and Lys-45 in T.
thermophilus EF-Ts become shielded in the EF-Tu ´ EF-Ts
complex, and confirm that binding of EF-Tu by the N-
terminal part of EF-Ts in T. thermophilus is very similar to
that in E. coli. In contrast to the above described shielding
effects, acetylation of Lys-7 of EF-Ts from T. thermophilus
was observed, as this residue interacts with EF-Tu through its
alkyl side chain without involving the e-amino group.


Three further lysine residues (Lys-119, Lys-133, and Lys-
140) in EF-Ts that were found to be partially shielded from
acetylation are not involved with direct interactions with EF-
Tu. The shielding from acetylation of these residues is
therefore caused by a conformational change of EF-Ts upon
binding to EF-Tu. The interaction sites and shielding effects of
the relevant lysine residues of EF-Ts and EF-Tu by the
complex formation are schematically illustrated in Figure 8.


These results clearly indicate the value of protein chemical
modification and mass spectrometry to provide structural
information complementary to X-ray crystallography; the
application of this approach to tRNA ´ EF-Tu complexes
appears promising and will be subject of further studies.


Figure 8. Schematic representations of structures and interacting regions
of EF-Tu ´ GPPNHP and truncated EF-Ts from T. thermophilus. The ribbon
diagrams show the locations of relevant lysine residues in EF-Tu and one
EF-Ts monomer by means of the X-ray coordinates.[7, 11] Lys-45 and Lys-52,
which are shielded from acetylation by the EF-Ts interaction, and Lys-24
and Lys-137, which are involved in nucleotide binding, are denoted in the
EF-Tu structure. Lys-21 and Lys-45 denoted in the N-terminal domain of
EF-Ts are shielded by direct interaction. Lysine residues Lys-119, Lys-133,
and Lys-140 in the central helix-turn-helix domain are partially shielded by
complexation. The structure of EF-Ts shown is derived from the crystal
structure of N-terminally truncated EF-Ts fragment,[7] the N-terminal
domain of EF-Ts is depicted schematically (see the complete crystal
structure[49]). This figure was created with the MOLMOL software.[56]
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Experimental Section


Expression and purification of EF-Tu ´ GDP : T. thermophilus HB8 cells
were grown to the mid-log phase in a modified Castenholz medium at
73 8C.[52] Cultures were harvested 3 h after inoculation. Cell lysis and
purification of EF-Tu ´ GDP involving anion-exchange chromatography on
Q-Sepharaose Fast Flow [Pharmacia, Uppsala (Sweden)] and gel filtration
on Sephacryl S-200 (Pharmacia) were performed as previously descri-
bed.[53] For final purification of EF-Tu ´ GDP a further anion-exchange
chromatography was performed. The Sephacryl S-200 pool containing EF-
Tu ´ GDP was loaded onto a Mono Q column (0.5� 5 cm, Pharmacia),
equilibrated with a,a,a-tris(hydroxymethyl)-methylamine (Tris)/HCl
(50 mm, pH 7.5), KCl (50 mm), and MgCl2 (10 mm), and then eluted with a
linear gradient of KCl in Tris/HCl (50 ± 500 mm, pH 7.5). Fractions were
monitored for EF-Tu activity by SDS/PAGE. Fractions containing EF-Tu ´
GDP were pooled, dialyzed against Tris/HCl (50 mm, pH 7.5), KCl (50 mm),
MgCl2 (10 mm), 2-mercaptoethanol (1 mm), and glycerol (50 %), and stored
at ÿ20 8C. The purity of EF-Tu ´ GDP was estimated by SDS/PAGE to be
greater than 98 %. Aliquots were dialyzed against acetic acid (2 %, pH 3)
and ammonium acetate (2mm, pH 6), and were assayed by ESI-MS and
MALDI-MS and for EF-Tu activity.


Overexpression and purification of EF-Ts : The EF-Ts-overproducing E.
coli strain BL21(DE3)pETTs7 was grown as previously reported.[54] The
cells were disrupted and the lysate was heat-denaturated in order to
precipitate most of the E. coli proteins. The recombinant EF-Ts was
purified from the supernatant by anion-exchange chromatography on
DEAE cellulose DE52 [Whatman, Maidstone (UK)] and subsequent
cation-exchange chromatography on EMD-SOÿ


3 650 Tentagel [Merck,
Darmstadt (Germany)] as previously described.[54] The fractions with EF-
Ts activity were pooled, dialyzed against Tris/HCl (50 mm, pH 7.5), KCl
(50 mm), and glycerol (50 %), and stored at ÿ20 8C. The purity of EF-Ts
was estimated by SDS/PAGE to be >98%. Aliquots were dialyzed against
acetic acid (2%, pH 3) and assayed by ESI-MS and MALDI-MS.


EF-Tu activity assay : The EF-Tu ´ GDP assay[55] was carried out either in
Tris/HCl (50 mm, 100 mL, pH 7.5) or in ammonium acetate (2mm, pH 7).
Both solutions contained NH4Cl (150 mm), MgCl2 (10 mm), 2-mercapto-
ethanol (5 mm), [3H]GDP (5mm, 100 mCi mmolÿ1; Amersham-Buchler),
and bis(trimethylsilyl)acetamide (BSA, 1 mg mLÿ1). After addition of EF-
Tu ´ GDP up to a final concentration of 1mm, the sample was incubated for
10 min at 37 8C. The reaction was stopped by addition of 1 mL of cold
buffer consisting of Tris/HCl (10 mm, pH 7.5), MgCl2 (10 mm), and NH4Cl
(10 mm). The mixture was adsorbed on a nitrocellulose filter [Sartorius,
Göttingen (Germany)]. The filter was washed with 1 mL of the same buffer
and the retained radioactivity on the dried filter was counted. Activity was
comparable for both solvent systems. One unit corresponds to the amount
of protein that binds 1 pmol GDP.


EF-Ts activity assay : EF-Ts catalyzes the GDP exchange of EF-Tu-bound
GDP. The filter-binding assay[55] measures the exchange of GDP by EF-Tu ´
GDP (1mm) at 0 8C for 1 min in Tris/HCl (50 mm, 100 mL, pH 7.5) containing
MgCl2 (10 mm), NH4Cl (150 mm), 2-mercaptoethanol (5mm), [3H]GDP
(5mM, 100 mCi mmolÿ1), and BSA (1 mg mLÿ1). The reaction was started
by addition of EF-Ts and stopped by addition of 1 mL cold buffer
containing Tris/HCl (10 mm, pH 7.5), MgCl2 (10 mm), and NH4Cl (10 mm),
followed by filtration through nitrocellulose (Sartorius). The filter was
washed with 1 mL of the same buffer, and the retained radioactivity on the
dried filter was counted. One unit of EF-Ts catalyzes the exchange of
1 pmol EF-Tu-bound GDP in 1 min at 0 8C.


Complex formation and preparation of aminoacetylated EF-Tu ´ GDP, EF-
Ts, and EF-Tu ´ EF-Ts derivatives : The EF-Tu ´ EF-Ts complex was formed
by incubation of EF-Tu ´ GDP (25 mm) and EF-Ts (25 mm) in Tris/HCl
(50 mm, pH 7.5) for 10 min at room temperature. Monomers were removed
by filtration with a Centricon MWCO 100 [100 kDa cut-off membrane,
Amicon, Beverly (USA)] at 15 8C. Final protein concentration was 100 mm.
The solution was diluted 4 times with Tris/HCl (50 mm, pH 7.5) and
filtration was repeated. The purified EF-Tu ´ EF-Ts complex, EF-Tu ´ GDP,
and EF-Ts were treated with acetic anhydride as previously described.[14]


Acetylation of lysine and N-terminal amino groups was performed with
varying concentrations of acetic anhydride (10, 50, 100 mol per mole of
amino groups) in Tris/HCl (50 mm, pH 7.5). Reactions were carried out at
constant pH 7.5 (maintained by addition of 25 % NH3) for 10 min at 20 8C.


Products were dialyzed against NH4HCO3 (10 mm, pH 7.8) and assayed by
ESI-MS and MALDI-MS or subjected to proteolysis.


Proteolytic digestion of EF-Tu ´ GDP, EF-Ts, and EF-Tu ´ EF-Ts complex :
Digestion of unmodified and aminoacetylated EF-Tu ´ GDP, EF-Ts, and
EF-Tu ´ EF-Ts complex was performed with trypsin [EC 3.4.21.4, Sigma, St.
Louis (USA)] in NH4HCO3 (50 mm) containing methanol (30 %) at 37 8C
for 3 h with a substrate-to-trypsin ratio of 100:1.[21] Aliquots of the obtained
peptide mixture were analyzed by MALDI-MS without further purification
or were subjected to on-line LC ± ESI-MS.


CD-instrumentation and acquisition conditions : CD spectra were recorded
on a JASCO-J-600 CD spectropolarimeter [Jasco, Gross-Umstadt (Ger-
many)] with solutions of EF-Ts (100 mm) in ammonium acetate (10 mM,
pH 3.5, 5, and 7). A solvent spectrum was subtracted from 6 averaged
original spectra and the molar ellipticity was determined. A scan range of
185 ± 250 nm was selected and the scan speed was adjusted to 1 nm minÿ1.


ESI-MS instrumentation and acquisition conditions : ESI-MS was per-
formed with a Vestec-201A quadrupole mass spectrometer [Vestec,
Houston, Texas (USA)] equipped with a thermally assisted electrospray
interface. The spray interface temperature was approximately 40 8C for all
measurements. The mass analyzer with a nominal m/z range of 2000 was
operated at unit resolution. An electrospray voltage at the tip of the
stainless steel capillary needle of 2 ± 2.2 kV and repeller voltages of
typically 10 ± 50 V were employed. Spectra were recorded with a scan rate
of 7 s scanÿ1 with a mass window of m/z� 200 ± 2000. Mass calibration was
performed with the 8� , 9� , and 10� ions of hen eggwhite lysozyme, and
raw data analyzed by means of a Teknivent Vector 2 data system
[Teknivent, Houston, Texas (USA)]. Protein and peptide solutions were
pumped with a Harvard microinfusion pump [Harvard, Franklin (USA)]
through a fused silica capillary (inside diameter, 75 mm) with a flow rate of
2 mLminÿ1 into the ion source. Samples were diluted to a final concen-
tration of 0.1 mg mLÿ1 with acetic acid (2 %, pH 3)/methanol (9:1, v/v) and
NH4OAc (2mm)/methanol (9:1, v/v). pH was adjusted to 4 ± 8 with NH4OH
(25 %).


On-line LC ± ESI-MS of tryptic peptides: The microbore HPLC system
consisted of an Applied Biosystems 140B solvent delivery system equipped
with an Applied Biosystems 759A absorbance detector [Foster City, CA
(USA)] set at 214 nm. The tryptically digested peptide mixtures from
acetylated EF-Ts, EF-Tu ´ GDP, and EF-Tu ´ EF-Ts were separated by
means of a microbore C18-column (Sperisorb, 100� 1 mm, 3 mm). Samples
were injected by means of a Rheodyne injection port (model 8125) [Cotati,
CA (USA)] equipped with a 5 mL sample loop. Solvent A was trifluoro-
acetic acid (TFA) in H2O (0.1 %), and solvent B was TFA in acetonitrile
(0.07 %). The flow rate was adjusted to 40 mL minÿ1. After sample injection
the solvent mixture was kept constant at 5% of B for 5 min and was then
altered to 70% of B over a time period of 60 min. ESI-MS was performed
on a Perkin Elmer Sciex API-III triple quadrupole mass spectrometer
[Thornhill, Ontario (Canada)] in the single quadrupole scanning mode.


MALDI-MS instrumentation and acquisition conditions : MALDI-MS
analyses were carried out with a Bruker Biflex linear time-of-flight
spectrometer [Bruker ± Franzen, Bremen (Germany)] equipped with a UV
nitrogen laser (337 nm) and a dual microchannel plate detector. For the
molecular mass determinations the acceleration voltage was set to 25 kV,
and spectra were calibrated with cytochrome c or myoglobin as internal
and external standards. For peptide-mapping experiments the acceleration
voltage was set to 10 kV, and insulin and neurotensin were used for internal
and external mass calibration. Samples were diluted 10-fold with CH3OH/
0.1% TFA (2:1, v/v), and 1 mL of this solution was mixed with 1 mL of
saturated a-cyano-4-hydroxy cinnamic acid (HCCA) solution dissolved in
CH3OH/0.1 % TFA (2:1, v/v). Spectra were recorded after evaporation of
the solvent and processed by means of the X-MASS data system.


Protein structure examination : The structures of EF-Tu ´ GPPNHP and
truncated EF-Ts were examined with files containing the corresponding X-
ray coordinates were obtained from Berchtold et al. (1993)[7] and Jiang
et al. (1996),[11] on a Silicon Graphics workstation with the Biosym Insight
II/Discover and Biopolymer software.[56]
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Azobenzene-Functionalized Cascade Molecules:
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Abstract: Cascade molecules bearing
up to 32 azobenzene groups in the
periphery have been prepared from
poly(propylene imine) dendrimers and
N-hydroxysuccinimide esters. The den-
dritic azobenzene species show similar
isomerization properties as the corre-
sponding azobenzene monomers. The
all-E azobenzene dendrimer units can
be reversibly switched to the Z form by
light of the appropriate wavelength and


can be converted back to the E form by
either irradiation or by heating. That the
photoisomerization quantum yield of
each photoactive unit is not dependent
on the number of such units present in


the species shows there is so far no
effective steric constraint towards pho-
toisomerism on increasing dimension
(generation) of the dendrimer. The first
attempts to use dendrimers for holog-
raphy materials are described: It is
shown that holographic gratings with
diffraction efficiencies up to about 20 %
can be optically recorded in thin films of
azobenzene dendrimers.


Keywords: azo compounds ´ den-
drimers ´ holographic data storage ´
photochemistry ´ supramolecular
chemistry


Introduction


Cascade molecules/dendrimers are a booming area in supra-
molecular chemistry.[1] Numerous dendritic architectures have
been reported including polyamines,[2] polyphenylethers,[3]


polyamidoamines,[4] carbosilanes,[5] phosphorus-containing
dendrimers,[6] and polynuclear metal complexes[7] to name
just a few. Some systems are already commercially available.[8]


The literature and numerous patents indicate that the


focus of research on cascade molecules is moving towards
future applications in various fields like drug targeting,
catalysis, new materials, coolant additives, and conducting
polymers.[9]


One of the goals of supramolecular chemists is to construct
devices capable of fulfilling tasks on the molecular level.
Functional molecular units play a central role as building
blocks of molecular machinery.[10] Chemically switchable
entities are of particular interest, and molecular arrays have
been found that change their properties upon an external
input like electricity, redox potential, pH value, and light. The
ability to switch between two defined states is a concept also
present in nature: Factor EF-Tu, for example, plays a key role
in protein biosynthesis.[11] Bacteriorhodopsin is a well known
light-driven proton pump that has found artificial application
as optical storage and holography material.[12] Light is
particularly efficient at manipulating molecular systems
because its effect is fast, mild, and often reversible.[10c]


Azobenzene derivatives have been used to construct
photoswitchable devices for many years.[13] Azobenzene-type
compounds, when they are not strongly sterically hindered, do
not show any appreciable fluorescence or phosphorescence,
but they can be easily and reversibly photoisomerized. The
photoisomerization of azobenzene compounds is indeed one
of the cleanest photoreactions known and has been inten-
sively investigated from both an experimental and a theoret-
ical point of view.[13]
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The thermodynamically stable E isomer can be photo-
chemically converted to the Z isomer, which is converted back
to the E isomer by excitation with light and thermally in the
dark. The two isomers exhibit different absorption spectra.
The E isomer shows an intense pp* band in the near-UV
region (lmax� 3l8 nm, e� 21000mÿ1 cmÿ1) and a weak (sym-
metry-forbidden) np* band in the visible region (lmax�
443 nm, e� 490mÿ1 cmÿ1) in dichloromethane. In the conver-
sion to the Z isomer, the pp* band shifts to shorter wave-
lengths, and the intensity of the np* band increases noticeably.
Consequently, these compounds appear to deepen in color
upon E!Z isomerization.


Isomerization of azobenzene involves a large structural
rearrangement. In going from the E to the Z form, for an
unsubstituted azobenzene the distance between the para-
carbon atoms decreases from 9 to 5.5 � and the dipole
moment increases from zero (since the E form is planar and
symmetrical) to 3.0 D.[13b]


Azobenzene moieties have been applied in the construction
of photoresponsive molecular and supramolecular systems
such as molecular tweezers,[14] liquid-crystalline films,[15]


concave dyes,[16] photoresponsive polymers,[12c] donor ± ac-
ceptor complexes,[17] switchable receptor molecules,[18] and
surfactants.[19] It has also been shown that azobenzene-
functionalized oligopeptides can efficiently be used as holog-
raphy materials for optical storage (vide infra).[20]


Very recently, Junge and McGrath have reported the
synthesis of a two-directional dendrimer with an azobenzene
group in the center and have investigated its E!Z isomer-
ization induced by UV light.[21] The Z!E photoisomerization
of this type of dendrimers has recently been claimed to occur
by excitation with IR radiation.[22] In an even earlier study we
reported a dendrimer bearing six peripheral azobenzene
groups that showed reversible switching behavior.[23]


We were interested in the effect that the accumulation of a
greater number of azobenzene units would have and what


effect the spatial proximity of these units in a higher
generation dendrimer would have on their photochemical
properties. Polyamine dendrimers can be readily functional-
ized with various functional groups attached as carboxamides
by standard peptide chemistry procedures (vide infra). We
obtained cascade molecules with up to 32 peripheral azoben-
zene groups (Figure 1), and we have investigated their
photochemical properties and their potential use for holo-
graphic data storage. Potential advantages of dendrimers in
this field include their good solubility in common organic
solvents, their rigidity and their applicability to standard
peptide chemistry which permits efficient assembly of a wide
range of molecular structures.


Results and Discussion


Syntheses: The azobenzene dendrimers presented herein were
prepared from poly(propylene imine) dendrimers with 4, 8,
16, and 32 primary amino groups in the periphery (gener-
ations 1 to 4) and the corresponding N-hydroxysuccinimide
esters of 3- and 4-(phenylazo)benzoic acid. The carboxylic
acids were prepared from aminobenzoic acid and nitro-
sobenzene and then converted into the acid chlorides with
thionyl chloride as described in the literature.[24] ''Activated
esters'', that is N-hydroxysuccinimide esters, are well-known
in peptide chemistry for their high stability towards hydrolysis
and their great selectivity for amide formation. In fact, prior
attempts to prepare the azobenzene-substituted cascade
molecules by the conversion of the poly(propylene imine)
dendrimers with the corresponding carboxylic acid chlorides
in the presence of base only led to incomplete conversion,
presumably because aside from the desired amides quater-
nary ammonium chloride salts are formed. The products have
to be dried in vacuo for several days since the dendrimers tend
to retain solvent molecules tenaciously.


The dendrimers obtained are well soluble in halogenated
organic solvents and insoluble in water. Removal of residual
starting materials, N-hydroxysuccinimide, and, if formed, only
partly functionalized dendrimers is achieved by thoroughly
washing the organic reaction solution with water and satu-
rated sodium carbonate solution. A certain polydispersity,
particularly of the higher generations originating from
imperfections of the polyamine dendrimer skeletons, can,
however, not be eliminated with current work-up procedures
and has to be accepted.[25]


Analyses: A number of analytical methods have been used to
obtain full structural information on the azobenzene den-
drimers. 1H and 13C NMR spectroscopy only give qualitative
information because spectra become less expressive with
increasing generation number, and proton counts increase to
several hundred. MALDI-TOF (matrix-assisted laser-desorp-
tion ionization time-of-flight) mass spectrometry is an ex-
cellent method for the analysis of dendrimers because it
allows one to mildly ionize the target molecules and thus to
avoid fragmentation. The lower generation dendrimers have
also been analyzed by FAB mass spectrometry. Where it was
not possible to obtain the molecule peak, characteristic


Abstract in German: Kaskadenmoleküle mit bis zu 32
Azobenzoleinheiten in der Peripherie wurden durch Umset-
zung von Poly(propylenimin)-Dendrimeren mit N-Hydroxy-
succinimidestern erhalten. Die dendritischen Azobenzolver-
bindungen unterscheiden sich in ihrem Isomerisierungsverhal-
ten nicht von den entsprechenden Monomeren. Mit Licht
geeigneter Wellenlänge lassen sich die all-E-Azobenzol-Den-
drimere reversibel in die Z-Form und diese durch Bestrahlung
oder Wärme zurück zur E-Form isomerisieren. Daû die
Quantenausbeute der Photoisomerisierung der einzelnen pho-
toaktiven Gruppe nicht von der Zahl der ans Dendrimer
gebundenen Einheiten abhängt, zeigt, daû die Photoisomeri-
sierung auch mit steigender Gröûe des Kaskadenmoleküls
(Generation) noch keiner sterischen Behinderung unterliegt.
Die ersten Versuche zum Einsatz von Dendrimeren als Holo-
graphie-Materialien werden beschrieben: Holographische Git-
ter können mit Brechungseffizienzen von bis zu 20 % in
dünnen Filmen der Azobenzol-Dendrimere optisch aufge-
zeichnet werden.
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fragmentation gave sufficient information. The strong ten-
dency of the dendrimers investigated to retain solvent
molecules makes elemental analyses less informative.[26]


Absorption spectra: The experiments were carried out in
CH2Cl2 at 298 K. The wavelengths of the maxima of the
absorption bands and the values of the molar absorption
coefficients are collected in Table 1. Figure 2 shows the
absorption spectra of the compounds of the para family.


The para and meta carboxamide-substituted azobenzene
model compounds (hereafter called p-m and m-m, Figure 1)
exhibit pp* and np* absorption bands very similar to those of
azobenzene. In the case of the para derivative, the pp* and
np* absorption bands are slightly red-shifted and the latter is
somewhat more intense. In the case of the meta derivative, the
pp* band is less intense.


The p-m and m-m azobenzene-type units are the only
chromophoric groups in the two families of dendrimers.
Therefore, in the absence of intra- or intermolecular inter-


actions, within each family the wavelengths of the absorption
maxima should not change, while the molar absorption
coefficient should increase linearly with increasing number
of azobenzene-type units present in the dendrimer.


The results obtained show that the lmax of the pp* and np*
absorption bands do not change within each family (Table 1).
This rules out the presence of strong interchromophoric
interactions. The number of azobenzene groups, which is four
for the first generation dendrimer, increases in each family
according to an arithmetic progression: 4:8:16:32. The molar
absorption coefficients should therefore increase with the
same progression. For example, since the value of e for the
visible band of the single p-m unit is e� 600� 60mÿ1 cmÿ1, the
e values for the dendrimers of the para family should be the
following: p-G1, 2400� 240mÿ1 cmÿ1; p-G2, 4800�
480mÿ1 cmÿ1; p-G3, 9600� 960mÿ1 cmÿ1; p-G4, 19200�
1920mÿ1 cmÿ1. Comparison of the calculated values with those
found for the dendrimers (Table 1) shows that the agreement
is satisfactory if one takes into account the experimental


Figure 1. para-(p-m) and meta-(m-m)carboxamide-substituted azobenzene ''monomers'' and their dendrimers of generation 1 to 4.
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Figure 2. Absorption spectra in CH2Cl2 of the compounds of the para
family. m is the carboxamide-substituted azobenzene ''monomer'', and G1
to G4 are the dendrimers of generation 1 to 4.


uncertainty, but the experimental values tend to become
lower than the theoretical ones with increasing size of the
dendrimer. This is an expected result because imperfectly
substituted side products occur at higher generations of
dendrimers prepared by a divergent synthetic strategy.[25]


Photochemical reactions: All the azobenzene-type com-
pounds studied in this work have been found to undergo the
E!Z and Z!E photoisomerizations and the Z!E thermal
isomerization. The experiments were carried out in CH2CI2 at
298 K. The photoreaction quantum yields are collected in
Table 1. Figure 3 shows the spectral changes observed for the
isomerization of compound m-G4. Qualitatively similar
results have been obtained for all the compounds examined.


In each case, excitation of the E isomer with 313-nm light
(which corresponds to the pp* absorption band) caused a
decrease of absorbance in the near-UV spectral region and an
increase in absorbance in the visible region, with maintenance
of clear isosbestic points (Figure 3). After a suitable irradi-
ation period, a photostationary state was reached where the Z


Figure 3. Changes in the absorption spectrum of m-G4 in CH2Cl2 upon
irradiation at 313 nm. Curve a is the initial spectrum and curve b is the
spectrum of the photostationary state. The dashed curve corresponds to a
solution first excited at 313 nm up to the photostationary state and then
excited at 254 nm until a new photostationary state is reached. When kept
in the dark after 254-nm excitation, the spectrum of the solution returns to
that shown by curve a.


isomer predominates. When the irradiated reaction was left in
the dark, a slow thermal Z!E isomerization was observed.
The Z!E back isomerization was much faster upon irradi-
ation with 254-nm light, which corresponds to the pp*
absorption band of the Z isomer. The isosbestic points were
maintained throughout the back reaction (Figure 3). It should
be noted that whereas the back thermal reaction leads to the
pure E isomer, under 254-nm excitation the back reaction
leads to a photostationary state, very rich in the E isomer
(Figure 3, dashed curve), which reflects the conditions
eZfZ!E� eEfE!Z. When a solution that had reached the
photostationary state under excitation with 254-nm light was
placed in the dark, the pure E isomer was again obtained.


For the model compounds p-m and m-m, the relative
amounts of E and Z isomers at the photostationary state was
measured by NMR analysis.[27] From the absorption spectrum
of the photostationary mixture it was thus found that the
absorbance of the Z isomer is negligible at the wavelength of
the maximum of the pp* band of the E isomer (ca. 325 nm for
the compounds of the para family and ca. 320 nm for those of
the meta family). The quantum yield of the E!Z photo-
chemical reaction for the various compounds was then
obtained from the changes in absorbance observed at the
beginning of the experiment, when the light absorbed by the
photoproduct is negligibly small. The quantum yield values
given in column 4 of Table 1 were obtained by using the e


values of the compounds (e.g. e� 644 000mÿ1 cmÿ1 at 326 nm
for p-G4). Therefore such values refer to ''overall'' quantum
yields, that is quantum yields for the isomerization of all the
chromophoric units contained in the species under consid-
eration. In order to obtain the quantum yield of a single
azobenzene chromophoric unit, the e value of a single
chromophoric unit (i.e. , 23 700mÿ1 cmÿ1 in the example above)
has to be used (Table 1, column 5).


The quantum yields of the back Z!E photoisomerization
reactions under irradiation with 254-nm light (Table 1, column
6 and 7) were obtained by irradiating solutions previously
brought to the photostationary state with 313-nm light. Even
in this case the absorbance changes at the maximum of the


Table 1. Absorption data and photoreaction quantum yields for the para- and meta-
azobenzene dendrimers and some reference compounds in CH2Cl2 at 298 K.


Absorption [a] Quantum yields (� 102)[b]


lmax , nm (e, mÿ1 cmÿ1)
p!p* n!p* FE!Z


[c] FE!Z
[d] FZ!E


[c] FZ!E
[d]


azobenzene 318 (21000) 443 (490) 14 36
para-substituted compounds


p-m 325 (23700) 451 (600) 10 10 28 28
p-G1 325 (71500) 448 (2000) 3 9 8.2 26
p-G2 325 (180000) 449 (4800) 1.3 10 3.1 25
p-G3 325 (371000) 450 (9200) 0.6 9 2 27
p-G4 326 (644000) 450 (16500) 0.4 11 1 30


meta-substituted compounds
m-m 318 (16700) 444 (450) 14 14 38 38
m-G2 319 (130000) 443 (3700) 1.7 13 5 38
m-G3 320 (261000) 442 (7100) 1.1 19 2.2 32
m-G4 319 (449000) 442 (14200) 0.6 19 1.5 40


[a] Estimated error on the molecular absorption coefficient is � 10 %. [b] Esti-
mated error, � 15% for the E!Z isomerization and � 15 % for the Z!E
photoisomerization; lexc� 313 nm for E!Z isomerization and 254 nm for Z!E
isomerization. [c] Overall quantum yield (see text). [d] Quantum yield related to a
single chromophoric unit (see text).
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band of the E isomer were monitored at the beginning of the
experiment. In these experiments, however, the initial con-
centration of the ''product'' was not zero since the solutions
contained a mixture of E and Z isomers; thus, the quantum
yield values are affected by a larger uncertainty.[13c]


Whereas the qualitative features of the photoisomerization
reactions were the same in all cases, the quantum yields were
found to depend on the nature of the examined compound.
The data collected in Table 1 show that: 1) for the meta-
carboxamide-substituted azobenzene m-m both the E!Z
and Z!E photoreactions have quantum yields practically
identical to those of azobenzene, whereas the quantum yields
are lower for the para-carboxamide-substituted azobenzene
p-m ; 2) for both families of compounds, the ''overall''
quantum yields decrease with increasing number of chromo-
phoric groups contained in the molecule, but the quantum
yield referred to a single chromophoric unit is practically
constant.


The result 1) clearly has its origin in electronic factors
related to the different positions of the carboxamide sub-
stituent (note that the absorption spectrum of m-m is very
similar to that of azobenzene). The lack of dependence of the
quantum yield of a photoactive unit on the number of such
units present in the species shows that there is no effective
steric constraint towards photoisomerization on increasing
dimension (generation) of the dendrimer.


Holography experiments : Thin films of good optical quality
could be prepared from dendrimers m-G2, m-G3, m-G4, and
p-G1. For the preparation of a film, the dendrimer in question
was dissolved in chloroform, cast onto a glass substrate, and
dried at room temperature for 10 min and at 90 oC overnight.
Approximate film thicknesses are as follows: m-G2, 10 mm;
m-G3, 12 mm; m-G4, 19 mm; p-G1, 18 mm. Two beam gratings
were written in the films using a polarization holographic set-
up.[28] Two orthogonally circularly polarized beams at 488 nm
from an argon ion laser are used for recording the gratings,
and a weak, circularly polarized HeNe laser beam is used for
the read-out. It has been proposed that repeated E!Z!E
isomerization of the azobenzene orients it statistically per-
pendicular to the resultant polarization of the incident light
beams, resulting in a birefringent grating. During the record-
ing, the argon ion laser beam is switched on after 5 s, and
switched off after 60 s. The development of the diffraction was
followed for a further 60 s in order to check the temporal
stability of the recorded grating. Measurements were made at
a laser intensity of 1400 mW cmÿ2. Figure 4 shows typical
recording curves for m-G2 and p-G1. With both dendrimers, a
first-order diffraction efficiency of close to 10 % is reached in
less than 1 s. This is followed by a slow increase to 22 % and
18 %, for m-G2 and p-G1, respectively, in about 55 s. No direct
comparison should be made, but it is clear that the profiles of
the two curves are quite different. Furthermore, after the
argon ion laser is switched off, the diffraction efficiency of m-
G2 remains stable, while that of p-G1 decreases. After
recording the grating, the effect of increasing the temperature
from 25 8C to 75 8C at the rate of 1 8 per s was examined
(Figure 5). In the m-G2 film there is hardly any erasure at all,


Figure 4. First-order diffraction efficiencies x as a function of time,
measured during the grating formation in films of m-G2 and p-G1. The
recording argon ion laser was switched on after 5 s and switched off after
60 s.


Figure 5. First-order diffraction efficiencies x as a function of temperature,
measured after the grating formation in films of m-G2 and p-G1. The
temperature of the films was increased from 25 8C to 75 8C at the rate of 1
degree per second.


while the grating completely vanishes in the case of the p-G1
film. Table 2 summarizes the results for the different den-
drimers.


Atomic force microscopic (AFM) investigations of the
holographic gratings: It was observed visually that a surface
roughness was induced in the meta-azobenzene films after
irradiation with polarized light. It is well known[28-31] that a
light-induced surface relief may appear when an azobenzene
containing polymer is irradiated with polarized light. Detailed
AFM and polarization investigations reveal that the aniso-
tropy and surface relief coexist.[28,31] An atomic force micro-
scope was utilized for examining the films for surface
undulation after irradiation with the two polarized beams. A
very large surface relief was observed in the meta-azobenzene
dendrimers. Figure 6 a shows the AFM scan in the m-G2 film,
in which a remarkable relief height of approximately 1500 nm
was observed. In the case of the p-G1 film, no surface relief
(only a rough surface; Figure 6 b) was observed in the
irradiated area. This could explain the different profiles of
the recording curves for m-G2 and p-G1. Also, the surface


Table 2. Holographic storage properties of azobenzene dendrimer films.


Dendrimer Max. diffraction efficiency [%] Erasure with heat (75 0C)


m-G2 22 No
m-G3 19 No
m-G4 16 No
p-G1 18 Yes
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relief could explain the better thermal stability of holograms
recorded in the meta-azobenzene dendrimers.


The cause of the light-induced surface relief in azobenzene
polymers is still under investigation. A purely thermal origin
for the relief can be ruled out, because the total intensity
across the film plane is constant in the case of polarization
holography. A mean-field theory[34] of photoinduced formation
of surface relief in azobenzene liquid-crystalline polyesters
due to anisotropic intermolecular interactions using a Maier ±
Saupe potential[35] has recently been proposed. The hypothesis
here is that an attractive potential resulting from chromo-
phores oriented in a side-by-side configuration causes a mass
transport. The difference in the packing of the chromophores
in the meta and para configurations may be the reason for the
different surface reliefs, and hence also the stability of the
diffraction gratings.


Conclusion


The present study shows that functional groups can be
accumulated as peripheral substituents of a cascade molecule
without losing the original properties of the monomers. The
photochemical isomerization experiments reveal that azo-
benzene dendrimers can be reversibly switched like the
corresponding monomeric azobenzene derivatives and that
the quantum yield of photoisomerization of a single azoben-


zene unit is the same in all the examined compounds of each
family. This is particularly important for future applications of
dendrimers as multipliers of certain functions, for example in
diagnostics. Finally, the present work demonstrates that
azobenzene dendrimers are potentially useful as materials
for holographic data storage.


The dendrimers presented in this study differ from all other
known azobenzene-modified systems like polymers, oligo-
peptides, and others, in their monodispersity, their physical
properties (e.g. viscosity), and their molecular architecture
(i.e. globular, amphiphilic structure). Dendrimers equipped
with azobenzene or other switching units (e. g. thioindigo,
spiropyrane) may become building blocks for large supra-
molecular networks that undergo photoresponsive structural
changes or as carriers of smaller molecules that can be locked
up and released by means of a light beam.


Experimental Section


Chemicals were purchased from Aldrich and Merck and were used as
obtained. Dichloromethane was distilled and dried over molecular sieves
(4 �) prior to use. 1H and 13C NMR: Bruker WM 250 (250 MHz and
62.9 Mhz, respectively) and Bruker AM 400 (400 MHz and 100.6 Mhz,
respectively). Mass spectra (EI): MS-30 and MS-50 A.E.I. , Manchester,
GB. FAB-MS: Concept 1H, Cratos, Manchester, GB, in mNBA (m-
nitrobenzyl alcohol) as the matrix. MALDI-TOF-MS: TofSpec E, Micro-
mass, Manchester, UK, matrix: 3,5-dihydroxybenzoic acid (DBA). Melting
points: Kofler microscope heater (Reichert, Vienna); melting points are
not corrected. Dendrimer transition temperatures: Shimadzu DSC-50 calo-
rimeter. C,H,N analyses were provided by the Mikroanalytische Abteilung
des KekuleÂ-Institutes für Organische Chemie und Biochemie der Uni-
versität Bonn. 3- and 4-azobenzene carboxylic acid and the corresponding
acid chlorides were prepared according to literature procedures.[24]


Film thickness measurements: Dektak 3030 profiler. Atomic force micro-
scopy: TopoMetrix Explorer. To increase the temperature of a film containing
holographic gratings, it was placed on a Peltier heating-cooling element.


3-(Phenylazo)benzoic acid N-hydroxysuccinimide ester: 3-(phenylazo)-
benzoic acid chloride (1.75 g, 7.2 mmol) and N-hydroxysuccinimide (0.83 g,
7.2 mmol) were dissolved in 1,4-dioxane (40 mL). The stirred solution was
cooled in an ice bath to below 10 8C and pyridine (0.65 mL, 8.1 mmol) was
added. After the addition, the solution was allowed to warm up to room
temperature and was stirred for a further 2 h. The solvent was removed in
vacuo, and the residue was redissolved in ethyl acetate. After washing twice
with water, the organic phase was evaporated to dryness to give an orange
solid (1.54 g, 67%). M.p.: 150 ± 152 8C; 1H NMR (250 MHz, CDCl3, 25 8C):
d� 2.88 (s, 4H; succinimide CH2), 7.50 ± 7.59 (m, 3H; ar. H), 7.67 (dd, 3J�
8.2 Hz, 1H; ar. H), 7.92 ± 7.96 (m, 2H, ar. H), 8.20 ± 8.24 (m, 2H; ar. H), 8.67
(dd, 3J(H,H)� 1,77, 1H; ar. H); 13C NMR (62.9 MHz, CDCl3, 25 8C): d�
25.82 (succinimide CH2), 123.2, 124.8, 126.38, 129.09, 129.32, 129.89, 131.67,
132.48, 152.41, 152.70 (ar. C), 161.61 (acid COO), 169.30 (succinimide N-
CO). MS (EI): m/z (%): 323.2 (93)[M]� , 218 (25) [MÿC6H5N2]� , 209.1 (98)
[MÿC4H4NO3]� , 105.1 (93) [C6H5N2]� , 77.0 (100) [C6H5]� ; C17H13N3O4


(323.31).


4-(Phenylazo)benzoic acid N-hydroxysuccinimide ester: Preparation as
described above. M.p.: 233 8C; 1H NMR (400 MHz, CDCl3, 25 8C): d� 2.92
(s, 4H; succinimide CH2), 7.53 ± 7.57 (m, 3H; ar. H), 7.94 ± 8.02 (m, 4H; ar.
H), 8.29 (dd, 3J(H,H)� 7.03, 2H; ar. H); 13C NMR (62.9 MHz, CDCl3,
25 8C): d� 25.76 (succinimide CH2), 120.23, 120.94, 123.1, 126.60, 129.32,
131,80, 152.53, 156.21 (ar. C), 161.48 (acid COO), 169.24 (succinimide N-
CO); MS (EI): m/z (%): 323.1 (30) [M]� , 209.1 (100) [MÿC4H4NO3]� ,
105.0 (31) [C6H5N2]� , 77.0 (85) [C6H5]� ; C17H13N3O4 (323.31).


General procedure for the preparation of azobenzene dendrimers: The
appropriate polyamine dendrimer (1 equiv) and triethylamine (1.2 equiv)
were dissolved in dry dichloromethane. To this mixture a solution of the 3-
or 4-(phenylazo)benzoic acid N-hydroxysuccinimide ester (1 equiv) in


Figure 6. Atomic force microscopic scans of the polarization gratings
recorded in (top above) the m-G2 film and (bottom) the p-G1 film. Both
films were exposed to a total of 1400 mW cmÿ2 for 55 s.
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dichloromethane was added dropwise over a period of 1 h. Then the
solution was stirred at room temperature for five to seven days. The
solution was then washed twice with water, twice with saturated sodium
carbonate solution, and again twice with water. After the mixture was dried
over sodium sulfate, the solvent was removed in vacuo to give the
substituted dendrimer as a red-orange solid. Yields range from 80 to 90%.


8-Cascade:1,2-diaminoethane[4-N,N,N',N']:(1-azabutylidyne)2:1-carbonyl-
3-(phenylazo)benzene (m-G2): M.p.: 75.1 8C; 1H NMR (250 MHz, CD2Cl2,
25 8C): d� 1.40 ± 1.60 (br, 8H; CH2), 1.65 ± 1.90 (br, 16H; CH2), 2.20 ± 2.60
(br, 36H; -NCH2), 3.40 ± 3.60 (br, 16H; CH2NCO), 7.30 ± 7.50 (m, 24H; ar.
H), 7.77 (m, 16H; H-6,6'), 7.88 (d, 3J� 7.74 Hz, 8H; ar. H) 8.12 (s/br, 8H;
amide-H), 8.31 (br, 8H; H-1); 13C NMR (62.9 MHz, CH2Cl2, 25 8C): d�
24.10, 25.69 (CH2); 38.88, 51.87, 52.27, 53.48 (CH2N); 121.50, 122.93, 125.50,
129.10, 129.23, 129.64, 131.34, 135.51, 152.27 (ar. C); 166.98 (amide-C);
FAB� : 2410.9 ([M]�); C142H156N30O8 ´ CH2Cl2 (2495.93): calcd C 68.82, H
6.38, N 16.84; found C 68.37, H 6.50, N 16.21.


16-Cascade:1,2-diaminoethane[4-N,N,N',N']:(1-azabutylidyne)3:1-carbon-
yl-3-(phenylazo)benzene (m-G3): M.p.: 85.0 8C; 1H NMR (250 MHz,
CDCl3, 25 8C): d� 1.3 ± 1.55 (br, 56H; CH2), 1.6 ± 2.5 (br, 84H; N-CH2),
3.48 ± 3.55 (br, 32H; CH2NCO), 7.30 ± 7.50 (m, 64H; ar. H), 7.76 (br, 32H; ar.
H), 7.85 (d, 3J� 6.89 Hz, 16H; ar. H), 7.92 (d, 3J� 7.72 Hz, 16H; ar. H), 8.25
(d, 3J� 5.22 Hz, 16H; amide-H), 8.30 (s, 16H; H1); 13C NMR (62.9 MHz,
CH2Cl2, 25 8C): d� 25.50, 27.21 (CH2); 39.33, 52.35, 52.60 (CH2N); 120.73,
121.90, 123.21, 131.65, 136.11, 152.65 (ar. C); 167.11 (amide-C); MALDI-
TOF-MS: 4989.1 ([M]�); C294H332N62O16 ´ 3CH2Cl2 (5245.08): calcd C 68.01,
H 6.50, N 16.56; found C 67.36, H 6.51, N 16.24.


32-Cascade:1,2-diaminoethane[4-N,N,N',N']:(1-azabutylidyne)4:1-carbon-
yl-3-(phenylazo)benzene: (m-G4): M.p.: 55 ± 56 8C; 1H NMR (250 MHz,
CDCl3, 25 8C): d� 1.35 ± 2.00 (br, 120H; CH2), 2.20 ± 2.80 (br, 180H; N-
CH2), 3.20 ± 3.70 (br, 64H; CH2NCO), 7.20 ± 7.50 (br, 160H; ar. H), 7.60 ±
8.00 (br, 128H; ar. H), 8.31 (s, 32H; H1); 13C NMR (62.9 MHz, CH2Cl2,
25 8C): d� 25.39, 26.52 (CH2); 38.61, 45.23, 51.42 (CH2N); 121.95, 122.99,
125.28, 128.86, 129.14, 129.67, 131.38, 135.48, 152.34 (ar. C); 167.11 (amide-
C); MALDI-TOF-MS (9-NA/HABA): 10119.21 [M]� , C598H684N126O32


(10141.83): calcd C 70.77, H 6.79, N 17.39; found C 67.17, H 6.14, N 15.44.


4-Cascade:1,2-diaminoethane[4-N, N, N', N']:(1-azabutylidyne)1:1-carbon-
yl-4-(phenylazo)benzene (p-G1): M.p.: 107 ± 108 8C; 1H NMR (250 MHz,
[D6]DMSO, 25 8C): d� 2.65 ± 2.75 (m, 8H; CH2), 2.85 ± 3.00 (br, 12H;
NCH2), 3.35 ± 3.50 (m, 8H; CH2CON), 7.50 ± 7.70 (m, 12H; ar. H), 7.80 ± 8.05
(m, 8H; ar. H), 8.09 (d, 3J(H,H)� 8.5 Hz, 8H; ar. H), 8.32 (d, 3J(H,H)�
8.5 Hz, 8H; ar. H); FAB-MS: 1121.6 ([M] �); C66H68N14O4 (1121.36): calcd
C 70.69, H 6.11, N 17.49; found C 65.06, H 6.28, N 15.59.


8-Cascade:1,2-diaminoethane[4-N,N,N',N']:(1-azabutylidyne)2:1-carbonyl-
4-(phenylazo)benzene (p-G2): M.p.: 118 8C; 1H NMR (400 MHz, CDCl3,
25 8C): d� 1.50 ± 1.90 (br, 24H; CH2), 2.25 ± 2.70 (br, 34H; N-CH2), 3.30 ±
3.60 (br, 16H; CH2NCO), 7.30 ± 7.60 (br, 24H; ar. H), 7.65 ± 7.90 (br, 32H; ar.
H), 7.90 ± 8.05 (br, 16H; ar. H) 8.15 (br, 8H; amide-H); 13C NMR
(62.9 MHz, CDCl3, 25 8C): d� 25.76, 26.50 (CH2); 39.51, 45.51, 51.65
(CH2N); 123.00, 123.13, 123.40, 128.32, 129.14, 131.78, 136.24, 152.53 (ar.
C); 169.23 (amide-C); FT-IR (KBr): nÄ : 3302 (m), 2927 (m), 2363 (m), 1772
(w), 1741 (m), 1636 (s), 1541 (s), 1484 (w), 1297 (s), 1216 (m), 1072 (m), 860
(w), 776 (m), 687 (m) cmÿ1; FAB� (m-NBA): 1193.6 [M/2ÿCH2]� ;
C142H156N30O8 ´ 2 CH2Cl2 (2580.86): calcd C 67.02, H 6.25, N 16.28; found
C 67.07 H 6.60, N 15.72.


16-Cascade:1,2-diaminoethane[4-N,N,N',N']:(1-azabutylidyne)3:1-carbon-
yl-4-(phenylazo)benzene (p-G3): M.p.: 132 8C; yield: 38%; 1H NMR
(400 MHz, CDCl3, 25 8C): d� 1.50 ± 1.90 (br, 56H; CH2), 2.30 ± 2.70 (br,
84H; N-CH2), 3.30 ± 3.60 (br, 32H; CH2NCO), 7.30 ± 7.50 (br, 48H; ar. H),
7.70 ± 7.90 (br, 64H; ar. H), 7.90 ± 8.05 (br 32H, ar. H) 8.10 ± 8.30 (br, 16H;
amide-H); 13C NMR (62.9 MHz, CH2Cl2, 25 8C): d� 25.71 (CH2); 45.23,
51.16, 51.25 (CH2N); 122.79, 122.97, 123.08, 128.34, 129.26, 131.51, 153.38,
154.03 (ar. C); 167.17 (amide-C); MALDI-TOF-MS: 5052.7 [M]� ;
C294H332N62O16 ´ 4 CH2Cl2 (5330.10): calcd C 67.15, H 6.43, N 16.29; found
C 66.47, H 6.62, N 15.76.


32-Cascade:1,2-diaminoethane[4-N,N,N',N']:(1-azabutylidyne)4:1-carbon-
yl-4-(phenylazo)benzene (p-G4): M.p.: 144 ± 146 8C; yield: 81%; 1H NMR
(400 MHz, CDCl3, 25 8C): d� 1.35 ± 1.90 (br, 120H; CH2), 2.10 ± 2.60 (br,


180H; N-CH2), 3.20 ± 3.70 (br, 64H; CH2NCO), 7.30 ± 7.55 (br, 96H; ar. H),
7.65 ± 7.90 (br, 128H; ar. H), 7.90 ± 8.10 (br 64H; ar. H) 8.10 ± 8.40 (br, 16H;
amide-H); 3C NMR (62.9 MHz, CH2Cl2, 25 8C): d� 25.39, 26.52 (CH2);
38.61, 45.23, 51.42 (CH2N); 121.95, 122.99, 125.28, 128.86, 129.14, 129.67,
131.38, 135.48, 152.34 (ar. C); 167.11 (amide-C); MALDI-TOF-MS:
C598H684N126O32 ´ 12CH2Cl2 (11168.03): calcd C 65.60, H 6.39, N 15.80;
found C 65.58, H 6.30, N 15.86.


3-(Phenylazo)benzoic acid amide (m-m):[32] 3-(Phenylazo)benzoic acid
chloride (1.0 g, 4.1 mmol) was dissolved in 1,4-dioxane (20 mL). Then an
excess of a 25 % aqueous ammonia solution (10 mL) was added dropwise.
This caused the immediate formation of a light yellow precipitate. After the
mixture had been stirred for 15 min, it was poured onto ice/water,
neutralized with dilute hydrochloric acid, filtered, and the solid residue
was washed with water. Recrystallization from ethanol afforded orange
crystals (0.66 g, 72 %): M.p.: 205 8C (ref.: 198 ± 199 8C); MS (EI): m/z (%):
225.1 (38) [M�H]� , 120.1 (24) [C6H4CONH2]� , 105.1 (29) [C6H5N2]� , 77.0
(100) [C6H5]� ; C13H10N3O (224.24).


4-(Phenylazo)benzoic acid amide (p-m):[32] Orange crystals (64 %). M.p:
230 8C (ref.: 224 ± 225 8C); MS (EI): m/z (%): 225.1 (76) [M�H]� , 120.0
(40) [C6H4CONH2]� , 105.1 (33) [C6H5N2]� , 77.0 (100) [C6H5]� ; C13H10N3O
(224.24).


Photochemical experiments: Absorption spectra were measured in CH2Cl2


at room temperature with a Perkin-Elmer Lambda 6 spectrophotometer.
Photochemical experiments were carried out at 298 K in air-equilibrated
CH2Cl2 solutions using medium- or low-pressure Hg lamps. The irradiated
solution was contained in a closed spectrophotometric cell (volume, 3 mL;
optical path, 1 cm). The excitation wavelengths were selected with Oriel
interference filters. The number of incident photons were calculated by
using a chemical actinometer.[33] In the photochemical experiments, 1H
NMR spectra in CDCl3 were obtained at 298 K by using TMS as reference
standard on a Varian Gemini 300 spectrometer. Photostationary compo-
sition and conversion percentages for p-m and m-m compounds were
determined by integration of the signals in the 1H NMR spectra recorded
before and after irradiation in CDCl3 (10ÿ3m). The UV/Vis spectrum at the
photostationary state was measured after appropriate dilution of the
irradiated solution. The spectrum of the Z isomer was obtained from the
known spectrum of the E isomer and the relative amounts of the Z and E
isomers.
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The Relation Between Endohedral Chemical Shifts and
Local Aromaticities in Fullerenes


Michael Bühl


Abstract: Chemical shifts of the centers
of the pentagons and hexagons (termed
nucleus-independent chemical shifts,
NICS[15]) are reported for the fullerenes
Cn (n� 32, 50, 60, 70, 76, 78, 84, 120, 180)
and some hexaanions thereof (n� 60,
70, 84), as well as for C60H2, at the
GIAO-SCF/DZP//BP86/3-21G level.
Reflecting the ring current flows in the
polycyclic carbon framework, the NICS


values can help to identify areas of
higher local aromaticity or antiaroma-
ticity (usually associated with hexagons
and pentagons, respectively) in each
fullerene. Even though corannulene- or


coronene-like patterns can be identified
in some cases, the NICS values are not
transferable from one species to anoth-
er. According to a very simple, classical
model, the endohedral chemical shifts at
the center of the fullerenes can to a large
extent be attributed to the ring currents
in the individual five- and six-membered
rings, as assessed by their NICS values.


Keywords: aromaticity ´ endohe-
dral chemical shifts ´ fullerenes ´
NMR spectroscopy ´ ring currents


Introduction


3He chemical shifts of endohedral helium fullerene com-
pounds and derivatives thereof are so sensitive to the
particular host molecule that the 3He labeling and NMR
technique is a powerful analytical tool.[1, 2] Each isomer of a
given, labeled fullerene (or any derivative) so far is charac-
terized by a single peak in the 3He NMR spectrum with a
distinctive 3He chemical shift.[2] The range of endohedral
d(3He) values to date extends from d�ÿ6.3 (He@C60) to
ÿ28.8 (He@C70) for neutral fullerenes,[2] and to ÿ49 for
He@C6ÿ


60 .[3] With pioneering Hückel-type London calcula-
tions, Haddon and coworkers qualitatively predicted the
corresponding trends in the endohedral shieldings for C60, C70,
and C6ÿ


60 .[4, 5] These trends are reproduced more quantitatively
employing ab initio methods with small and medium-sized
basis sets.[6±8]


Both experiment[9] and theory[8, 10, 11] find the endohedral
chemical shifts of higher fullerenes in between those of C60


and C70. Large endohedral shieldings have been predicted
computationally for the smaller fullerenes (up to ÿ46 for
He@C32) and nearly constant, intermediate values have been
obtained for large, symmetric fullerenes (d�ÿ 17 for
He@C120 and He@C180, at the GIAO-SCF/DZ//MNDO lev-


el),[11] but no clear-cut relation between d(endo) and fullerene
size has been found. Notable differences in d(endo) values are
apparent between fullerene isomers, for instance in the case of
C84, where one particular isomer, D2d(4), is characterized by
an endohedral shift far outside the range covered by the other
C84 isomers.[8]


In the endohedral helium compounds, the 3He nucleus acts
as a probe for the ring-current effects due to the mobile p


electrons of the fullerene host. Ring-current-induced chem-
ical shifts (or other magnetic properties such as susceptibil-
ities) can be used as indicators for aromaticity. From these
criteria it has been concluded that C60 is of modest (or
ambiguous) aromatic character, whereas those of C70 and
especially C6ÿ


60 are much larger.[12] Compared to the latter, the
reduced aromaticity of the neutral fullerenes has been shown
to arise from paratropic ring currents in the pentagons, which
quench part of the diamagnetism due to the diatropic ring
currents in the hexagons.[12, 13] The existence of such ªsegre-
gated ring currentsº has received support from 1H NMR
spectroscopy of methanofullerenes.[14]


Is there a way to relate such ring currents in the fullerene
framework to the endohedral chemical shifts at the very
center of the cage? In the present paper, the local aromaticity
and antiaromaticity of each ring in selected fullerenes is
assessed by NICS (nucleus-independent chemical shift)[15]


calculations. NICS values are theoretical chemical shifts of
ring centers in cyclic or polycyclic compounds, which have
recently been introduced as a simple and efficient probe for
local aromaticity.[15] Aromatic and antiaromatic rings are
associated with negative (i.e. shielded) and positive (i.e.
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deshielded) NICS values, respectively, as illustrated by the
data for the prototypical species benzene (d�ÿ 10) and
cyclobutadiene (d��28)[15] Indeed, similar variations are
computed for the fullerene NICS values. The NICS data are
not transferable from one fullerene to the other, but can to a
large extent be related to the endohedral chemical shifts in
terms of a simple, classical ring-current model.


Methods of Calculation


Geometries were fully optimized in the given symmetry at a gradient-
corrected level of density functional theory (DFT), by means of Becke�s
1988 exchange[16] and Perdew�s 1986 correlation functional[17] standard 3-
21G basis,[18] and a medium-sized grid (grid 3)[19] with the TURBOMOLE
program.[20] In addition, higher-level geometries were employed for C60


[21]


and C70,[8, 22] optimized at MP2/TZP and BP86/TZP levels, respectively.
Magnetic shieldings were computed with the direct gauge-including atomic
orbitals (GIAO)-SCF method as implemented[23] in TURBOMOLE,
employing DZP basis, that is, a Huzinaga basis[24] contracted and
augmented with polarization functions as follows: C (8s4p1d)/[4s2p1d],
ad� 0.8; H (4s1p)/[2s1p], ap� 0.8. Isotropic chemical shifts, reported as the
magnetic shieldings with reversed sign, were evaluated for the centers of
mass of each fullerene, denoted d(endo), and for the center of mass of each
individual ring, denoted NICS.


Results and Discussion


It appears that experimental endohedral 3He chemical shifts
of endohedral helium fullerene compounds can be repro-
duced within ca. 2 ± 3 ppm at the highest level employed so
far, GIAO-SCF/DZP//BP86/3-21G, and that the theoretical
values tend to be too shielded with respect to experiment.[8]


The theoretical description of polyanions may be more
difficult : for C6ÿ


60 , a large endohedral shielding has been
predicted, d�ÿ58 at the GIAO-SCF/DZ//SCF/6-31�G
level,[7] indicative of the aforementioned large degree of
aromaticity. Very recently, a strongly shielded 3He resonance


has been recorded at d�ÿ49 and has been assigned to
He@C6ÿ


60 .[23] Refinement of the theoretical value at the higher
GIAO-SCF/DZP//BP86/3-21G level affords d(endo)�ÿ 64
(Table 1), not in very good agreement with experiment.
According to a preliminary GIAO-SCF/DZ//MNDO calcu-
lation for C60Li6, counterion effects should be small, around
1 ppm.[25] Apart from possible medium effects, it may be that
the lack of electron correlation in the present calculations is
more severe for polyanions than for neutral fullerenes, which
could account for much of the discrepancy with respect to the
experimental He@C6ÿ


60 results.
Despite these apparent shortcomings, hexaanions of C70


and D2d(23)-C84 have been included in the present study. The
computed d(endo) values are approximately ÿ11 and ÿ33,
respectively, that is, considerably deshielded and shielded
with respect to neutral C70 and C84, respectively (d(endo)�
ÿ29 and ÿ12, respectively, at the same level), in accord with
predictions from Hückel-type London calculations.[10] C84 may
take up to six electrons, as endohedral compounds such as
Sc2@C84 are known (one particular isomer has recently been
shown[26] to be derived from the D2d(23) structure). According
to ab initio and density functional calculations, only four
electrons in Sc2@C84 are transferred to the cage.[27] Therefore,
C4ÿ


84 has also been studied, and a somewhat reduced shielding
(with respect to the hexaanion) is computed: d(endo) is
approximately ÿ26 (Table 1).


To what extent are these variations in d(endo) reflected in
the NICS values? Figure 1 summarizes the NICS values of
selected neutral fullerenes Cn (n� 32, 50, 60, 70, 76, 78, 84,
120, 180), the endohedral chemical shifts of which have been
studied previously,[8, 11] and of some hexaanions C6ÿ


n (n� 60,
70, 84). Consistent with the earlier studies of ring currents in
C60, local aromatic and antiaromatic character is found for
hexagons and pentagons, respectively, with NICS values of
d�ÿ7 and �7, respectively (comparable to the data reported
in ref. [15], obtained with a somewhat different geometry and
basis set); see Figure 1.


For the whole set of molecules in Figure 1, there are
substantial variations of the NICS values within each full-
erene and from one species to the other. Unfortunately, the
NICS values do not seem to be transferable between the
molecules, nor is there an apparent relation to the way the
rings are connected. Some general trends, however, may be
noted: For C60, C70, and the higher fullerenes, the five-
membered rings show local non- or antiaromatic character,
with NICS values between ca. ÿ2 and �11. The six-
membered rings usually display notable local aromaticity,
but there are also examples of non- or slightly antiaromatic
hexagons, and the NICS values cover the range between ca. 3
to ÿ18 (cf. the value for benzene, d�ÿ10.8 at the same
level).


In many cases, the pattern of the NICS values around a
pentagon bears some resemblance to that in corannulene
(Figure 2). For C120 and C180, which show the tendency
towards formation of planar graphene-like substructures
typical of the giant fullerenes,[28, 29] NICS patterns similar to
that of coronene (Figure 2) can be identified, with the
characteristic, nonaromatic central hexagon. For the smaller
fullerenes C32 and C50, more negative (i.e. more diamagnetic)


Abstract in German: Chemische Verschiebungen für die
Mittelpunkte von Fünf- und Sechsringen (nucleus-independent
chemical shifts, NICSs[15]) wurden für die folgenden Spezies
auf dem GIAO-SCF/DZP//BP86/3-21G-Niveau berechnet:
Fullerene Cn (n� 32, 50, 60, 70, 76, 78, 84, 120, 180), einige
Hexaanionen derselben (n� 60, 70, 84) sowie für C60H2. Die
NICS-Werte spiegeln die Ringströme im polyzyklischen Koh-
lenstoffgerüst wieder und können dazu beitragen, Gebiete
erhöhter lokaler Aromatizität bzw. Antiaromatizität zu identi-
fizieren (die für gewöhnlich mit Sechs- bzw. Fünfringen
verknüpft sind). Zwar können in manchen Fällen Corannulen-
oder Coronen-ähnliche Muster ausgemacht werden, doch sind
die NICS-Werte nicht von einer Spezies auf die andere
übertragbar. Mit einem sehr einfachen klassischen Modell
können die endohedralen chemischen Verschiebungen des
Fullerenzentrums zum groûen Teil auf die aus den NICS-
Werten abgeschätzten Ringströme der einzelnen Fünf- und
Sechsringe zurückgeführt werden.
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Table 1. NICS values (GIAO-SCF/DZP//BP86/3-21G level), distances z from the center (�), and individual contributions d(RC) [from Eq. (1)].[a]


Molecule [d(endo)] NICS (Mult.)[b] z d(RC) {S d(RC)}[c]


C32 ÿ12.51[d] (6) 2.430 ÿ0.82
[ÿ52.7] ÿ18.35[d] (6) 2.229 ÿ1.49


ÿ26.36 (6) 2.137 ÿ3.71
{ÿ36.1}


C50 ÿ12.21[d] (2) 2.791 ÿ0.56
[ÿ36.6] ÿ6.71[d] (10) 3.107 ÿ0.23


ÿ17.93 (10) 2.851 ÿ1.28
ÿ11.12 (5) 3.032 ÿ0.68


{ÿ19.7}
C60 7.00[d] (12) 3.352 0.20
[ÿ11.2] ÿ6.61 (20) 3.276 ÿ0.33


{ÿ4.3}
C60


[e] 8.89[d] (12) 3.327 0.26
//MP2/TZP ÿ5.31 (20) 3.248 ÿ0.27
[ÿ8.5] {ÿ2.4}
C70 1.64[d] (2) 3.993 0.03
[ÿ28.5] ÿ2.29[d] (10) 3.655 ÿ0.05


ÿ12.73 (10) 3.792 ÿ0.44
ÿ10.50 (10) 3.445 ÿ0.46
ÿ17.73 (5) 3.370 ÿ0.83


{ÿ13.6}


C70
[f] 2.01[d] (2) 3.973 0.04


//BP86/TZP ÿ2.21[d] (10) 3.634 ÿ0.05
[ÿ29.3] ÿ12.96 (10) 3.769 ÿ0.45


ÿ10.73 (10) 3.428 ÿ0.48
ÿ17.85 (5) 3.354 ÿ0.84


{ÿ14.0}


C76 1.46[d] (4) 3.997 0.03
[ÿ20.4] 5.69[d] (4) 4.097 0.09


3.21[d] (4) 3.705 0.07
ÿ9.07 (4) 4.145 ÿ0.24
ÿ7.99 (4) 3.719 ÿ0.29
ÿ13.34 (4) 3.569 ÿ0.54
ÿ8.00 (4) 3.984 ÿ0.24
ÿ6.55 (4) 3.756 ÿ0.23
ÿ15.15 (4) 3.608 ÿ0.59
ÿ4.38 (4) 3.300 ÿ0.22


{ÿ8.6}


C78 2.13[d] (2) 3.927 0.04
[ÿ19.1] 4.25[d] (4) 4.091 0.07


8.20[d] (2) 3.680 0.18
0.47[d] (2) 4.037 0.01
5.23[d] (2) 3.819 0.10


ÿ12.68 (2) 3.684 ÿ0.47
ÿ8.66 (4) 3.788 ÿ0.30
ÿ7.83 (2) 4.094 ÿ0.22
ÿ3.22 (2) 3.507 ÿ0.14
ÿ13.42 (4) 3.687 ÿ0.49
ÿ10.27 (2) 4.158 ÿ0.27
ÿ4.43 (4) 3.911 ÿ0.14
ÿ2.67 (4) 3.707 ÿ0.10
ÿ12.57 (4) 3.785 ÿ0.43
ÿ0.81 (1) 3.737 ÿ0.03


{ÿ7.1}
C84(23) 9.50[d] (4) 4.040 0.16
[ÿ11.9] 7.41[d] (8) 4.107 0.12


ÿ11.88 (8) 3.963 ÿ0.36
2.10 (4) 3.847 0.07
ÿ4.10 (8) 3.964 ÿ0.12
ÿ0.45 (4) 4.005 ÿ0.01


0.06 (4) 4.033 0.00
ÿ10.26 (4) 3.977 ÿ0.31


{ÿ3.3}


[a] d(RC) is calculated as the corresponding NICS value multiplied by the expression given in Equation (1), see also ref. [31]; two loop radii a have been
used for all five- and six-membered rings, chosen so that the enclosed areas are the same as those of a pentagon and a hexagon with an (average) C ± C bond
length of 1.46 and 1.43 �, respectively. [b] Number of symmetry-equivalent rings. [c] Sum of d(RC) values of all rings. [d] Five-membered ring. [e] MP2/6-
31G* geometry employed. [f] BP86/TZP geometry employed.


Molecule [d(endo)] NICS (Mult.)[b] z d(RC) {S d(RC)}[c]


C84 (4) 0.73[d] (4) 4.431 0.01
[ÿ25.0] 3.46[d] (4) 4.238 0.05


0.96[d] (4) 3.816 0.02
ÿ8.92 (4) 4.483 ÿ0.19
ÿ13.43 (8) 3.820 ÿ0.45
ÿ11.70 (8) 4.105 ÿ0.32
ÿ6.90 (8) 3.675 ÿ0.26
ÿ15.40 (4) 3.909 ÿ0.49


{ÿ10.6}


C120 7.52[d] (12) 5.192 0.06
[ÿ19.6] ÿ5.47 (4) 5.401 ÿ0.07


ÿ10.39 (12) 5.042 ÿ0.16
ÿ11.31 (24) 4.622 ÿ0.23
ÿ0.21 (4) 4.351 0.00


0.08 (6) 4.595 0.00
{ÿ6.9}


C180 10.88[d] (12) 6.235 0.05
[ÿ18.5] ÿ9.52 (60) 6.010 ÿ0.09


3.38 (20) 5.913 0.03
{ÿ4.1}


C6ÿ
60 ÿ28.80[d] (12) 3.384 ÿ0.79


[ÿ64.4] ÿ29.40 (20) 3.301 ÿ1.45
{ÿ38.5}


C6ÿ
70 ÿ14.94[d] (2) 4.018 ÿ0.25


[ÿ10.6] ÿ16.65[d] (10) 3.688 ÿ0.36
ÿ5.54 (10) 3.803 ÿ0.19
ÿ3.92 (10) 3.474 ÿ0.17
ÿ2.22 (5) 3.408 ÿ0.10


{ÿ8.2}


C84(23)6ÿ ÿ23.81[d] (4) 4.089 ÿ0.39
[ÿ32.7] ÿ20.64[d] (8) 4.132 ÿ0.33


ÿ14.77 (4) 4.048 ÿ0.42
ÿ14.26 (8) 3.987 ÿ0.43
ÿ15.36 (4) 3.864 ÿ0.50
ÿ14.31 (4) 4.051 ÿ0.41
ÿ14.42 (8) 3.979 ÿ0.43
ÿ12.10 (4) 3.985 ÿ0.36


{ÿ17.8}


C84(23)4ÿ ÿ20.73[d] (4) 4.068 ÿ0.34
[ÿ26.3] ÿ0.71[d] (8) 4.123 ÿ0.01


ÿ8.51 (4) 4.020 ÿ0.25
ÿ12.16 (8) 3.976 ÿ0.37
ÿ5.82 (4) 3.858 ÿ0.19
ÿ12.90 (4) 3.975 ÿ0.39
ÿ12.81 (8) 4.040 ÿ0.37
ÿ14.11 (4) 3.976 ÿ0.42


{ÿ12.4}
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NICS values are computed, to ÿ26 (Figure 1). In the
hexaanions, all pentagons have substantial local aromatic
character (NICS values from d�ÿ15 to ÿ29), while the local
aromaticity of the six-membered rings is small for C6ÿ


70 (NICS
between ÿ2 and ÿ6), large for D2d(23)-C6ÿ


84 (NICS between


ÿ12 and ÿ15), and very large for C6ÿ
60


(ÿ29).
How can the NICS values from Fig-


ure 1 be related to the endohedral
chemical shifts? As a very simple model,
one may assume that the chemical shift
in the center of each ring originates
solely from current loops around that
ring (this is certainly a very crude
approximation, since anisotropy effects
of the s bonds nearby should also
contribute to the NICS values, if only
by a small and presumably fairly con-
stant amount). From classical electro-
dynamics, the magnetic field and, thus,
the chemical shift, can be calculated at
any point in space around a circular
current loop. On a line through the
center and perpendicular to the plane of
the loop, the magnetic field Bind should
be proportional to the expression in
Equation 1, where a is the radius of the


Bind / a2/(a2� z2)3/2 (1)


loop and z the distance from the cen-
ter.[30] From the NICS value of a given
ring and its distance from the center, one
can therefore estimate the ring current
contribution of this ring to d(endo),
denoted d(RC).[31]


The relevant data are collected in
Table 1, and the sum of all d(RC) values
for each fullerene is plotted against
d(endo) in Figure 3. There is in fact a
fairly good correlation between these
quantities. The slope of 0.7 suggests that
a substantial part of the endohedral
chemical shifts can be attributed to ring
currents localized in the individual pen-
tagons and hexagons. The remaining
fraction of d(endo) probably arises from
ring currents enclosing larger areas, in
particular around the perimeters of the
fullerene cages, which are only partially


included in the NICS values. According to London calcula-
tions,[5] no such larger ring currents are present in C6ÿ


70 , which
may thus account for the noticeable deviation from the overall
fit of this particular data point (open square at d�ÿ 10,
Figure 3).
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Figure 1. Schlegel plots of fullerenes and fullerene hexaanions, including the GIAO-SCF/DZP//
BP86/3-21G computed NICS values of the individual rings (values not shown are determined by
symmetry). For the D2 and D2d symmetric species, the locations of the twofold axes are indicated at
the appropriate C ± C bonds. For C180 , only a section along one of the threefold axes is shown.


6
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Figure 2. NICS values for corannulene (left)
and coronene (right), GIAO-SCF/DZP//BP86/
3-21G level.
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Figure 3. Plot of the sum of all NICS contributions to d(endo), Sd(RC), vs.
d(endo). The straight line is a fit to all data points (slope� 0.7); ^ neutral
fullerenes, & hexaanions, � C4ÿ


84 (BP86/3-21G geometries),�C60 and C70


from MP2/TZP and BP86/TZP geometries, respectively.


Inspection of the data in Table 1 reveals that the absolute
contributions d(RC) of the five-membered rings are always
smaller than those of the six-membered rings, because of the
smaller radius a of the former. Variations in d(endo) from one
fullerene to another (or to another isomer) thus appear to be
less sensitive to changes in the local paratropic currents in the
pentagons, but seem to be more strongly affected by the
diatropicity of the hexagons. In the case of the two C84


isomers, for instance, the average NICS values of the
pentagons differ strongly (d� 8 and 2 for isomer 23 and 4,
respectively), but their total contributions to d(endo) are
small (d(RC)� 1.6 and 0.3, respectively). Almost all of the
calculated change in S d(RC) between both isomers (and,
thus, more than half of the computed change in d(endo)) is
attributable to the variation of the diatropicities of the
hexagons, as assessed by their NICS values.


The x-intercept in Figure 3 (d�ÿ8.5 at Sd(RC)� 0)
suggests that part of the observed endohedral shielding may
not be due to ring-current effects in the p-system, but may
rather arise from anisotropy effects of the s framework. The
same conclusion can be drawn from calculations for the fully
hydrogenated species He@C60H60 and He@C70H70, for both of
which 3He chemical shifts of ca. ÿ5 are obtained at the
GIAO-SCF/DZ//SCF/3-21G level.[7]


How are the current flows affected when exohedral adducts
are formed? Trends in the endohedral 3He chemical shifts
upon exohedral derivatization of the fullerene cages have
been studied experimentally in some detail.[2, 32] Some effects
on d(3He) can be remarkably large: for instance, the removal
of one double bond from C60 by monoadduct formation is
paralleled by an increased endohedral shielding of ca. 2 ±
3 ppm. That each derivative so far is characterized by a
single, well-separated d(3He) resonance is one of the the
reasons for the great analytical potential of the 3He labeling
and NMR technique.


C60H2 is the prototypical example for a C60 adduct. Addition
occurs in a [6,6] fashion,[33] that is, at an edge shared by two
hexagons. The effect on the endohedral chemical shift is
remarkable: In going from C60 to C60H2, d(endo) is computed


to become more shielded by Dd�ÿ 2.0 at the GIAO-SCF/
DZP//BP86/3-21G level, in reasonable accord with the
increase in the corresponding d(3He) shielding of Dd�ÿ 3.3
found experimentally.[34] It is tempting to speculate that the
effective removal of a double bond connecting two pentagons
would destroy the paramagnetic current flows in the latter and
thus account for the increased shielding at the center. The
NICS values in Figure 4 confirm this general picture and


1.5
1.5


1.7 5.0
-8.4


4.1


-7.6


6.3
-8.3


-7.1-10.1


-8.3


Figure 4. NICS values for C2v-C60H2, computed at the GIAO-SCF/DZP//
BP86/3-21G level. The hydrogenated carbon atoms are denoted by filled
circles.


reveal some interesting additional details. Firstly, the dia- and
paratropic ring currents are not only essentially quenched in
the two pentagons and hexagons that bear the saturated
carbon atoms, but also in the two next-nearest five-membered
rings. Secondly, the local diatropicity of almost all of the other
six-membered rings is somewhat increased (NICS values
between ca. ÿ7 and ÿ10) with respect to that in C60 (ÿ7.0 at
the same level), whereas the paratropicity in the remaining
pentagons (NICS values between 4 and 6) is slightly reduced
(corresponding NICS value in C60: 6.6, cf. Table 1).


If one sums up all the NICS contributions d(RC) to d(endo)
as outlined above, one arrives at a value of ÿ6.3, that is,
exactly 2 ppm more shielded than the corresponding number
for C60 (Table 1). Interestingly, the total contributions d(RC)
of the two hexagons and four pentagons closest to the CH
sites are only ÿ0.3 (compared with ca. ÿ0.1 for the same
number of rings in C60). It thus appears that the notable
shielding of endohedral 3He upon adduct formation is largely
due to local changes of ring currents, but these changes are
associated with virtually all of the rings rather than concen-
trated on those closest to the site of adduct formation. It will
be interesting to see if NICS calculations can aid in the
interpretations of trends in d(3He) upon multiple adduct
formation.[32, 35]


Conclusion


In summary, even though the NICS values are not trans-
ferable from one species to another, they are useful as an
interpretative tool by identifying regions of high local
aromaticity and antiaromaticity in fullerenes and derivatives
thereof. The notion that the endohedral chemical shifts
originate from ring currents in the fullerene cages is borne
out by the NICS calculations: according to a simple, classical
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model, a large part of the endohedral chemical shifts of the
fullerenes is attributable to local dia- and paratropic ring
currents in the individual hexangons and pentagons. Thus,
effects on the d(endo) values can be assessed in terms of
contributions from each ring.
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Conformational Behavior and Binding Properties of Naphthalene-Walled Clips


Joost N. H. Reek, Hans Engelkamp, Alan E. Rowan,
Johannes A. A. W. Elemans, and Roeland J. M. Nolte*


Abstract: The conformational behavior and binding properties of various clip-
shaped receptor molecules, based on the building block diphenylglycoluril, were
studied by NMR, X-ray analysis, and computational techniques. The conformation
and the binding properties of these clips are dependent on the number and type of
side walls. Host molecules with two naphthalene side walls and with methoxy groups
at the 2- and 7-position are able to bind aromatic guests and silver ions by an induced-
fit mechanism.


Keywords: host ± guest chemistry ´
molecular recognition ´ pi interac-
tions ´ supramolecular chemistry


Introduction


Two models are frequently used to describe the
binding of a substrate molecule to the site of a
receptor molecule: the lock and key model and the
induced fit model. Fischer used the term lock and
key 100 years ago,[1] and it was Cram who com-
bined it with the ideas of preorganization.[2] Many
host ± guest complexes have been designed on the
basis of Fischer and Cram�s principles,[3] and have
very high association constants, even in chloro-
form.[4] The induced fit model[5a] was proposed by Koshland
and is more relevant to binding processes in biological
systems. According to Koshland, the substrate induces a
reorganization of the receptor or the substrate molecule
changes its conformation upon binding. The importance of the
induced-fit mechanism is, for instance, clearly demonstrated
by the binding of nicotinamide nucleotides to the enzyme
oxidoreductase:[5b] here reorganization activates certain func-
tions of the enzyme. A better understanding of the way the
induced-fit type of receptors work is of great importance for
the future design of synthetic receptors capable of performing
certain tasks or functions.


We have previously reported on the conformational
properties of clip molecules of type 1.[6a] In solution, these
compounds exist in three conformations: aa, as, and ss
(Figure 1), of which the as conformation predominates (ca.


90 %). Binding of aromatic guest molecules occurs only in the
minor aa conformer, where the guest is sandwiched between
the two aromatic cavity walls and held by p ± p stacking
interactions. On addition of excess guest molecules, the two
other conformers disappear completely. Preliminary binding
studies have been carried out with this type of molecule;
however, several questions still remain, the most important
one being: why is the clip molecule initially present as the as
conformer? Another question is related to the binding
interactions in the host ± guest complex, which are different
from those known for donor ± acceptor complexes, for exam-
ple complexes between hexamethylbenzene and electron-
poor aromatic compounds.[7] In order to answer these ques-
tions, we present here additional conformational studies and
binding data as well as X-ray structures of new clip molecules,
which are compared with those of 1. A thorough under-
standing of the mechanism of induced-fit binding in this
system is of use for the future development of enzyme mimics.


Results and Discussion


Synthesis : The syntheses of clips 1 a[6a,b] and 2 ± 8[6c] have been
described elsewhere. The first attempt to synthesize 1 b by
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Figure 1. The different possible orientations of the 1,8-connected naphthalene side
walls in clip 1, which result in three conformations which interconvert slowly on the
NMR time scale: anti ± anti (aa), anti ± syn (as), and syn ± syn (ss).
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reaction of naphthalene with the tetrachloro derivative 6 in
the presence of a Lewis acid resulted in a mixture of isomers
which could not be separated. Therefore, another route was
developed in which 1,8-dimethylnaphthalene was brominated
to yield 1,8-bis(bromomethyl)naphthalene, which was subse-
quently treated with diphenylglycoluril (7) in DMSO/KOH to
yield 1 b (34 %).


Conformational behavior : In order to gain insight into the
conformational behavior of the clip molecules, 1H NMR
studies were carried out in CDCl3. The different sets of 1H
NMR signals for each conformer of a clip molecule were
assigned with the aid of 2 D COSY NMR. For clips 1 a,[6] 2 ± 5
this assignment is described elsewhere.[6c] Clip 1 b displayed
two sets of signals in the 1H NMR spectrum, suggesting that
only two of the three possible conformers were present in
solution (Figure 2). The main conformer was either ss or aa,
since only one set of AB signals was found for its NCH2


protons. Comparison of the spectra of 1 b with the spectra of
1 a and 2 ± 5 and use of Johnson ± Bovey[8] tables to calculate
ring current contributions made it clear that both walls of 1 b
were in the anti position with respect to the phenyl rings on
the convex side of the DPG framework. Consequently, the
main conformer was the aa one. The minor species, displaying
two sets of AB signals for the NCH2, protons, was the as
conformer.


The naphthalene moiety, which is in the syn orientation in
the as conformer of 1 b, induces a large upfield shift in the


Figure 2. 1H NMR spectrum of 1 b, showing two conformers: the major
one is aa (*) and the minor one is as (x).


signals of the protons in the phenyl ring, which are in its
shielding zone. On heating, these and other 1H NMR signals
of the as conformer became broader, suggesting that the two
conformers were interconverting faster on the NMR time
scale. At 330 K the 1H NMR resonances (400 MHz) of the aa
conformer, however, were not significantly broadened, im-
plying that coalescence was not yet reached. The rate of
interconversion between the two conformations could not be
determined by this technique since experiments at higher
temperature could not be carried out.


The ratios in which the different conformers of clips 1 ± 5
occur in chloroform solution are presented in Table 1. They
give useful information about the conformational behavior of


these molecules. The large difference between the conforma-
tional ratios measured for 1 a and 1 b indicates that the
methoxy groups attached at the 2- and 7-positions of the
naphthalene moieties have an enormous influence on the
conformation of the clip molecules. The distance between the
methoxy group and the oxygen atom of the carbonyl function
is 2.96 � in the anti conformer and 4.09 � in the syn
conformer (calculated from the X-ray structure of 1 a and 2
(vide infra) and modeled structures). When the methoxy
group is in the plane of the aromatic ring, which is the case in
the solid state (vide infra), the lone pairs of the methoxy
oxygen atoms point towards the oxygen atoms of the carbonyl
functions. It is likely, therefore, that oxygen ± oxygen repul-
sion plays a dominant role in the conformational behavior of
1 a. This was further confirmed by examination of the


Table 1. Ratio of conformers of molecular clips in chloroform solution and
the energy differences between them.


Clip Conformational ratio K(as/aa)
[a] DG (kJ molÿ1)


1a aa :as :ss� 2.7:89.6:7.7 33 ÿ 8.66
1b aa :as� 93:7 0.075 6.41
2 a :s� 77:23 0.30 2.98
3 a :s� 15:85 5.67 ÿ 4.29
4 a :s� 35:65 1.86 ÿ 1.53
5 a :s� 24:76 3.17 ÿ 2.85


[a] Based on the equilibrium aa > as or a > s.
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conformation of a clip molecule derived from 1 a in which one
of the carbonyl groups was reduced to a CH2 group.[9] This
latter molecule was found to exist in a higher proportion in the
aa conformation (ca. 20 %).


Despite the unfavorable oxygen ± oxygen repulsion, com-
pound 1 a apparently prefers to be in a conformation with one
side wall anti and one side wall syn. This indicates that other
factors must play a role, otherwise the ss form would be the
dominant conformer. We believe that solvation effects are
also very important. When clip 1 a is in the aa conformation,
the cavity will be poorly solvated since chloroform solvent
molecules are too large to fit in the cavity. If the molecule is in
the as conformation, the aromatic walls will be more fully
exposed to solvent molecules. The ratio of the two conforma-
tions of the mono-side-walled clip 2 is in agreement with this
idea: for this compound the anti conformer is more favorable
than the syn conformer (ratio 77:23). The anti conformer of 2
was also found in the solid state structure (vide infra). This
preference for the anti conformation indicates that it is more
favorable for the wall to be in the up position. In the case of
the di-walled species 1 a the enthalpic gain is less than the loss
of solvation that occurs when the cavity is formed, hence, the
as conformer is preferred.


When the solvent was changed stepwise from chloroform to
pure methanol, the percentage of the aa conformer of 1 a
increased gradually from ca. 2 to 15 %. Methanol molecules
can fit more easily into the cavity of the aa conformer than
chloroform molecules, and hence this improved solvation
leads to a higher percentage of the aa conformer. The
electrostatic repulsion between the oxygen atoms of the side
wall and the carbonyl oxygen atoms will also decrease as the
percentage of methanol increases; this further stabilizes the
aa conformer.


The conformational behavior of compounds 3, 4, and 5 is in
agreement with the results discussed above. The benzene side
wall and the 1,4-dimethoxynaphthalene side wall are both
observed to be in the anti conformation. The opposite 2,7-
dimethoxynaphthalene side wall in 3, 4, and 5, therefore,
prefers to be in the syn orientation in order to produce the as
conformation. The small energy differences between the
conformations of the clips 1 a, 3, 4, and 5 are probably an
effect of different cavity sizes and substituents on the side
walls.


A computational study was carried out to support the
experimental studies on the conformational behavior of the
clip molecules. The heats of formation of the different
conformers of 1 b and the di-benzene-walled clip 8 were
calculated with a variety of force fields (CHARMm, AM-
BER, AM 1). In all cases, the aa conformer of 1 b was
calculated to have a lower energy than the as conformer, in
line with experimental observations. For 8, the aa conformer
was also calculated to be more favorable than the as con-
former, which is also in agreement with experiment.


The process of interconverting one clip conformer to
another was also calculated with AM 1 [15] and the
CHARMm[16] force field. In the case of CHARMm, the
flipping process involving one benzene side wall of 8 was
calculated to be a one-step mechanism, with both methylene
bridges rotating simultaneously. In contrast, the flipping of


each of the naphthalene walls of 1 b was calculated to be a
two-step mechanism by both the AM 1 and the CHARMm
force field. The flipping process occurred via a stable
intermediate which had only one methylene group rotated
(see Figure 3).


Figure 3. The calculated mechanism (AM 1) of the flipping of a 1,8-
connected naphthalene side wall in clip 1b. a) View from above; b) front
view.


The energy required to convert one wall from the anti to the
syn form was calculated to be significantly smaller for the
benzene clip 8 (35 kJ molÿ1) than for the naphthalene clip 1 b
(62 kJ molÿ1). Our experimental results and theoretical cal-
culations are in agreement with calculations carried out by
Sygula and Rabideau on the ring inversion of 9,10-dihydroan-
thracene and 7,12-dihydropleiadene.[17] They calculated that
the flipping process was a one-step mechanism in the case of
the benzene compound, and a two-step mechanism in the case
of the naphthalene compound.


X-ray structures : We were able to crystallize compound 2
(only the anti conformer) by slow diffusion of diethyl ether
into a chloroform solution of this compound. The X-ray
structure of 2 is depicted in Figure 4. The methoxy groups are


Figure 4. X-ray structure of 2 ; front view (left), side view (right). Hydro-
gen atoms have been omitted for clarity.


in the plane of the naphthalene ring, with the lone pairs of the
oxygen atoms pointing towards the carbonyl oxygen atoms of
the glycoluril unit. The distance between the two oxygens is
only 3 �. There is almost no twist in the diphenylglycoluril
framework of the molecule (torsion angle C31-C1-C2-C21 is
0.48, torsion angle N1-C1-C2-N2 is 0.78), which contrasts with
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the twist found for a clip with two 1,4-dimethoxybenzene side
walls.[6b]


The angle between the lines through the carbonyl groups in
2 (44.58) is somewhat larger than the same angle in the above
mentioned 1,4-dimethoxybenzene clip (398), and the distance
between the two carbonyl oxygen atoms is somewhat smaller
(5.34 � compared with 5.52 �). These small differences are a
result of the larger 8-membered ring, which is formed by
connecting the naphthalene moiety to the diphenylglycoluril
unit, compared with the 7-membered ring which is present in
the 1,4-dimethoxybenzene clip. This larger ring confers great-
er rigidity upon molecule 2 compared with benzene-walled
clips (e.g. 8).


Attempts to crystallize 1 a failed, probably because differ-
ent conformations precipitated together so that a single
crystalline product could not form. Therefore, this molecule
was crystallized in the presence of a guest molecule. Several
crystals of 1 a were obtained with silver perchlorate and silver
tetrafluoroborate as the guest molecules. Unfortunately, these
crystals were unstable under the X-ray conditions. Finally,
nitrobenzene was used as a guest molecule. A single brown
crystal suitable for X-ray analysis was slowly grown (three
months) from a mixture of chloroform and nitrobenzene. The
structure is shown in Figure 5. The nitrobenzene guest


Figure 5. Front view (left) and side view (right) of the X-ray structure of
the complex of nitrobenzene with clip 1 a. Hydrogen atoms have been
omitted for clarity.


molecule is sandwiched between the two naphthalene rings in
an offset manner. As expected, the nitro group of the guest is
pointing out of the cleft. The guest molecule is not symmetri-
cally bound in the cleft, but prefers to be approximately
parallel to one of the aromatic surfaces. The angle between
the planes of the aromatic guest and the naphthalene rings is
approximately 5.398 for one side wall and 168 for the other
side wall. The center-to-center distance between the aromatic
side walls is 6.8 �. The distance between the aromatic ring of
the guest and the side wall of the host is 3.4 �, which is ideal
for p ± p stacking interactions. As in the case of 2, the twist in
the diphenylglycoluril framework is small (torsion angle C21-
C1-C1'-C21'� 2.18, torsion angle N1-C1-C1'-N1'� 13.78). The
distance between the carbonyl oxygens atoms is 5.67 �, and
the angle between the lines through the carbonyl groups is
37.98. As in the structure of 2, the methoxy groups of the side
walls are in the plane of the naphthalene rings.


Binding properties :
Binding of aromatic guest molecules : Depending on the


type of guest molecule, binding in our clips can be achieved by
means of p ± p interactions only or by a combination of p ± p


interactions and hydrogen bonding. In the former case, the
geometry of the host ± guest complex is determined com-
pletely by the optimal p ± p interaction, whereas in the latter
case the geometry is mainly determined by the optimal
hydrogen bonding interaction.[18] In Table 2 the association


constants of complexes between aromatic guest molecules
and clip molecules 1 a, 1 b, and 2 are presented. Examination
of Table 2 reveals that the binding of guest molecules in host
molecule 1 b is much weaker than in 1 a. This implies that the
presence of the methoxy groups, which make the naphthalene
moieties more electron-rich, significantly enhances the bind-
ing. Unfortunately, the binding constants of clip 1 b were too
low to enable a good comparison to be made with the binding
constants of 1 a. The results, however, suggest that the two
clips display an opposite trend in the complexation of
aromatic guest molecules that are bound by p ± p interactions
only. Clip molecule 2, which has only one side wall, has a
negligible interaction with guest molecules that are unable to
form hydrogen bonds. The presence of the second side wall, as
observed for benzene-walled clip molecules, is necessary for
the formation of a host ± guest complex of sufficient stabil-
ity.[18] The complexation of 1,3-dihydroxybenzenes to 1 a and
1 b follows the same pattern as found for the substituted
benzene-walled clip molecules.[18] The complexation to 1 a is
much more favorable than to either 1 b or 2 because of the
absence of the methoxy groups in 1 b and because of the fact
that only one side wall is present in 2.


In an earlier paper we proposed that aromatic guest
molecules are bound between the walls of clip 1 a in an offset
geometry.[6a] The crystal structure of the complex between
nitrobenzene and 1 a shows that this proposal is correct
(Figure 5).[19] The nitro group of the guest points out of the
cleft. The distance between the aromatic ring of the guest and
the side wall is 3.4 �, which is ideal for p-stacking interactions.


Binding of silver ions :[20] It is known in the literature that
silver ions can form complexes with C�C bonds and with
aromatic surfaces.[21] X-ray structures of silver ions complexed
to benzene molecules show that the binding is towards one of


Table 2. Association constants (Ka) of complexes between aromatic guest
molecules and the aa conformers of different host molecules in CDCl3 at
298 K.


Guest Ka (mÿ1) 1a[a] Ka (mÿ1) 1b[b] Ka (mÿ1) 2


1,3-dinitrobenzene 115[c] 20 < 2
1,4-dicyanobenzene 178[c] 5 < 2
1,3-dihydroxy-5-pentylbenzene 1400 45 20[a]


hexyl 3,5-dihydroxybenzoate 9000 300 ±


[a] Calculated from the change in ratio of the conformers as a function of
the guest concentration (estimated errors 10 ± 15 %); see ref. [6]. [b] Cal-
culated by fitting the 1H NMR chemical shifts of the naphthalene protons
as a function of the guest concentration. The calculated CIS value for
proton H4 of the naphthalene side wall (d�ÿ0.36) is comparable to the
CIS value calculated for clip 8 (see ref. [6b]). [c] Values taken from ref. [6].
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the double bonds of the aromatic ring, with an Ag ± benzene
distance of approximately 2.5 �.[22] When the sparingly
soluble salt AgClO4 was added to a solution of 1 a in CDCl3


a decrease in the sa and an increase in the aa conformer was
observed by 1H NMR. Subsequent titrations of this host with
various silver salts in CD3OD/CDCl3 (1:9 v/v, to increase the
solubility of the salts) revealed that the proportion of the ss
conformer also increased. This indicates that the latter is also
capable of binding a silver ion more strongly than the sa
conformer (Figure 6). Relative binding constants for silver


Figure 6. Binding of Ag� ions by the aa and the ss conformers of clip 1a.
Methoxy groups have been omitted.


ions to the various conformers were calculated from the
changes in the conformational ratios (Table 3). The aa
conformer appeared to give the strongest complexes with
the silver salts. This conformer can form a sandwich complex


with the silver ion interacting with both of the aromatic side
walls. Shifts in the 1H NMR signals of the aromatic protons of
the aa and ss conformers were also observed, but these shifts
could not be used to calculate the geometries of the
complexes. The equilibria in these systems are too complex
to be interpreted because the silver ions are bound to different
conformations, whose ratios change upon increasing the silver
concentration. As can be seen in Table 3, the values of Kaa and
Kss strongly depend upon the type of silver salt. The stronger
the interaction is between the anion and the silver ion, the
weaker the complex is between the silver salt and the clip
molecule. A similar observation was made by Crookes et al. in
their studies on the complexation of various silver salts to
ethene.[23] They explained the observed anion dependencies as
a result of competition between the anion and the ethene for
the Ag� cation.


The relative binding constant of the ss conformers (Kss) of
1 a is approximately half that of the aa conformer (Table 3).
When clip 9, in which the phenyl groups of the glycoluril unit
are replaced by methyl groups, was titrated with AgClO4, only
a small change in the amount of aa conformer was observed.


This implies that the phenyl groups of clip 1 a are involved in
the binding of Ag� to the ss conformer. The association
constant of the complex between AgClO4 and the aa con-
former of 9 (Kaa� 44mÿ1) was smaller than that observed for
the complex of this salt with the aa conformer of 1 a (Kaa�
149mÿ1, Table 3). This is the result of a larger energy
difference between the aa and the as conformers of clip 9.
When no guest was present, the amount of aa conformer of 9
was almost zero.


The binding site of the silver ion was located by means of
13C NMR experiments; 13C DEPT and 2 D HETCOR
(heteronuclear correlation, heteronuclear multiple-quantum
coherence (HMQC)) spectra were recorded so that the 13C
NMR signals of clip 1 a could be assigned. However, only the
signals of the as conformer could be completely assigned. The
signals of the other conformers had intensities too low to give
cross-peaks in the 2 D spectra. When AgClO4 was added to a
solution of 1 a in CD3OD/CDCl3 (1:9 v/v), the aromatic region
of the 13C spectrum became extremely complex. This suggests
that the aromatic rings of 1 a are involved in the process of
complexation. This is in agreement with the observed shifts of
the aromatic protons in the 1H NMR spectrum upon addition
of silver salts. No large shifts were seen for the carbonyl or for
the methoxy groups, indicating that these groups are not
involved in the binding of the silver ions. If this is indeed the
case, clip 1 b should be able to bind Ag� cations as well. A
titration experiment with AgBF4 revealed that binding to 1 b
does take place, but that the complex was significantly weaker
(Kaa� 20mÿ1) than that found for 1 a. This is probably due to
the lower electron density on the aromatic side walls of 1 b.


The most favorable binding site for the silver ion was
determined by AM 1 calculations. The sites with the highest p-
electron density can be expected to bind the silver ion. The
calculated electron distribution in the naphthalene rings of 1 a
and the most likely position of the silver ion is shown in
Figure 7.


Figure 7. a) The highest occupied p orbitals of 1 a according to AM 1
calculations; b) the predicted binding geometry of the silver ion with the aa
conformer of clip 1a.


The binding of a silver ion to the ss conformer of clip 1 a can
occur at three possible sites: i) between the two phenyl rings,
ii) between a phenyl and a naphthalene ring, and iii) on the
top of one of the naphthalene walls (Figure 8). Although
naphthalene is known to bind silver ions in the solid state,[22]


binding studies with 2,7-dimethoxynaphthalene revealed that
this compound does not form a complex with Ag� in
methanol/chloroform solution at concentrations between 2


Table 3. Relative association constants (mÿ1) for the complexation of silver
salts to the aa and ss conformers of 1 a.[a,b]


Silver salt Kaa Kss


AgClO4 149 53
AgBF4 98 37
CF3SO3Ag 50 25
AgPF6 10 10


[a] Estimated error 15 %. [b] No binding was observed for the following
silver salts: CH3SO2Ag, Ag2SO4, Ag2CO3, C6H5CO2Ag, CH3CO2Ag.
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Figure 8. Schematic representation of the four possible binding sites of the
silver ion in the ss conformer of 1a. The second mode of complexation (b) is
the proposed complex geometry.


and 20 mmol. As the as conformer of 9 does not bind silver
either, the binding of Ag� to the top of a naphthalene ring
(Figure 8 c) can be rejected. From separate binding experi-
ments with a diphenylglycoluril molecule without any side
walls, we concluded that the silver ion is not bound between
the phenyl groups of the diphenylglycoluril unit, hence the
binding mode of Figure 8 a can also be rejected. The most
likely place for the silver ion, therefore, is between a
naphthalene and a phenyl ring (Figure 8 b). Again, the most
electron-rich sites of the naphthalene moiety will be involved.
Another possibility is that the silver ion is not complexed to
the aromatic part of the ss conformation of 1 a, but to the
concave side of the diphenylglycoluril part of the molecule, as
depicted in Figure 8 d. The inner pocket of a glycoluril
molecule was recently calculated to be negatively charged,[24]


which would make it favorable for the silver ion to be bound
at this position. No experimental evidence, however, was
found for this particular binding geometry.


Conclusions


It is clear from the results presented above that various factors
influence the conformational behavior and the binding
properties of clip molecules with naphthalene walls. These
studies have shown that the methoxy groups on the side wall
of clip 1 a play an important role, both in determining the
conformation of the host and in promoting the complexation
of guest molecules. Clip molecule 1 b, which does not have
methoxy groups, mainly exists in the aa conformation, in
contrast to 1 a, which exists mainly in the as conformation. The
former compound shows a significantly lower affinity for
aromatic guest molecules and silver ions. The lower complex-
ation ability of 1 b compared with 1 a is due to weaker p ± p


interactions with the guest molecules. Solvation effects also
play a role in the conformational behavior of the clip
molecules. A molecule with two 2,7-dimethoxynaphthalene
side walls (1 a) adopts the anti ± syn conformation, while a
molecule with only one such side wall (2) prefers to be in the
anti conformation rather than in the syn conformation due to
these solvation effects. The fact that weaker complexes are
formed between aromatic guests and 2 compared with 1 a is a
result of the fact that this host molecule has only one side wall,
and is in agreement with the results observed for benzene-
walled clip molecules.[18] The X-ray structure of a complex
between nitrobenzene and 1 a clearly shows that the guest
molecule is bound in an offset geometry, which is in agree-
ment with the calculated geometry. A computational study of
the conversion of the side walls of clip molecules from anti to


syn, with respect to the phenyl groups of the diphenylglyco-
luril framework, revealed that the naphthalene walls flip
according to a two-step mechanism, while the benzene walls
flip according to a one-step mechanism. The latter process is
much faster than the former, which leads to the conclusion
that benzene-walled molecules are much more flexible. The
aa conformer of benzene-walled clips is much more favored
than the as and ss conformers, and therefore this is the only
conformation observed in solution and in the solid state.


Experimental Section


General techniques : DMSO was distilled and stored over molecular sieves
3 � before use. All other chemicals were commercial samples and used
without further purification. Merck silica gel (60 H) was used for column
chromatography. Melting points were determined on a Jeneval polarization
microscope THMS 600 hot stage and are reported uncorrected. 1H NMR
and 13C NMR spectra were recorded on a Bruker AM 400 MHz instrument.
Chemical shifts are reported downfield from internal TMS (d� 0.0).
Abbreviations used: d� doublet, dd� doublet of doublets, and m�mul-
tiplet. FAB mass spectra were recorded on a VG7070E instrument. IR
spectra were recorded on a BioRad FTS-25 spectrometer. Elemental
analyses were determined with a Carbo Erba Ea 1108 instrument.
Diphenylglycoluril (7) was synthesized from urea and benzil according to
a literature procedure[6] and 1,8-bis(bromomethyl)naphthalene was syn-
thesized by bromination of 1,8-dimethylnaphthalene with N-bromosucci-
nimide according to a standard procedure.[25]


17b,17c-Dihydro-17b,17c-diphenyl-7H,8H,9H,16H,17H,18H-7a,8a,16a,17-
a-tetraazapentaleno[1'''',6'''':5,6,7;3'''',4'''':5'',6'',7'']dicycloocta[1,2,3-d-
e:1'',2'',3''d''e'']dinaphthalene-8,17-dione (1b): A suspension of powdered
KOH (110 mg, 1.96 mmol) in degassed DMSO (2 mL) was stirred under
nitrogen for 30 min. Compound 7 (142 mg, 0.483 mmol) and 1,8-bis(bro-
momethyl)naphthalene (307 mg, 0.977 mmol) were added and the mixture
was cooled with stirring. After 3 h, the mixture was poured into water
(50 mL) and the product extracted twice with CH2Cl2. The combined
organic layers were washed with water, dried (MgSO4), and concentrated in
vacuo. Purification by column chromatography (1 % EtOH in CH2Cl2)
gave 98 mg (34 %) of 1 b as a white solid. A sample was recrystallized from
CHCl3/diethylether for analysis. M.p.> 400 8C (decomp.); IR (KBr): nÄ


1719, 1699 cmÿ1 (C�O); 1H NMR (CDCl3): aa conformer: d� 7.66 (d, 4H,
Napht H-4, J� 8.0 Hz), 7.61 (d, 4 H, Napht H-2, J� 7.0 Hz), 7.24 (dd, 4H,
Napht H3, J� 8.0 Hz, J� 7.0 Hz), 7.35 ± 7.10 (m, 10 H, Ar H), 4.98 (d, 4H,
NCH2Napht, J� 16.2 Hz), 4.56 (d, 4H, NCH2Napht, J� 16.1 Hz); as
conformer: d� 7.91 (d, 2 H, Napht H-4 a, J� 8.2 Hz), 7.85 (d, 2 H, Napht
H-2 a, J� 6.7 Hz), 7.50 (m, 2H, Napht H3 a,), 7.38 ± 6.98 (m, 11 H, ArH a
Napht-H s), 6.43 (d, 2 H, Ar-H s, J� 7.7 Hz), 6.30 (d, 1 H, Ar-H s, J� 7 Hz),
6.14 (dd, 2H, Ar-H s, J� 7 Hz J� 7.7 Hz), 5.27 (d, 2H, NCH2Napht s, J�
14.6 Hz), 5.20 (d, 2H, NCH2Napht s, J� 14.7 Hz), 5.07 (d, 2H, NCH2Napht
a, J� 16.2 Hz), 4.71 (d, 2 H, NCH2Napht a, J� 16.1 Hz); 13C NMR
(CDCl3): d� 157.23 (urea C�O), 135.79, 135.28, 133.49, 131.06, 130.62,
130.16, 128.85, 128.60, 124.82 (Napht-C and Ph-C), 84.00 (PhCN), 47.60
(NaphtCH2N); FAB-MS (m-nitrobenzyl alcohol): m/z� 599 [M�H]� ;
Anal. calcd for C40H30N4O2 ´ CHCl3: C 68.58, H 4.35, N 7.80; found: C
68.65, H 4.42, N 7.66.


17b,17c-Dihydro-1,6,10,15-tetramethoxy-17b,17c-dimethyl-7H,8H,9H,16-
H,17H,18H-7a,8a,16a,17a-tetraazapentaleno[1'''',6'''':5,6,7;3'''',4'''':5'',6'',7'']di-
cycloocta[1,2,3-de:1'',2'',3''d''e'']dinaphthalene-8,17-dione (9): This com-
pound was synthesized as described elsewere.[26]


Determination of association constants by 1H NMR : Two general methods
were used to measure the binding constants. When possible, a signal in the
1H NMR spectrum of the host was followed as a function of the guest
concentration (or vice versa). The curve fitting was performed with the
procedure described in ref. [6b]. In the case of clips displaying more that
one conformation, the ratio between the different conformers was
measured as a function of the guest concentration by integration of the
appropriate signals in the 1H NMR spectra. More accurate results were
obtained if the peak areas were determined by fitting the peaks with
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Lorentz curves (WIN-NMR). When only the aa conformer was able to bind
a guest molecule, the Ka was calculated with the Equations (1) ± (5).[6a]


Ka�
�aa�G�
�aa� � �G� (1)


[aa]� �sa�
Ksa=aa


(2)


Ksa/aa�
�sa�
�aa� (3)


[aa�G]� [aa]totÿ [aa] (4)


[G]� [G]totÿ [aa�G] (5)


In the case of the silver ions, which also bind to the ss conformer, different
equations were used [Eqs. (6) ± (10)].


Kaa�
�aa�G�
�aa� � �G� Kss�


�ss�G�
�ss� � �G� (6)


[aa]� �sa�
Ksa=aa


[ss]� �sa�
Ksa=aa


(7)


Ksa/aa�
�sa�
�aa� Ksa/ss�


�sa�
�ss� (8)


[aa�G]� [aa]totÿ [aa] [ss�G]� [ss]totÿ [ss] (9)


[G]� [G]totÿ [aa�G]ÿ [ss�G] (10)


Binding to the sa conformer was neglected. Typical concentrations for 1a
and for the silver salts were 2 mm and 1 ± 20 mm, respectively.


Crystal structure analysis of the 1 a ± nitrobenzene complex : C50H43N5O8,
Mr� 842.9, T� 293 K, triclinic, space group: P1, a� 12.188(9), b�
12.161(12), c� 17.756(13) �, a� 103.33(13), b� 104.74(2), g� 107.70(2)8,
V� 2285 �3, Z� 2, 1� 1.224 g cmÿ3, MoKa radiation, m� 0.78 cmÿ1.


Crystal structure analysis of 2 : C32H28N4O5, Mr� 548.6, T� 208 K, ortho-
rhombic, space group: Pbca, a� 12.3332(16), b� 27.874(2), c�
15.1246(15) �, V� 5199 �3, Z� 8, 1� 1.402 g cmÿ3, MoKa radiation, m�
0.90 cmÿ1.


More detailed crystallographic data will be published in a separate
paper.[27]
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Bucky Ligands: Synthesis, Ruthenium(ii) Complexes,
and Electrochemical Properties


Dominique Armspach, Edwin C. Constable,* François Diederich,*
Catherine E. Housecroft,* and Jean-François Nierengarten


Abstract: The novel tridentate 2,2':6',2''-terpyridine ligand (1) in which the metal-
binding domain is directly attached to a methanofullerene C60 unit was incorporated
into ruthenium-based diads and triads that may undergo photoinduced charge
separation. In this paper, the new complexes are compared with more flexible
analogues in which the C60 fragment is separated from the metal-binding domain by a
flexible spacer. Both 1H NMR spectroscopic and cyclic voltammetric studies reveal
significant interactions between the fullerene substituent and the metal centre when
they are spatially close.


Keywords: heterocycles ´ fullerenes
´ ruthenium ´ supramolecular
chemistry


Introduction


As a result of its unusual electrochemical and electronic
properties,[1] the fullerene C60 is an attractive functional group
for molecular electronics[2] and light-harvesting devices.[3]


Although initial work was carried out on charge-transfer
complexes based on C60 itself,[4] recent developments in the
functionalisation of fullerenes[5] allow the preparation of
covalent C60 derivatives bearing electro- and/or photo-active
substituents.[6±9] These systems facilitate the study of intra-
molecular processes between C60 and its substituents, which
include energy- and electron-transfer interactions. The attach-
ment of fullerenes to metal-binding domains[7±9] that can
undergo coordination-initiated assembly into multifunctional
systems is of particular interest, and an example of a remote
functionalised ruthenium(ii) complex has recently been re-
ported.[7c] Such a compound that combines the properties of
both C60 and the tris(2,2'-bipyridine)ruthenium(ii) cation,
[Ru(bpy)3]2�, is particularly interesting from both the electro-
chemical and the photophysical points of view.[7c] As a part of
our continuing studies in supramolecular chemistry, some of


us have recently incorporated C60 in a multicomponent
molecular system, namely a copper(i) rotaxane with two
fullerene stoppers[9] in which intramolecular photoinduced
electron transfer was observed from the 3MLCT state of a
bis(diphenyl-1,10-phenanthroline)copper(i) complex to the
fullerene.[10] In this paper, we now report the synthesis of
various fullerene-substituted oligopyridine ligands, the prep-
aration of the corresponding ruthenium(ii) complexes and
their electrochemical properties. A preliminary account of
this work has recently been reported[8] and we have described
the synthesis of diads and triads using ligands 2 and 3 in which
the 2,2':6',2''-terpyridine (tpy) metal-binding domain is sepa-
rated from the fullerene by polyethyleneoxy spacers of
various lengths. In order to limit the number of back
electron-transfer pathways and hopefully increase the lifetime
of any photoinduced charge-separated state, we decided to
embark on the synthesis of a more rigid fullerene-containing
tpy ligand and to investigate its coordination behaviour.
Accordingly, we have prepared ligand 1, in which a meth-
anofullerene unit is directly attached to the metal-binding tpy
domain. We also report the synthesis of the soluble 2,2'-
bipyridine (bpy) ligand 4 with two fullerene substituents and
describe the preparation of the ruthenium(ii) complex,
[Ru(bpy)2(4)][PF6]2.


Results and Discussion


Preparation of the 2,2'-bipyridine ligand : The synthetic route
leading to the fullerene-functionalised bpy ligand 4 is depicted
in Scheme 1 and is based on an esterification reaction of 2,2'-
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bipyridine-4,4'-dicarbonyl chloride (5) with a C60 alcohol
derivative.


Compound (� )-6 was prepared in 81 % yield from ethyl
malonyl chloride and (� )-2-[2-(3,4,5,6-tetrahydro-2H-pyran-
2-yloxy)ethoxy]ethanol (7)[11] in CH2Cl2 at room temperature
in the presence of pyridine. Treatment of (� )-6 with 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and CBr4 in THF led
to a 62 % yield of the a-bromomalonate derivative (� )-8 as a
mixture of diastereoisomers. The functionalisation of C60 is
based on the Bingel reaction.[12] Nucleophilic addition of a
stabilised a-halocarbanion to the C60 core, followed by an
intramolecular nucleophilic substitution, leads to clean cyclo-
propanation of C60.[13] The reaction of C60 with compound (�
)-8 in the presence of DBU yielded methanofullerene (� )-9
in 64 % yield. Compound (� )-9 could also be prepared
directly from precursor (� )-6. In this case, the corresponding
a-halomalonate derivative is prepared in situ from the
reaction of the malonate with iodine,[14±15] and the one-pot
reaction of C60 with (� )-6, iodine and DBU in toluene at
room temperature afforded (� )-9 in 57 % yield. The removal
of the 3,4,5,6-tetrahydro-2H-pyranyl (THP) group in 9 was
carried out by treatment with an excess of 4-toluenesulfonic
acid (TsOH) in a mixture of ethanol and toluene at 60 8C for
3 hours. The desired C60 alcohol derivative 10 was thereby
obtained in 94 % yield. In order to probe the potential of 10 as
a building block for the construction of functionalised C60


derivatives, different esterification reactions were investigat-
ed. The reaction of 10 and acetyl chloride in CH2Cl2 in the
presence of pyridine gave the corresponding acetate 11 in
89 % yield. Compound 11 could also be prepared in 93 % yield
by the N,N'-dicyclohexylcarbodiimide (DCC) mediated ester-
ification[16] of 10 with acetic acid.


The preparation of the bis-C60-bpy derivative 4 was initially
attempted from alcohol 10 and commercially available 2,2'-
bipyridine-4,4'-dicarboxylic acid (12) in various solvents
(CH2Cl2, DMSO and DMF) with DCC as a coupling reagent.
In each case no reaction was observed at room temperature,
which is probably a consequence of the insolubility of 12.
When the reaction mixture was heated, extensive degradation
took place and no further effort was made in order to prepare
4 by this route. In contrast, the reaction of the bis(acid
chloride) 5,[17] which results from the reaction of diacid 12 with
thionyl chloride, with alcohol 10 in the presence of triethyl-
amine and refluxed in CHCl3 for 15 hours gave the desired
ligand 4 in 53 % yield. Compound 4 with its two C60


substituents is soluble in chlorinated organic solvents (CH2Cl2


and CHCl3) and complete spectroscopic characterisation was
possible. The 1H NMR spectrum of 4 in CDCl3 solution shows
three sets of aromatic signals in a typical pattern for a 4,4'-
disubstituted bpy,[17] as well as two sets of multiplets corre-
sponding to the ethyleneoxy chains, and a triplet and quartet
at d� 1.47 and 4.68, respectively, for the ethyl groups. The 13C
NMR spectrum is also in full agreement with the structure of 4
and 33 resonances out of the 36 expected in the typical
fullerene and aromatic region are fully resolved (31 for the
fullerene sp2 carbons and 5 for the bpy moiety) as well as the
expected 11 nonaromatic signals (d� 163.36, 163.60 and
165.06 for the carbonyl groups; d� 71.45 for the fullerene
sp3 carbons; d� 63.48, 64.71, 66.01, 68.84 and 69.03 for the
OCH2 groups; d� 52.05 for the methano bridge carbons; and
d� 13.59 for the CH3). The composition of ligand 4 was also
confirmed by fast atom bombardment (FAB) mass spectro-
scopy with the molecular ion peak at m/z� 2086.2 ([M��H],
calculated for C150H33N2O14: 2086.9).
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Scheme 1. Synthesis of the bpy ligand 4 : a) EtO2CCH2COCl, pyridine, CH2Cl2, 0 8C to RT (81 %); b) DBU, THF, 0 8C to RT, then ÿ78 8C, CBr4 (62 %);
c) C60, DBU, toluene, RT (from 8, 64%); d) C60, DBU, I2, toluene, RT (from 6, 57 %); e) p-TsOH, EtOH, toluene, 60 8C (94 %); f) AcOH, DCC, DMAP,
CH2Cl2, RT (93 %); g) AcCl, Et3N, CH2Cl2, RT (89 %); h) TsCl, pyridine, CH2Cl2, ÿ2 8C to RT (69 %); i) 5, Et3N, CHCl3, reflux (53 %).
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Preparation of the 2,2':6',2''-terpyridine ligands : The synthesis
of the ligands 2 and 3 in which a tpy metal-binding domain is
separated from the methanofullerene moiety by polyethoxy
spacers of various lengths is depicted in Schemes 2 and 3.
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Scheme 3. Synthesis of the tpy ligand 3 : a) FeCl2, ethylene glycol, reflux,
then H2O2, NaOH aq (64 %); b) EtO2CCH2COCl, pyridine, CH2Cl2, 0 8C
to RT (70 %); c) DBU, THF, 0 8C to RT, then ÿ78 8C, Cbr4; d) C60, DBU,
toluene, RT (55 %).


The key malonate derivatives 13 and 14 were prepared in 47
and 57 % yields, respectively, in two steps from the known
compounds 4'-HOtpy (15)[18] and 4'-MeSO2tpy (16),[19] re-
spectively. Treatment of 15 with 2-(2-chloroethoxy)ethanol in
the presence of an excess of K2CO3 and NaI in DMF at 70 8C


followed by esterification of the resulting tpy derivative 17
with ethyl malonyl chloride provided the desired intermediate
13. The metal-activated nucleophilic displacement reaction[20]


of the methylsulfonyl group of 16 with ethylene glycol
followed by removal of iron by
treatment with alkaline hydrogen
peroxide led to 18 in 64 % yield.
Alcohol 18 was treated with ethyl
malonyl chloride in the presence
of pyridine in CH2Cl2 at 0 8C to
room temperature to give malo-
nate 14 in 70 % yield. The bromi-
nation reactions affording 19 and
20 were carried out as follows: 13
or 14, respectively, was treated
with DBU in THF at 20 8C for
30 minutes. The resulting solution
was cooled to ÿ78 8C and CBr4


was added, followed by hydrolysis
and work-up. The a-bromomalo-
nate derivatives 19 and 20 thus
obtained were used without fur-
ther purification. Treatment of C60


with 19 or 20 under typical Bingel
reaction conditions yielded the
desired C60 functionalised ligands
2 and 3 in good isolated yields (2 :
52 % and 3 : 55 %). Compound 2
could also be prepared in two
steps from alcohol 10. Reaction
of 10 with 4-toluenesulfonyl chlor-


ide (TsCl) in CH2Cl2/pyridine 5:1 afforded 4-toluenesulfonate
21 (Scheme 1). Compound 21 was then treated with the tpy
derivative 15 (Scheme 2) in DMF in the presence of K2CO3 at
60 8C to give ligand 2 only in a modest yield (16 %) as a result
of partial decomposition of the malonate esters under the
basic reaction conditions.[21]


Ligands 2 and 3 were surprisingly soluble in common
organic solvents (toluene, CH2Cl2, CHCl3) and were readily
characterised by conventional spectroscopic methods. The 13C
NMR spectra of both 2 and 3 confirmed their Cs symmetry.
For each compound, all of the expected nonaromatic signals
were observed and a total of 37 resonances out of the 39
expected in the typical aromatic and fullerene region were
resolved. In each case, intense molecular ion peaks were
observed in the FAB or matrix-assisted laser-desorption time-
of-flight (MALDI-TOF) mass spectra of the ligands (Table 1).


The key intermediate in the synthesis of ligand 1, in which a
methanofullerene is directly attached to the metal-binding tpy
domain, is 4'-methyl-2,2':6',2''-terpyridine (22) (Scheme 4).
Compound 22 was conveniently prepared using a new general
methodology that we have developed[22] from commercially
available 3-methylpentanedioic acid (23). Diesterification of
this acid (methanol, 2,2-dimethoxypropane) followed by
treatment of the resulting diester 24 with 2-lithiopyridine
(produced in situ from n-butyllithium and 2-bromopyridine in
the presence of TMEDA) gave the diketone 25 in 41 % yield.
Cyclisation of 25 with ammonium acetate in acetic acid in the
presence of air afforded 22 as a colourless solid in 76 %
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Scheme 2. Synthesis of the tpy ligand 2 : a) 2-(2-chloroethoxy)ethanol, K2CO3, NaI, DMF, 70 8C (82 %);
b) EtO2CCH2COCl, pyridine, CH2Cl2, 0 8C to RT (70 %); c) DBU, THF, 0 8C to RT, then ÿ78 8C, CBr4;
d) C60, DBU, toluene, RT (52 %); e) K2CO3, DMF, 60 8C (16 %).
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isolated yield. The intermediate dihydropyridine is oxidised
by air during the reaction. We consider that the 31 % overall
yield of 22 in two steps from commercially available starting
materials makes this route more convenient than the higher
yielding, but longer route previously reported.[23]


Deprotonation of 22 with lithium 2,2,6,6-tetramethylpiper-
idide,[23] followed by reaction with ethyl chloroformate, gave
the monoester 26 in 64 % yield together with a small amount
of the corresponding diethyl malonate derivative. The desired
methanofullerene-substituted ligand 1 was prepared by two
different methods. In the first route, the ester 26 was treated
with DBU followed by CBr4 to produce the a-bromoester 27
as a yellow oil which was used without further purification.
Cyclopropanation of C60 with 27 in toluene with DBU as base
gave ligand 1 in a 78 % overall yield from 26. A second and
more direct approach involved the one-pot treatment of 26


with I2, C60 and DBU in toluene to give 1 in a moderate yield
(26 %) in a modification of the Bingel reaction for C60


incorporation.[14] All spectroscopic and analytical data for 1
prepared by the two methods are identical and are in full
agreement with the proposed formulation. In the mass
spectrum of 1, the expected molecular ion appears as the
base peak with additional weaker peaks resulting from the
fragmentation of the 4-pyridylacetate unit and ethoxydecar-
boxylation. The 13C NMR spectrum, in full agreement with
the Cs symmetry of 1, showed the expected 39 resonances in
the typical aromatic and fullerene region (31 for the fullerene
sp2 carbons and 8 for the tpy moiety), a signal for the carbonyl
group (d� 165.60), one for the fullerene sp3 carbons (d�
74.89), one for the bridgehead carbon (d� 54.70) and two
signals for the ethyl groups (d� 14.30 and 63.29). The
presence of the C60 unit has a profound effect on the 1H


Table 1. Mass spectrometric data for ligands 1, 2, 3, 4, 10 and 26, and their ruthenium complexes.


Predicted Observed m/z
Calcd average mass (exact)[a] FAB-MS[b] MALDI-TOF[c]


26 C19H17N3O2 320 [M��H] 358 [M��K]
319.4 (319.132) 247 [M�-CO2Et�H] 342 [M��Na]


320 [M��H]


1 C79H15N3O2 1038 [M��H] 1039 [M��H]
1038.0 (1037.116) 966 [M�ÿCO2Et�H] 966 [M�ÿCO2Et�H]


720 [C�60]


2 C84H23N3O6 1170 [M��H] 1192 [M��Na]
1170.1 (1169.158) 720 [C�60] 1170 [M��H]


3 C82H19N3O5 1126 [M��H] 1150 [M��Na]
1126.1 (1125.132) 720 [C�60] 1127 [M��H]


720 [C�60]


4 C150H32N2014 2086 [M��H]
2085.9 (2084.185)


[Ru(26)(tpy)][PF6]2 C34F12H26N6O2P2Ru 970 [M��Na]
941.6 (942.043) 800 [M�ÿPF6]


655 [M�ÿ 2 PF6]
583 [M�ÿ 2 PF6ÿCO2Et]


[Ru(1)(tpy)][PF6]2 C94F12H26N6O2P2Ru 1517 [M�ÿPF6] 1372 [M�ÿ 2 PF6]
1662.3 (1662.043) 1372 [M�ÿ 2 PF6] 1300 [M�ÿ 2 PF6ÿCO2Et]


720 [C�60]


[Ru(2)(tpy)][PF6]2 C99F12H34N6O6P2Ru 1505 [M�ÿ 2 PF6]
1794.4 (1794.086) 720 [C�60]


[Ru(3)(tpy)][PF6]2 C97F12H30N6O5P2Ru 1612 [M�ÿPF6]
1750.3 (1750.059) 1460 [M�ÿ 2 PF6]


720 [C�60]


[Ru(26)(4'-Me2Ntpy)][PF6]2 C36F12H33N7O2P2Ru 1011 [M��Na]
986.7 (987.101) 843 [M�ÿPF6]


697 [M�ÿ 2 PF6]
624 [M�ÿ 2 PF6ÿCO2Et]


[Ru(1)(4'-Me2Ntpy)][PF6]2 C96F12H31N7O2P2Ru 1560 [M�ÿPF6] 1415 [M�ÿ 2 PF6]
1705.3 (1705.085) 1414 [M�ÿ 2 PF6] 1343 [M�ÿ 2 PF6ÿCO2Et]


720 [C�60]


[Ru(2)(4'-Me2Ntpy)][PF6]2 C101F12H39N7O6P2Ru 1695 [M�ÿPF6]
1837.5 (1837.128) 1548 [M�ÿ 2 PF6]


720 [C�60]


[Ru(3)(4'-Me2Ntpy)][PF6]2 C99F12H35N7O5P2Ru 1649 [M�ÿPF6]
1793.4 (1793.102) 1502 [M�ÿ 2 PF6]


720 [C�60]


[Ru(4)(bpy)2][PF6]2 C170F12H52N6O14P2Ru 2500 [M�ÿ 2 PF6] 2639 [M�ÿPF6]
2793.3 (2792.186) 1778 [M�ÿC60ÿ 2 PF6] 2492 [M�ÿ 2 PF6]


1251 [M2�ÿ 2PF6]


[a] Exact masses calculated for all 12C compounds. [b] FAB spectra were recorded using 3-nitrobenzoic acid as matrix. [c] MALDI-TOF spectra were
recorded without a matrix or using 2,5-dihydroxybenzoic acid as matrix.







Ruthenium(ii)±Fullerene Complexes 723 ± 733


Chem. Eur. J. 1998, 4, No. 4 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0404-0727 $ 17.50+.25/0 727


NMR spectroscopic resonances of the
tpy unit. The H3', 5' resonance of the
central pyridine ring is shifted strongly
downfield with respect to the inter-
mediate 26 (1H NMR Dd (1ÿ 26)�
�0.83) and also with respect to com-
pounds 2 and 3 (1H NMR Dd (1ÿ 2)�
� 1.18). This effect can be ascribed to
deshielding by the paramagnetic ring
currents of nearby pentagons in the
spatially close C60 moiety. We noted
abnormally low integration values for
the H3', 5' signal, and T1 relaxation
measurements show that all of the
pyridine protons have T1 values be-
tween 0.7 and 2 s with the exception of
H3', 5' which has a T1 value of 10 s.


Ruthenium(iiii) complexes : In order to
probe the interactions of the fullerene
substituent with electron donors we
decided to prepare the diads [Ru(1)-
(tpy)][PF6]2, [Ru(2)(tpy)][PF6]2, [Ru(3)-
(tpy)][PF6]2 and [Ru(4)(bpy)2][PF6]2 as


well as the triads [Ru(1)(4'-Me2Ntpy)][PF6]2, [Ru(2)(4'-
Me2Ntpy)][PF6]2 and [Ru(3)(4'-Me2Ntpy)][PF6]2 (Figure 1)
(4'-Me2Ntpy� 4'-dimethylamino-2,2':6',2''-terpyridine[26]).


In the triads, the 4'-Me2Ntpy ligand is expected to act as an
electron donor. With the exception of [Ru(4)(bpy)2][PF6]2,
which was prepared by reacting 4 with [Ru(bpy)2Cl2], all
complexes were obtained in reasonable yields (22 ± 73 %)
from the reaction of 1, 2 or 3 with either [Ru(tpy)Cl3] or
[Ru(4'-Me2Ntpy)Cl3] according to the general procedure
reported previously[3dÐf] . The mass spectrometric (FAB-MS
and MALDI-TOF), 1H and 13C NMR spectroscopic data all
confirmed the formation of the desired heteroleptic com-
plexes. Unlike their malonate-based counterparts, both
[Ru(1)tpy][PF6]2 and [Ru(1)(4'-Me2Ntpy)][PF6]2 exhibit
peaks arising from ethoxydecarboxylation as well as cleavage
of the 4-pyridylacetate unit in their mass spectra (Table 1).


Additional peaks in the mass spectra
result from the successive loss of one
and two PF6 counterions. As noted in
the 1H NMR spectrum of the free
ligand 1, there is a marked downfield
shift of the H3', 5' protons (Dd ([Ru(1)-
(tpy)][PF6]2ÿ [Ru(26)(tpy)][PF6]2)�
�0.81). However, in contrast to the
free ligand 1, the T1 values for all of
protons in the complexes lie within the
range 0.6 to 1.7 s. This observation
strongly suggests that a metal compo-
nent could be involved in the relaxa-
tion process of H3', 5'.


Electrochemical and UV/Vis studies :
The first fullerene-centred reduction
for all complexes occurs to less neg-
ative potential than in the correspond-
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Scheme 4. Synthesis of the tpy ligand 1: a) 2,2-dimethoxypropane, MeOH, p-TsOH, 45 8C (81 %);
b) 2-lithiopyridine, THF, ÿ78 8C (41 %); c) NH4Ac, AcOH, reflux (76 %); d) lithium 2,2,6,6-
tetramethylpiperidide, THF, ÿ10 8C, then ClCO2Et, -10 8C to RT (64 %); e) DBU, THF, 0 8C to
RT, then ÿ78 8C, CBr4; f) C60, DBU, toluene, RT (from 27, 78%); g) C60, DBU, I2, toluene, RT
(from 26, 26 %).
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Figure 1. a) Ruthenium(ii) complex of the bpy ligand 4. b) Ruthenium(ii) complexes of the tpy ligands 1 ± 3.
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ing free ligands, and anodic shifts ranging from 30 to 80 mV
are observed (Table 2). Conversely, the ruthenium(ii)/(iii)
oxidation potentials in [Ru(1)(tpy)][PF6]2 and [Ru(1)(4'-
Me2Ntpy)][PF6]2 are found to more positive values than in


model compounds (DE1/2� 50 and 40 mV vs. [Ru(26)-
(tpy)][PF6]2 and [Ru(26)(4'-Me2Ntpy)][PF6]2, respectively,
Figure 2), whereas those for the complexes containing ethyl-
eneoxy linkers remain practically unchanged. Only a few
fullerene-containing metal complexes exhibiting significant
anodic shifts have been thus far described.[9] The results we
report are in contrast to some other reported examples[7e, 7f]


and indicate that there is a degree of interaction between the
methanofullerene unit and the metal centre when they are
constrained to be spatially close. Although these observations
(more facile ligand reduction, harder metal-centred oxida-
tion) appear to be incompatible, we have commented earlier
upon the dangers of over facile interpretation of such
electrochemical data for ruthenium oligopyridine complexes.
In particular, we have shown that the observed potentials are
a subtle balance between the stabilisation of metal(ii) and
metal(iii) states by competing p-acceptor and donor proper-
ties.[28] In this respect, differential solvation effects produced
by the lipophilic C60 units may also play an important role.


The electronic absorption spectra of both the diads and
triads display absorptions assigned to the ruthenium-tpy
subunits and the fullerene moieties. Except for one broad,
long-wavelength fullerene-centred band, which is masked by
the metal-to-ligand charge transfer (MLCT) absorption, all
fullerene-centered diagnostic bands are observed in all
complexes at the same wavelengths as in the free ligands
(Figure 3). In all cases, these data suggest the absence of
charge transfer from the amine substituent of the 4'-Me2Ntpy
ligands to the fullerene in the ground state.


The luminescence properties of both rigid and flexible
fullerene-functionalised complexes are currently under inves-


Figure 2. Cyclic voltammograms of 1, [Ru(tpy)(1)][PF6]2 and [Ru(4'-
Me2Ntpy)(1)][PF6]2 at 0.1 Vsÿ1 in CH2Cl2 containing 0.1m [nBu4N][PF6].


Figure 3. UV and visible absorption spectra of the fullerene compounds in
CH2Cl2. Concentrations (main panel/inset): 1 (5.9� 10ÿ6m/7.4� 10ÿ5m),
[Ru(tpy)(1)][PF6]2 (4.8� 10ÿ6m/4.8� 10ÿ5m), [Ru(4'-Me2Ntpy)(1)][PF6]2


(2.2� 10ÿ6m/3.2� 10ÿ5m).


tigation in collaboration with the group of Professor Vincenzo
Balzani (Bologna). Special emphasis is placed on the detec-
tion of photo-induced and long-lived charge-separated
states.


Table 2. Half-wave potentials[a] of the C60-containing ligands and com-
plexes by cyclic voltammetry.


C60-centred reductions RuII/RuIII


E1 E2 E3


19 ÿ 1.09 ÿ 1.47 ÿ 1.90
1 ÿ 1.05 ÿ 1.41 ÿ 1.92
2 ÿ 1.08 ÿ 1.46 ÿ 1.91
3 ÿ 1.11 ÿ 1.50 ÿ 1.90
4 ÿ 1.04 ÿ 1.42 ÿ 1.93


[Ru(4'-EtOtpy)(tpy)][PF6]2
[26] � 0.83[b]


[Ru(26)(tpy)][PF6]2 � 0.90
[Ru(1)(tpy)][PF6]2 ÿ 1.00 ÿ 1.40 ÿ 1.83 � 0.95
[Ru(2)(tpy)][PF6]2 ÿ 1.02 ÿ 1.43 ÿ 1.91 � 0.80
[Ru(3)(tpy)][PF6]2 ÿ 1.03 ÿ 1.42 ÿ 1.80 � 0.82
[Ru(4'-EtOtpy)(4'-Me2Ntpy)][PF6]2


[26] � 0.52[b]


[Ru(26)(4'-Me2Ntpy)][PF6]2[ � 0.56
[Ru(1)(4'-Me2Ntpy)][PF6]2 ÿ 1.02 ÿ 1.42 ÿ 2.01 � 0.60
Ru(2)(4'-Me2Ntpy)][PF6]2 ÿ 1.01 ÿ 1.40 ÿ 1.90 � 0.48
[Ru(3)(4'-Me2Ntpy)][PF6]2 ÿ 0.99 ÿ 1.43 ÿ 1.82 � 0.48
[Ru(4,4'-CO2Etbpy)(bpy)2][PF6]2


[24] � 0.88[c]


[Ru(4)(bpy)2][PF6]2 ÿ 1.10 ÿ 1.48 ÿ 1.92 � 0.93


[a] V vs. ferrocene/ferrocenium couple; (nBu)4NPF6 (0.1m) in CH2Cl2; scan
rate� 0.1 V sÿ1. [b] Recorded in MeCN. [c] Recorded in DMF.
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Conclusions


A series of fullerene-functionalised oligopyridine ligands
have been prepared and their coordination behaviour inves-
tigated. Significant interactions between C60 and a directly
linked tpy residue have been detected.


Experimental Section


General : Reagents and solvents were generally purchased as reagent grade
and used without further purification. Toluene and THF were distilled over
sodium benzophenone ketyl. Ethylene glycol was dried over molecular
sieves (4 �). C60 was isolated from the commercially available C60/C70


mixture according to a previously reported method.[25] (� )-2-[2-(3,4,5,6-
Tetrahydro-2H-pyran-2-yloxy)ethoxy]ethanol (� )-(7),[11] 4'-hydroxy-
2,2':6',2''-terpyridine (15),[18] 4'-methylsulfonyl-2,2':6',2''-terpyridine
(16),[19] 2,2'-bipyridine-4,4'-dicarbonyl chloride (5),[17] [Ru(tpy)Cl3][26] and
[Ru(4'-Me2Ntpy)Cl3][26] were prepared as previously reported. Evaporation
and concentration in vacuo were done at water aspirator pressure; products
were dried in vacuo at 10ÿ2 Torr. Column chromatography: silica gel 60
(230 ± 400 mesh, 0.040 ± 0.063 mm) was purchased from Merck. Thin-layer
chromatography (TLC) was performed on glass sheets coated with silica
gel 60 F254 purchased from Merck, visualised by UV light. Melting points
were measured on a Büchi apparatus and are uncorrected. UV/Vis Spectra
were measured on a Varian Cary-5 spectrophotometer or on a Perkin ±
Elmer Lamda 9 spectrophotometer. IR spectra were measured on Perkin ±
Elmer 580 or Genesis Series FTIR spectrometers. NMR spectra were
recorded on Bruker AM 500, AM 250 or Varian Gemini300 or 200
spectrometers at 296 or 300 K, with solvent peaks as internal reference.
Mass spectra were recorded on a VG Tribrid instrument for EI, a VG ZAB
2SEQ instrument with 4-nitrobenzyl alcohol as matrix for FAB or a
PerSeptive Biosystems Vestec spectrometer in positive linear mode at 5 kV
acceleration voltage either without a matrix or with 2,5-dihydroxybenzoic
acid as matrix for MALDI-TOF. Elemental analyses were performed by
the Ciba Forschungsdienste Zentrale Analytik, Basel, or by the Mikrolabor
at the Laboratorium für Organische Chemie, ETH Zürich. Electrochemical
measurements were performed with an EcoChemie Autolab PGSTAT 20
potentiostat. A conventional three-electrode configuration was used, with
glassy carbon working and platinum bead auxiliary electrodes and Ag/
AgCl reference. For the electrochemical measurements CH2Cl2, freshly
distilled from P4O10, was used as a solvent. The base electrolyte was 0.1m
[nBu4N][PF6], recrystallised twice from ethanol/water and thoroughly
dried in vacuo over P4O10. Potentials are quoted vs. the ferrocene/
ferrocenium couple (Fc/Fc�� 0.0 V), and all potentials were referenced to
internal ferrocene added at the end of each experiment.


(� )-2-[2-(3,4,5,6-Tetrahydro-2H-pyran-2-yloxy)ethoxy]ethyl ethyl malo-
nate (� )-(6): Ethyl malonyl chloride (2.8 mL, 21.98 mmol) was added to a
stirred solution of 7 (3.80 g, 19.98 mmol) and pyridine (3.2 mL,
39.96 mmol) in CH2Cl2 (300 mL) at 0 8C. The solution was warmed slowly
to RT (over 1 h) and stirred for 10 h. The resulting CH2Cl2 solution was
washed twice with brine, dried (MgSO4), filtered and evaporated to
dryness. Column chromatography (SiO2, CH2Cl2/4 % MeOH) yielded
4.91 g (16.11 mmol, 81 %) of 6. Colourless oil; 1H NMR (CDCl3, 200 MHz):
d� 1.19 (t, J� 7.2 Hz, 3 H), 1.30 ± 1.80 (m, 6 H), 3.31 (s, 2H), 3.35 ± 3.85 (m,
8H), 4.11 (q, J� 7.2 Hz, 2 H), 4.22 (m, 2 H), 4.54 (m, 1H); 13C NMR
(CDCl3, 50 MHz): d� 13.89, 19.10, 25.06, 30.19, 41.09, 61.10, 61.79, 64.21,
66.25, 68.46, 70.10, 98.55, 166.02, 166.20; IR (neat): nÄ � 1737 cmÿ1 (C�O);
MS (EI): m/z (%)� 303 (0.1) [M�ÿH], 275 (0.5) [M�ÿEt], 259 (0.2)
[M�ÿOEt], 159 (2) [THPO(CH2)2OCH�


2 ], 115 (14) [THPOCH�
2 ], 85


(100) [THP�]; C14H24O7 (304.3): calcd C 55.25, H 7.95; found C 55.25, H
7.90.


(� )-2-[2-(3,4,5,6-Tetrahydro-2H-pyran-2-yloxy)ethoxy]ethyl ethyl 2-bro-
momalonate (� )-(8): DBU (0.9 mL, 5.92 mmol) was added under N2 to a
stirred solution of (� )-6 (1.80 g, 5.915 mmol) in dry THF (200 mL) at 0 8C.
The resulting solution was warmed slowly to RT (over 30 min), then cooled
to ÿ78 8C. CBr4 (1.96 g, 5.915 mmol) was added and the resulting mixture
was stirred under N2 at ÿ78 8C for 2 h. Saturated aq NH4Cl (30 mL) was
added. The THF solution was diluted with hexane, extracted twice with


brine, and the combined aqueous layers were subsequently extracted with
CH2Cl2. The organic layers were dried (MgSO4), filtered and evaporated to
dryness. Column chromatography (SiO2, CH2Cl2/1.5 % MeOH) yielded
1.41 g (3.68 mmol, 62%) of (� )-8. Colourless oil; 1H-NMR (CDCl3,
200 MHz): d� 1.27 (t, J� 7.1 Hz, 3 H), 1.40 ± 1.90 (m, 6 H), 3.40 ± 3.90 (m,
8H), 4.24 (q, J� 7.1 Hz, 2H), 4.33 (m, 2 H), 4.58 (m, 1H) 4.83 (s, 1H); 13C
NMR (CDCl3, 50 MHz): d� 13.55, 19.17, 25.09, 30.24, 41.87, 61.92, 62.93,
65.87, 66.32, 68.23, 70.33, 98.64, 164.12, 164.29; IR (neat): nÄ � 1765,
1743 cmÿ1 (C�O); MS (EI): m/z (%)� 383 (0.2) [M�], 189 (6)
[THPO(CH2)2O(CH2)2O�], 159 (6) [THPO(CH2)2OCH�


2 ], 115 (7)
[THPOCH�


2 ], 85 (100) [THP�]; C14H23BrO7 (383.2): calcd C 43.88, H
6.05; found C 43.93, H 5.96.


(� )-2-[2-(3,4,5,6-Tetrahydro-2H-pyran-2-yloxy)ethoxy]ethyl ethyl 1,2-
methano[60]fullerene-61,61-dicarboxylate (� )-(9)


Method 1: DBU (0.2 mL, 1.39 mmol) was added under N2 at RT to a stirred
solution of C60 (500 mg, 0.694 mmol) and (� )-8 (266 mg, 0.694 mmol) in
toluene (600 mL). The resulting solution was stirred under N2 at RT for 4 h.
The reaction mixture was then filtered over a short plug of silica (toluene
then CH2Cl2/5% MeOH) and the solvent evaporated. Column chromatog-
raphy (SiO2, CH2Cl2/0.5% MeOH) followed by recrystallisation from
pentane/CH2Cl2 yielded 456 mg (0.446 mmol, 64%) of pure (� )-9. Dark
red solid; m.p.> 280 8C; 1H NMR (CDCl3, 200 MHz): d� 1.49 (t, J�
7.1 Hz, 3H), 1.50 ± 1.90 (m, 6H), 3.45 ± 3.95 (m, 8 H), 4.57 (q, J� 7 Hz,
2H), 4.65 (m, 3 H); IR (KBr): nÄ � 1745 cmÿ1 (C�O); UV/Vis (CH2Cl2): lmax


(e)� 258 (120 330), 326 (36 960), 392 (sh, 4130), 402 (sh, 2830), 413 (sh,
2060), 426 (2130), 490 (1260), 688 nm (155); MS (FAB): m/z (%)� 1022 (3)
[M�], 720 (62) [C�60], 85 (100) [THP�]; C74H22O7 ´ 0.2CH2Cl2 (1040.0): calcd
C 85.70, H 2.17; found C 85.84, H 2.21.


Method 2 : DBU (0.2 mL, 1.39 mmol) was added under N2 at RT to a stirred
solution of C60 (500 mg, 0.694 mmol), iodine (176 mg, 0.694 mmol) and (�
)-6 (266 mg, 0.694 mmol) in toluene (600 mL). The resulting solution was
stirred under N2 at RT for 4 h. The reaction mixture was then filtered over a
short plug of silica (toluene then CH2Cl2/5% MeOH) and the solvent
evaporated. Column chromatography (SiO2, CH2Cl2/0.5% MeOH) fol-
lowed by recrystallisation from pentane/CH2Cl2 yielded 403 mg
(0.394 mmol, 57%) of pure (� )-9.


2-(2-Hydroxyethoxy)ethyl ethyl 1,2-methano[60]fullerene-61,61-dicarbox-
ylate (10): A mixture of (� )-9 (440 mg, 0.43 mmol) and p-TsOH (409 mg,
2.15 mmol) in EtOH/toluene 3:1 (400 mL) was stirred at 60 8C under N2 for
3 h. The resulting solution was then evaporated to dryness, and column
chromatography (SiO2, CH2Cl2/2 % MeOH) followed by recrystallisation
from pentane/CH2Cl2 yielded 381 mg (0.406 mmol, 94%) of pure 10. Dark
red solid; m.p.> 280 8C; 1H NMR (CDCl3, 200 MHz): d� 1.50 (t, J�
7.1 Hz, 3H), 2.08 (t, J� 5.9 Hz, 1H), 3.66 (m, 2H), 3.75 (m, 2 H), 3.90 (m,
2H), 4.58 (q, J� 7.1 Hz, 2 H), 4.68 (m, 2H); 13C NMR (CDCl3, 125 MHz):
d� 14.21, 52.09, 61.81, 63.56, 65.98, 68.71, 71.47, 72.40, 138.89, 139.13,
140.95, 140.96, 141.84, 141.87, 142.18, 142.20, 142.96, 143.00, 143.01, 143.07,
143.09, 143.88, 144.59, 144.63, 144.68, 144.89, 145.12, 145.15, 145.17, 145.18,
145.26, 163.56, 163.63; IR (KBr): nÄ � 3423 (OÐH), 1744 cmÿ1 (C�O); UV/
Vis (CH2Cl2): lmax (e)� 258 (105 500), 327 (31 750), 393 (sh, 3460), 402 (sh,
2550), 413 (sh, 1930), 426 (1790), 488 (1290), 688 nm (180); MS (FAB): m/z
(%)� 938 (23) [M�], 720 (100) [C�60]; C69H14O6 ´ 1/3 CH2Cl2 (967.2): calcd C
86.10, H 1.53; found C 86.06, H 1.72.


2-[2-(Acetyloxy)ethoxy]ethyl ethyl 1,2-methano[60]fullerene-61,61-dicar-
boxylate (11)


Method 1: A solution of 10 (80 mg, 0.085 mmol), AcOH (5.6 mg,
0.093 mmol), DCC (21 mg, 0.102mmol) and DMAP (5 mg, 0.041 mmol)
in CH2Cl2 (15 mL) was stirred at RT for 16 h. The resulting dark red
mixture was evaporated to dryness, and column chromatography (SiO2,
CH2Cl2) followed by recrystallisation from pentane/CH2Cl2 yielded 78 mg
(0.080 mmol, 93 %) of pure 11. Dark red solid; m.p.> 280 8C; 1H NMR
(CDCl3, 300 MHz): d� 1.49 (t, J� 7.1 Hz, 3H), 2.09 (s, 3H), 3.74 (t, J�
5.0 Hz, 2H), 3.88 (t, J� 5.0 Hz, 2H), 4.23 (t, J� 5.0 Hz, 2 H), 4.57 (q, J�
7.1 Hz, 2H), 4.66 (m, 2H); 13C NMR (CDCl3, 125 MHz): d� 14.22, 20.95,
52.05, 63.44, 63.47, 65.98, 68.71, 69.20, 71.48, 138.90, 139.16, 140.92, 140.95,
141.84, 141.88, 142.18, 142.20, 142.37, 142.80, 142.95, 142.99, 143.01, 143.07,
143.09, 143.87, 143.88, 144.44, 144.58, 144.61, 144.64, 144.67, 144.68, 144.88,
145.13, 145.14, 145.17, 145.18, 145.26, 145.28, 163.39, 163.60, 170.92; IR
(KBr): nÄ � 1741 cmÿ1 (C�O); UV/Vis (CH2Cl2): lmax (e)� 258 (104 250),
326 (31 100), 393 (sh, 3620), 402 (sh, 2500), 413 (sh, 1790), 426 (1870), 490
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(1070), 687 nm (110); MS (FAB): m/z (%)� 980 (35) [M�], 720 (100) [C�60];
C71H16O7 ´ 0.2 CH2Cl2 (997.9): calcd C 85.70, H 1.66; found C 85.94, H 1.85.


Method 2 : A solution of 10 (50 mg, 0.053 mmol), acetyl chloride (5 mg,
0.064 mmol) and Et3N (0.1 mL) in dry CH2Cl2 (50 mL) was stirred at RT
under N2 for 8 h. The resulting dark red mixture was evaporated to dryness,
and column chromatography (SiO2, CH2Cl2) followed by recrystallisation
from pentane/CH2Cl2 yielded 46 mg (0.047 mmol, 89%) of pure 11.


Bis{[(61-ethoxycarbonyl)methano[60]fullerene-61-yl]-2-(2-carboxyeth-
oxy)ethyl} 2,2'-bipyridine-4,4'-dicarboxylate (4): A solution of 5 (18.4 mg,
0.074 mmol), 10 (153 mg, 0.163 mmol) and Et3N (0.05 mL) in dry CHCl3


(100 mL) was refluxed under N2 for 15 h. The resulting dark red mixture
was evaporated to dryness, and column chromatography (SiO2, CH2Cl2/1.5
to 2 % MeOH) followed by recrystallisation from pentane/CH2Cl2 yielded
82 mg (0.039 mmol, 53%) of pure 4. Dark red solid; m.p.> 280 8C; 1H
NMR (CDCl3, 200 MHz): d� 1.47 (t, J� 7.1 Hz, 6 H), 3.92 (m, 8H), 4.54
(m, 4 H), 4.55 (q, J� 7.1 Hz, 4 H), 4.68 (m, 4H), 7.91 (dd, J� 5.1, 1.5 Hz,
2H), 8.85 (d, J� 5.1 Hz, 2H), 8.94 (br s, 2H); 13C NMR (CDCl3, 125 MHz):
d� 13.59, 52.05, 63.48, 64.71, 66.01, 68.84, 69.03, 71.45, 120.74, 125.27,
138.42, 138.80, 139.20, 140.87, 140.90, 141.79, 141.84, 142.14, 142.16, 142.90,
142.95, 142.97, 143.04, 143.82, 143.85, 144.52, 144.57, 144.58, 144.63, 144.65,
144.86, 145.06, 145.08, 145.11, 145.14, 145.15, 145.21, 145.23, 145.30, 150.16,
156.47, 163.36, 163.60, 165.06; IR (KBr): nÄ � 1739 cmÿ1 (C�O); UV/Vis
(CH2Cl2): lmax (e)� 258 (186 900), 325 (57 490), 392 (sh, 8640), 402 (sh,
6230), 413 (sh, 4700), 426 (4470), 481 (2550), 686 nm (240); MS: see Table 1;
C150H32N2O14 ´ 2.6CH2Cl2 (2306.8): calcd C 79.46, H 1.63, N 1.21; found C
79.25, H 1.90, N 1.54.


4'-[2-(2-Hydroxyethoxy)ethoxy]-2,2':6',2''-terpyridine (17): A mixture of 15
(1 g, 4.0 mmol), K2CO3 (1.7 g, 12.3 mmol) and NaI (0.6 g, 4.0 mmol) in
anhydrous DMF was stirred at 70 8C for 30 min. 2-(2-Chloroethoxy)ethanol
(527 mg, 4.23 mmol) was then added dropwise to the suspension and the
reaction mixture was stirred at 70 8C for 20 h. The solvent was removed
under reduced pressure. The residue was dissolved in CH2Cl2, washed
sucessively with aq NaOH (2n), saturated aq NaHCO3 and water, dried
(MgSO4), filtered and evaporated to dryness to yield 17 (1.12 g, 82%).
Colourless microcrystalline solid; m.p. 113 ± 114 8C; 1H NMR (300 MHz,
CDCl3): d� 3.17 (br t, J� 5.8 Hz, 1H), 3.65 ± 3.67 (m, 2 H), 3.74 ± 3.76 (m,
2H), 3.88 ± 3.90 (m, 2H), 4.38 ± 4.40 (m, 2H), 7.27 ± 7.31 (m, 2H), 7.81 (dt,
J� 7.7, 1.8 Hz, 2H), 8.07 (s, 2H), 8.57 (d, J� 8.0 Hz, 2 H), 8.65 (d, J�
4.8 Hz, 2H); 13C NMR (75 MHz, CDCl3): d� 61.69, 67.85, 69.82, 72.81,
107.72, 121.31, 123.75, 136.76, 148.94, 155.98, 156.96, 167.04; MS (MALDI-
TOF): m/z� 339 [M��H], 361 [M��Na], 378 [M��K]; C19H19N3O3


(337.4): calcd C 67.6, H 5.7, N 12.4; found C 67.4, H 5.5, N 12.4.


2-[2-(2,2':6',2''-Terpyridyl-4'-oxy)ethoxy]ethyl ethyl malonate (13): Com-
pound 17 (1.05 g, 3.11 mmol) was treated with ethyl malonylchloride
(0.515 g, 3.4 mmol) and pyridine (0.28 mL, 3.45 mmol) in CH2Cl2 (50 mL)
according to the procedure described for (� )-6. After standard work-up,
column chromatography (SiO2, CHCl3/2% satd methanolic NH3) yielded
13 (1.0 g, 70 %). Colourless oil; 1H NMR (300 MHz, CDCl3): d� 1.24 (t,
J� 7.1 Hz, 3H), 3.41 (s, 2H), 3.81 (m, 2H), 3.90 ± 3.92 (m, 2 H), 4.17 (q, J�
7.1 Hz, 2 H), 4.31 ± 4.33 (m, 2 H), 4.37 ± 4.39 (m, 2H), 7.28 ± 7.33 (m, 2H),
7.83 (dt, J� 7.7, 1.8 Hz, 2 H), 8.03 (s, 2 H), 8.59 (d, J� 8.0 Hz, 2H), 8.66 (d,
J� 4.8 Hz, 2H); 13C NMR (75 MHz, CDCl3) d� 14.00, 41.42, 61.48, 64.49,
67.69, 69.15, 69.37, 107.36, 121.27, 123.78, 136.72, 148.98, 155.97, 157.12,
166.40, 166.59, 166.85; MS (MALDI-TOF): m/z� 52 [M��H], 474
[M��Na], 491 [M��K]; C24H25N3O6 ´ 1/3 H2O (457.5): calcd C 63.0, H 5.7,
N 9.2; found C 63.1, H 5.6, N 9.3.


2-{2-[(2,2':6',2''-Terpyridin-4'-yl)oxy]ethoxy}ethyl ethyl 2-bromomalonate
(19): Compound 13 (500 mg, 1.10 mmol) was treated with DBU (206 mg,
1.32 mmol) and CBr4 (458 mg, 1.37 mmol) in THF (50 mL) according to the
procedure described for (� )-8. After standard work-up, the resulting
product (580 mg) was used in the next step without further purification.
Colourless oil; 1H NMR (300 MHz, CDCl3): d� 1.26 (t, J� 7.1 Hz, 3H),
4.25 (q, J� 7.1 Hz, 2 H), 4.46 ± 4.48 (m, 4H), 4.64 ± 4.66 (m, 4H), 4.92 (s,
1H), 7.30 ± 7.35 (m, 2 H), 7.83 (dt, J� 7.7, 1.8 Hz, 2H), 8.03 (s, 2 H), 8.60 (d,
J� 8.0 Hz, 2 H), 8.66 (d, J� 4.8 Hz, 2 H); 13C NMR (75 MHz, CDCl3) d�
13.81, 42.11, 63.25, 66.08, 67.71, 68.86, 69.42, 107.37, 121.29, 123.82, 136.76,
148.98, 155.90, 157.08, 164.30, 164.63, 166.83; MS (MALDI-TOF): m/z�
531 [M��H], 452 [M�ÿBr�H].


2-[2-(Tosyloxy)ethoxy]ethyl ethyl 1,2-methano[60]fullerene-61,61-dicar-
boxylate (21): A solution of TsCl (1.22 g, 6.38 mmol) in CH2Cl2 (20 mL)


was added dropwise in 20 min under N2 to a stirred solution of 10 (300 mg,
0.319 mmol) in CH2Cl2/pyridine 8:2 (100 mL) at ÿ2 8C. The solution was
warmed slowly to RT (2 h) and stirred for 10 h at this temperature. The
resulting CH2Cl2 solution was washed twice with saturated aq NH4Cl, then
water, dried (MgSO4), filtered and evaporated to dryness. Column
chromatography (SiO2, CH2Cl2/hexane 4:1) yielded 242 mg (0.221 mmol,
69%) of pure 21. Dark red solid; m.p.> 280 8C; 1H NMR (300 MHz,
CDCl3): d� 1.48 (t, J� 7.1 Hz, 3H), 2.45 (s, 3 H), 3.73 (t, J� 5.0 Hz, 2H),
3.82 (t, J� 5.0 Hz, 2H), 4.17 (t, J� 5.0 Hz, 2 H), 4.56 (q, J� 7.1 Hz, 2H),
4.58 (m, 2H), 7.36 (d, J� 7.9 Hz, 2H), 7.81 (d, J� 7.9 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d� 14.30, 21.74, 52.09, 63.60, 65.90, 68.80, 68.91, 69.07,
71.50, 127.96, 129.94, 132.95, 138.86, 139.21, 140.93, 140.94, 141.82, 141.90,
142.19, 142.20, 142.21, 142.96, 143.04, 143.10, 143.88, 143.89, 144.58, 144.63,
144.69, 144.91, 145.16, 145.29, 163.41, 163.60; IR (KBr): nÄ � 1744 cmÿ1


(C�O); UV/Vis (CH2Cl2): lmax (e)� 258 (103 800), 326 (30 160), 392 (sh,
3780), 402 (sh, 2560), 413 (sh, 1840), 426 (1910), 492 (1090), 688 nm (150);
MS (FAB): m/z (%)� 1092 (47) [M�], 720 (100) [C�60]; C76H20O8S ´
0.8CH2Cl2 (1161.0): calcd C 79.4, H 1.9 ; found C 79.6, H 2.0.


2-{2-[(2,2':6',2''-Terpyridin-4'-yl)oxy]ethoxy}ethyl ethyl 1,2-methano[60]-
fullerene-61,61-dicarboxylate (2)
Method 1: Compound 19 (500 mg, 0.94 mmol) was treated with DBU
(171 mg, 1.13 mmol) and C60 (814 mg, 1.13 mmol) in toluene (300 mL)
according to the procedure described for (� )-9. After standard work-up,
the brown crude material was subjected to column chromatography (SiO2,
CH2Cl2/3 % satd methanolic NH3) to afford 2 (570 mg, 52 %). Dark brown
powder; m.p.> 270 8C; 1H NMR (300 MHz, CDCl3): d� 1.45 (t, J� 7.1 Hz,
3H), 3.96 ± 4.00 (m, 4H), 4.36 ± 4.38 (m, 2H), 4.56 (q, J� 7.1 Hz, 2 H), 4.69 ±
4.71 (m, 2H), 7.30 ± 7.33 (m, 2H), 7.83 (dt, J� 7.7, 1.8 Hz, 2H), 8.02 (s, 2H),
8.59 (d, J� 8.0 Hz, 2H), 8.66 (d, J� 4.8 Hz, 2H); 13C NMR (125 MHz,
CDCl3): d� 14.21, 52.13, 63.50, 66.15, 67.91, 68.31, 69.13, 69.48, 71.50,
107.45, 121.34, 123.82, 136.72, 138.76, 139.24, 140.87, 141.81, 142.13, 142.14,
142.87, 142.90, 142.91, 142.96, 142.99, 143.80, 143.84, 144.53, 144.54, 144.55,
144.59, 144.60, 144.62, 144.82, 145.07, 145.09, 145.10, 145.14, 145.17, 145.19,
145.40, 145.86, 146.37, 149.01, 155.96, 157.17, 163.44, 163.68, 166.79; UV/Vis
(CH2Cl2): lmax (e)� 257 (130 800), 325 (36 150), 393 (sh, 5170), 401 (sh,
3950), 413 (sh, 2920), 426 (2800), 483 (1770), 689 nm (160); MS: see Table 1;
C84H23N3O6 ´ 2 H2O (1206.2): calcd C 83.65, H 2.26, N 3.48; found C 83.35,
H, 2.47, N, 3.93.
Method 2 : A suspension of 15 (100 mg, 0.4 mmol) and K2CO3 (115 mg,
0.8 mmol) in DMF (10 mL) was stirred for 15 min at 60 8C. 21 (250 mg,
0.23 mmol) was added and the resulting mixture was stirred for 4 h at 60 8C.
The suspension was then poured in water (100 mL). The resulting
precipitate was collected by filtration, washed successively with aq NaOH
(0.1m), water and EtOH, dissolved in CH2Cl2, dried (MgSO4), filtered and
evaporated to dryness. Column chromatography (SiO2, CH2Cl2/3% satd
methanolic NH3) yielded 2 (43 mg, 16%).


4'-(2-Hydroxyethoxy)-2,2':6',2''-terpyridine (18): A mixture of 16 (1.5 g,
4.8 mmol) and anhydrous FeCl2 (0.6 g, 4.8 mmol) in dry ethylene glycol
(30 mL) was refluxed for 3 h. After cooling, the purple reaction mixture
was precipitated by addition of aq NH4PF6. The precipitate was collected
on a pad of Celite and washed with water before being redissolved in
MeCN. The deep purple solution was reduced to 10 mL and aq NaOH
(0.5m, 100 mL) was added. The alkaline solution was carefully treated with
H2O2 until disappearance of the purple colour. The resulting mixture was
filtered and partial removal of the solvent caused a colourless solid to
precipitate. After collection by filtration, the product was recrystallised
from EtOH to afford 18 (0.90 g, 64 %). Colourless crystals; m.p. 150 ±
151 8C; 1H NMR (300 MHz, CDCl3): d� 2.41 (br t, J� 5.8 Hz, 1 H),
3.99 ± 4.01 (m, 2 H), 4.31 ± 4.33 (m, 2H), 7.29 ± 7.33 (m, 2 H), 7.82 (dt, J�
7.7, 1.8 Hz, 2H), 8.01 (s, 2 H), 8.57 (d, J� 8.0 Hz, 2H), 8.63 (d, J� 4.8 Hz,
2H); MS (EI): m/z� 293 [M�], C17H15N3O2 ´ 1/3H2O (299.3): calcd C 68.2,
H 5.3, N 14.0; found C 68.0, H 5.0, 13.9.


2-[(2,2':6',2''-Terpyridin-4'-yl)oxy]ethyl ethyl malonate (14): Compound 18
(0.8 g, 2.72 mmol) was treated with ethyl malonylchloride (0.463 g,
3.07 mmol) and pyridine (0.22 mL, 2.72 mmol) in CH2Cl2 (50 mL) accord-
ing to the procedure described for 6. After standard work-up, recrystallisa-
tion from EtOH yielded 14 (0.84 g, 70 %). Colourless oil; m.p. 68.5 ± 69 8C;
1H NMR (300 MHz, CDCl3): d� 1.26 (t, J� 7.1 Hz, 3H), 3.43 (s, 2H), 4.18
(q, J� 7.1 Hz, 2 H), 4.45 ± 4.47 (m, 2 H), 4.56 ± 4.58 (m, 2H), 7.28 ± 7.33 (m,
2H), 7.83 (dt, J� 7.7, 1.8 Hz, 2 H), 8.03 (s, 2H), 8.59 (d, J� 8.0 Hz, 2 H), 8.66
(d, J� 4.8 Hz, 2 H); 13C NMR (75 MHz, CDCl3): d� 14.01, 41.39, 61.60,
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63.35, 65.72, 107.29, 121.28, 123.87, 136.75, 149.02, 155.89, 157.25, 166.24,
166.51, 166.57; MS (MALDI-TOF): m/z� 408 [M��H], 430 [M��Na], 447
[M��K]; C22H21N3O5 (407.4): calcd C 64.9, H 5.2, N 10.3; found C 64.8 , H
4.9, N 10.3.


2-[(2,2':6',2''-Terpyridin-4'-yl)oxy]ethyl ethyl 2-bromomalonate (20): Com-
pound 14 (475 mg, 1.21 mmol) was treated with DBU (234 mg, 1.51 mmol)
and CBr4 (501 mg, 1.51 mmol) in THF (50 mL) according to the procedure
described for (� )-8. After standard work-up, the resulting product
(600 mg) was used in the next step without further purification. Colourless
oil; 1H NMR (300 MHz, CDCl3): d� 1.26 (t, J� 7.1 Hz, 3H), 4.25 (q, J�
7.1 Hz, 2H), 4.46 ± 4.48 (m, 2 H), 4.64 ± 4.66 (m, 2H), 4.92 (s, 1H), 7.31 ± 7.36
(m, 2 H), 7.83 (dt, J� 7.7, 1.8 Hz, 2H), 8.03 (s, 2H), 8.60 (d, J� 8.0 Hz, 2H),
8.66 (d, J� 4.8 Hz, 2 H); 13C NMR (75 MHz, CDCl3): d� 13.81, 42.02, 63.37,
64.83, 65.48, 107.26, 121.30, 123.92, 136.81, 149.00, 155.77, 157.22, 164.30,
165.22, 166.47; MS (MALDI-TOF): m/z� 446 [M�ÿBr�K], 509
[M��Na], 526 [M��K].


2-[(2,2':6',2''-Terpyridin-4'-yl)oxy]ethyl ethyl 1,2-methano[60]fullerene-
61,61-dicarboxylate (3): Compound 20 (530 mg. 1.0 mmol) was treated
with DBU (182 mg, 1.2 mmol) and C60 (860 mg, 1.2 mmol) in toluene
(300 mL) according to the procedure described for (� )-9. After standard
work-up, the brown crude material was subjected to column chromatog-
raphy (SiO2, CH2Cl2/3% satd methanolic NH3) to afford 3 (686 mg, 55%).
Dark brown powder; m.p.> 270 8C; 1H NMR (300 MHz, CDCl3): d� 1.45
(t, J� 7.1 Hz, 3 H), 4.53 (q, J� 7.1 Hz, 2 H), 4.61 ± 4.63 (m, 2H), 4.92 ± 4.94
(m, 2H), 7.29 ± 34 (m, 2 H), 7.80 (dt, J� 7.7, 1.8 Hz, 2 H), 8.02 (s, 2H), 8.57 (d,
J� 8.0 Hz, 2 H), 8.66 (d, J� 4.8 Hz, 2H); 13C NMR (125 MHz, CDCl3): d�
14.22, 52.01, 63.59, 64.96, 65.66, 65.82, 71.43, 107.40, 121.32, 123.91, 136.77,
138.41, 139.51, 140.81, 140.95, 141.78, 141.86, 142.14, 142.15, 142.76, 142.87,
142.90, 142.91, 142.93, 142.98, 143.73, 143.85, 144.53, 144.58, 144.60, 144.63,
144.65, 144.82, 144.90, 144.94, 145.10, 145.13, 145.20, 145.22, 145.38, 149.02,
155.80, 157.32, 163.36, 163.66, 166.41; UV/Vis (CH2Cl2): lmax (e)� 257
(119 950) , 325 (32 660), 393 (sh, 4270), 401 (sh, 3190), 413 (sh, 2250), 426
(2230), 486 (1360), 689 nm (130); MS: see Table 1; C82H19N3O5 ´ 5.5H2O
(1225.2): calcd C 80.39, H 2.47, N 3.43; found C 80.27, H 2.12, N 3.93.


Dimethyl 3-methylpentanedioate (24): A mixture of p-TsOH (0.25 g), 23
(25 g), MeOH (8.5 mL, 0.21 mol) and 2,2-dimethoxypropane (35.4 g,
0.34 mol) was stirred for 14 h at 45 8C. The solvents were removed in
vacuo and the liquid residue distilled under high vacuum to yield 24 (24.1 g,
81%). Colourless oil; b.p. 106 8C/10 Torr (ref. [27] b.p. 110 8C/19 Torr).


1,5-Bis(2-pyridyl)-3-methylpentane-1,5-dione (25): nBuLi in hexanes
(1.6m, 85.6 mL, 0.137 mol) was added to a solution of TMEDA (20.5 mL,
0.137 mol) in dry THF (300 mL) at ÿ78 8C under N2. 2-Bromopyridine
(13 mL, 0.137 mol) was then added dropwise and the temperature was
raised to ÿ55 8C; the resulting mixture was stirred for 30 min at this
temperature then cooled to ÿ78 8C and 24 (10 g, 0.057 mol) was added in
one portion. The resulting mixture was stirred at ÿ78 8C for 1 h and H2O
(100 mL) was added. The aq layer was acidified with 10% aq HCl (50 mL)
and extracted with CH2Cl2 (200 mL). Neutralisation of the aq layer with
10% aq NaOH (60 mL) caused the product to separate as an oil. The latter
was recovered by extraction with CH2Cl2. The organic extract was dried
(Na2SO4), filtered and evaporated to dryness. Column chromatography
(SiO2, CH2Cl2/EtOAc 9:1) followed by recrystallisation from cold heptane
yielded 25 (6.26 g, 41 %). Colourless solid; m.p. 50 ± 51 8C; 1H NMR
(300 MHz, CDCl3): d� 1.05 (d, J� 6.5 Hz, 3 H), 2.80 ± 2.93 (m, 1 H), 3.14 ±
3.31 (m, 4H), 7.35 ± 7.41 (m, 2 H), 7.76 (dt, J� 7.5, 2.0 Hz, 2 H), 7.97 (d, J�
7.7 Hz, 2H), 8.58 (d, J� 4.8H, 2 Hz); 13C NMR (75 MHz, CDCl3): d�
20.50, 25.54, 44.36, 121.68, 126.90, 136.76, 148.78, 153.60, 201.00; IR (KBr):
nÄ � 1700 cmÿ1 (C�O); MS (FAB): m/z� 269 [M��H]; C16H16O2N2 (268.3):
calcd C 71.62, H 6.01, N 10.44; found C 71.53, H 6.07, N 10.40.


4'-Methyl-2,2':6',2''-terpyridine (22): A solution of 25 (2.4 g, 9.0 mmol) and
ammonium acetate (6.0 g, 78 mmol) in glacial acetic acid (120 mL) was
refluxed in air for 2 h. The resulting mixture was concentrated to 20 mL and
poured into 10 % aq NaOH (200 mL). The yellow precipitate was collected
by filtration, washed with water and dried under high vacuum. Recrystal-
lisation from cold heptane yielded pure 26 (1.7 g, 76 %). Slightly yellow
solid; m.p. 96 ± 97 8C (ref. [23] m.p. 97 ± 100 8C).


Ethyl (2,2':6',2''-terpyridin-4'-yl)acetate (26): MeLi in Et2O (1.6m, 1.4 mL,
2.24 mol) was added to a solution of 2,2,6,6-tetramethylpiperidine
(0.42 mL, 2.5 mmol) in dry THF (5 mL) at ÿ10 8C. After the resulting
yellow solution was stirred for 15 min at ÿ10 8C, a solution of 22 (0.5 g,


2 mmol) in THF (5 mL) was added. The resulting deep red solution was
transferred over 1 h through a cannula to a cooled solution (ÿ10 8C) of
ethyl chloroformate (0.23 mL, 2.4 mmol) in THF (10 mL). The reaction
mixture was then allowed to warm to RT, and stirred for a further 30 min
before being quenched with water (50 mL). The THF was removed under
reduced pressure, and the resulting emulsion was extracted with CH2Cl2


(150 mL); the organic extract was washed with brine (50 mL), dried
(MgSO4), filtered and evaporated to dryness. Column chromatography
(SiO2, Hexane/Et2NH 9:1) followed by recrystallisation from n-hexane
yielded 26 (0.41 g, 64%). Colourless needles; m.p. 86 ± 87 8C; 1H NMR
(300 MHz, CDCl3): d� 1.23 (t, J� 7.1 Hz, 3H), 3.78 (s, 2H), 4.16 (q, J�
7.1 Hz, 2 H), 7.23 ± 7.32 (m, 2H), 7.82 (dt, J� 7.7, 1.8 Hz, 2H), 8.37 (s, 2H),
8.58 (d, J� 8.0 Hz, 2H), 8.66 (d, J� 4.8 Hz, 2H); 13C NMR (75 MHz,
CDCl3): d� 14.11, 40.95, 61.14, 121.24, 121.84, 123.74, 136.76, 144.89,
149.02, 155.61, 155.96, 170.15; IR (KBr): nÄ � 1736 cmÿ1 (C�O); MS (FAB):
m/z� 320 [M��H], 247 [M�ÿCOOEt�H]; C19H17O2N3 (319.4): calcd C
71.46, H 5.37, N 13.16; found C 71.47, H 5.36, N 13.25.


Ethyl bromo(2,2':6',2''-Terpyridin-4'-yl)acetate (27): Compound 26
(380 mg, 1.19 mmol) was treated with DBU (180 mL, 1.20 mmol) and
CBr4 (395 mg, 1.19 mmol) in THF (60 mL) according to the procedure
described for (� )-8. After standard work-up, the resulting product
(470 mg) was used in the next step without further purification. Pale
yellow oil; 1H NMR (300 MHz, CDCl3): d� 1.25 (t, J� 7.1 Hz, 3 H), 4.10 ±
4.31 (m, 2H), 5.44 (s, 1H), 7.24 ± 7.34 (m, 2 H), 7.80 (dt, J� 7.7, 1.8 Hz, 2H),
8.55 (d, J� 8.0 Hz, 2 H), 8.59 (s, 2H), 8.66 (d, J� 4.8 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d� 13.86, 45.06, 62.83, 120.49, 121.22, 123.98, 136.82,
146.38, 149.11, 155.34, 156.08, 167.38; MS (FAB): m/z� 400 [M��H], 354
[M�ÿEtO�2H], 247 [M�ÿCOOEtÿBr�2H].


Ethyl 61-(2,2':6',2''-terpyridin-4'-yl-)-1,2-methano-[60]-fullerene-61-car-
boxylate (1)


Method 1: Compound 27 (350 mg, 0.87 mmol) was treated with DBU
(150 mL, 1.00 mmol) and C60 (751 mg, 1.04 mmol) in toluene (300 mL)
according to the procedure described for (� )-9. After standard work-up,
the brown crude material was subjected to column chromatography (SiO2,
CH2Cl2/3 % satd methanolic NH3) to afford 1 (705 mg, 78 %). Dark brown
powder; m.p.> 270 8C; 1H NMR (500 MHz, CDCl3): d� 1.37 (t, J� 7.1 Hz,
3H), 4.46 (q, J� 7.1 Hz, 2 H), 7.37 ± 7.40 (m, 2 H), 7.91 (dt, J� 7.7, 1.8 Hz,
2H), 8.74 (d, J� 8.0 Hz, 2 H), 8.77 (d, J� 4.8 Hz, 2H), 9.20 (s, 2 H); 13C
NMR (125 MHz, CDCl3): d� 14.30, 54.70, 63.29, 74.89, 121.42, 124.09,
136.87, 138.13, 138.51, 140.94, 140.97, 141.94, 142.16, 142.19, 142.20, 142.85,
142.94, 142.97, 143.07, 143.09, 143.42, 143.65, 143.92, 144.42, 144.43, 144.51,
144.63, 144.70, 144.72, 144.78, 145.13, 145.14, 145.18, 145.22, 145.39, 145.54,
145.92, 145.94, 146.80, 146.83, 149.32, 155.59, 155.91, 165.60; IR (KBr): nÄ �
1740 cmÿ1 (C�O); UV/Vis (CH2Cl2): lmax (e)� 256 (119 700), 320 (43 800),
394 (sh, 4900), 403 (sh, 3550), 415 (sh, 2540), 428 (3400), 483 (1700), 688 nm
(140); MS: see Table 1; C79H15O2N3 ´ 1.5H2O (1065.0): calcd C 89.10, H 1.69,
N 3.95; found C 89.13, H 1.82, N 4.26.


Method 2 : Compound 26 (100 mg, 0.311 mmol) was treated with DBU
(100 mL, 0.68 mmol), I2 (80 mg, 0.31 mmol) and C60 (223 mg. 0.31 mmol) in
toluene (300 mL) according to the procedure described for (� )-9. After
standard work-up, the brown crude material was subjected to column
chromatography (SiO2, CH2Cl2/3% satd methanolic NH3) to afford 1
(85 mg, 26%).


[Ru(4)(bipy)2][PF6]2 : A mixture of cis-(bipy)2Cl2 (35 mg, 0.072 mmol) and
AgBF4 (20 mg, 1.00 mmol) in acetone (10 mL) was refluxed for 2 h. After
cooling and filtration, the solvent was evaporated and the residue taken up
in DMF (20 mL); 4 (150 mg, 0.072 mmol) was then added. The resulting
mixture was refluxed for 3 h. After cooling, the crude product was
precipitated as its PF6 salt by addition of a methanolic solution of NH4PF6


followed by water. The brown solid was filtered, washed with water, MeOH
and Et2O. Column chromatography (SiO2, CH2Cl2/15% MeOH) yielded
[Ru(4)(bipy)2][PF6]2 (72 mg, 36%). Dark brown solid; m.p.> 280 8C; 1H
NMR (CD2Cl2, 200 MHz): d� 1.33 (t, J� 7.1 Hz, 6 H), 3.90 (m, 8H), 4.50
(q, J� 7.1 Hz, 4H), 4.55 (m, 4H), 4.65 (m, 4H), 7.44 ± 7.55 (m, 4 H), 7.65 ±
7.71 (m, 4 H), 7.95 ± 8.15 (m, 8H), 8.43 ± 8.47 (m, 4 H), 9.07(s, 2 H); IR
(KBr): nÄ � 1731 cmÿ1 (C�O); UV/Vis (CH2Cl2): lmax (e)� 257 (236 600),
285 (sh, 143 100), 310 (98 200), 364 (sh, 40500), 393 (sh, 23100), 402 (sh,
20800), 413 (sh, 19300), 426 (19 900), 480 (17 700), 681 (1260); MS: see
Table 1; C170H48O14N6P2F12Ru ´ 2H2O (2825.3): calcd C 72.27, H 1.86, N
2.97; found C 72.46, H 1.82, N 3.28.
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[Ru(2)(tpy)][PF6]2 : A mixture of [Ru(tpy)Cl3] (29 mg, 0.065 mmol) and
AgBF4 (35 mg, 0.18 mmol) in acetone (10 mL) was refluxed for 2 h. After
cooling and filtration, DMF (20 mL) was added to the filtrate and acetone
removed in vacuo. The resulting blue solution was added to a solution of 2
(70 mg, 0.06 mmol) in DMF (5 mL) and the mixture was refluxed for 3 h.
After cooling, the crude product was precipitated as its PF6 salt by addition
of aq NH4PF6 (0.02m, 50 mL). The brown solid was filtered, washed with
water, MeOH and Et2O. Column chromatography (SiO2, CH2Cl2/MeOH
8:2) yielded [Ru(2)(tpy)][PF6]2 (56 mg, 52 %). Dark red powder; m.p.>
270 8C; 1HÐNMR (300 MHz, CD3CN): d� 1.45 (t, J� 7.1 Hz, 3 H), 4.01 ±
4.03 (m, 2H), 4.07 ± 4.09 (m, 2H), 4.54 (q, J� 8.1 Hz, 2 H), 4.60 ± 4.62 (m,
2H), 4.74 ± 4.76 (m, 2H), 7.06 ± 7.11 (m, 2H), 7.12 ± 7.16 (m, 2H), 7.24 (d, J�
5.4 Hz, 2H), 7.33 (d, J� 5.4 Hz, 2H), 7.84 (dt, J� 7.7, 1.8 Hz, 2H), 7.89 (dt,
J� 7.7, 1.8 Hz, 2 H), 8.28 (s, 2H), 8.34 (t, J� 8.1 Hz, 1H), 8.42 (d, J� 8.1 Hz,
2H), 8.45 (d, J� 8.1 Hz, 2H), 8.69 (d, J� 8.1 Hz, 2 H); 13C NMR (125 MHz,
CD3CN): d� 14.48, 53.87, 64.77, 67.14, 69.72, 70.93, 72.68, 112.19, 124.51,
125.20, 125.42, 128.36, 128.40, 136.13, 138.77, 138.81, 139.73, 139.88, 141.74,
141.80, 142.74, 142.91, 143.00, 143.72, 143.79, 143.83, 143.93, 144.60, 144.64,
145.37, 145.52, 145.56, 145.64, 145.99, 146.19, 146.41, 146.48, 152.97, 153.58,
156.70, 156.83, 158.78, 159.11, 164.02, 164.19, 167.06; UV/Vis (CH2Cl2): lmax


(e)� 260 (140 350), 310 (91 350), 327 (sh, 60 120) 394 (sh, 8720), 403 (sh,
8000), 415 (sh, 8410), 426 (10 400), 482 (20 010), 686 nm (270); MS: see
Table 1.


[Ru(3)(tpy)][PF6]2 : This complex was prepared from [Ru(tpy)Cl3] (29 mg,
0.065 mmol), AgBF4 (35 mg, 0.18 mmol) and 3 (68 mg, 0.06 mmol)
according to the procedure described for [Ru(2)(tpy)][PF6]2. After stand-
ard work-up, the brown crude material was subjected to column chroma-
tography (SiO2, CH2Cl2/MeOH 8:2) to afford [Ru(3)(tpy)][PF6]2 (50 mg,
48%). Dark red powder; m.p.> 270 8C; 1H NMR (300 MHz, CD3CN): d�
1.44 (t, J� 7.1 Hz, 3H), 4.55 (q, J� 7.1 Hz, 2H), 4.91 ± 4.93 (m, 2H), 5.08 ±
5.10 (m, 2H), 7.06 ± 7.11 (m, 2 H), 7.10 ± 7.14 (m, 2 H), 7.25 ± 7.29 (m, 2H),
7.81 (dt, J� 7.7, 1.8 Hz, 2H), 7.87 (dt, J� 7.7, 1.8 Hz, 4 H), 8.28 (s, 2 H), 8.35
(t, J� 8.1 Hz, 1 H), 8.40 (d, J� 8.1 Hz, 2 H), 8.45 (d, J� 8.1 Hz, 2 H), 8.70 (d,
J� 8.1 Hz, 2 H); 13C NMR (125 MHz, CD3CN): d� 14.37, 53.85, 65.04,
66.12, 66.34, 68.77, 72.77, 112.15, 124.67, 125.37, 125.60, 128.54, 138.90,
139.61, 140.22, 141.84, 141.97, 142.88, 143.03, 143.22, 143.82, 144.03, 144.63,
144.84, 145.49, 145.69, 146.16, 146.26, 146.79, 152.90, 153.71, 156.74, 157.02,
158.73, 159.23, 163.98, 164.22, 166.47; UV/Vis (CH2Cl2): lmax (e)� 260
(140 580), 308 (91 030), 327 (sh, 67170) 394 (sh, 8840), 403 (sh, 7950), 414
(sh, 8130), 426 (10 160), 482 (18 560), 686 nm (260); MS: see Table 1.


[Ru(1)(tpy)][PF6]2 : This complex was prepared from [Ru(tpy)Cl3]
(110 mg, 0.25 mmol), AgBF4 (150 mg, 0.76 mmol) and 1 (250 mg,
0.25 mmol) according to the procedure described for [Ru(2)(tpy)][PF6]2.
After standard work-up, the brown crude material was subjected to column
chromatography (SiO2, CH2Cl2/MeOH 85:15) to afford [Ru(1)(tpy)][PF6]2


(303 mg, 73%). Dark red powder; m.p.> 270 8C; 1H NMR (300 MHz,
CD3CN): d� 1.49 (t, J� 7.1 Hz, 3H), 4.62 (q, J� 7.1 Hz, 2H), 7.16 ± 7.22 (m,
4H), 7.33 (d, J� 5.4 Hz, 2 H), 7.39 (d, J� 5.4 Hz, 2 H), 7.93 (dt, J� 7.7,
1.8 Hz, 2H), 7.95 (dt, J� 7.7, 1.8 Hz, 2 H), 8.44 (t, J� 8.1 Hz, 1 H), 8.51 (d,
J� 8.1 Hz, 2H), 8.66 (d, J� 8.1 Hz, 2 H), 8.77 (d, J� 8.0 Hz, 2H), 9.58 (s,
2H); 13C NMR (125 MHz, CDCl3): d� 13.66, 53.60, 54.25, 63.88, 74.85,
123.82, 124.51, 124.92, 127.12, 127.53, 127.69, 135.65, 136.55, 137.92 (2C),
138.16, 138.22, 139.09, 139.24, 140.81, 141.07, 141.89, 142.08, 142.16, 142.22,
142.87, 143.08 (2C), 143.12, 143.23, 143.74, 143.97, 144.29, 144.55, 144.59,
144.67, 144.77, 144.82, 145.22, 145.25, 145.33, 145.44, 145.83, 146.00 (2C),
146.52, 152.42 (2C), 155.70, 156.41, 157.93, 158.50, 165.41; IR (KBr): nÄ �
1727 cmÿ1 (C�O); UV/Vis (CH2Cl2): lmax (e)� 258 (128 900), 310 (91 500),
325 (sh, 73960), 394 (sh, 9110), 415 (sh, 7990), 428 (9680), 481 (19 950),
684 nm (280); MS: see Table 1; C94H26N6O2P2F12Ru ´ 3H2O (1716.3): calcd
C 65.78, H 1.88, N 4.90; found C 65.48, H 1.85, N 5.11.


[Ru(26)(tpy)][PF6]2. This complex was prepared from [Ru(tpy)Cl3]
(176 mg, 0.17 mmol), AgBF4 (112 mg, 0.55 mmol) and 26 (55 mg,
0.17 mmol) according to the procedure described for [Ru(2)(tpy)][PF6]2.
Standard work-up afforded [Ru(26)(tpy)][PF6]2 (122 mg, 76 %). Dark red
microcrystalline solid; m.p.> 270 8C; 1H NMR (300 MHz, CD3CN): d�
1.28 (t, J� 7.1 Hz, 3H), 4.21 (s, 2H), 4.33 (q, J� 7.1 Hz, 2 H), 7.08 ± 7.20 (m,
4H), 7.32 (d, J� 5.4 Hz, 4H), 7.90 (dt, J� 7.7, 1.8 Hz, 4 H), 8.41 (t, J�
8.1 Hz, 1 H), 8.43 (s, 2H), 8.48 (d, J� 8.1 Hz, 2 H), 8.70 (s, 2H), 8.72 (d, J�
8.1 Hz, 2 H); IR (KBr): nÄ � 1729 cmÿ1 (C�O); MS: see Table 1;
C34H28N6O2P2F12Ru ´ 2.5H2O (988.7): calcd C 41.31, H 3.36, N 8.50; found
C 41.24, H 3.14, N 8.32.


[Ru(2)(4'-Me2Ntpy)][PF6]2 : This complex was prepared from [Ru(4'-
Me2Ntpy)Cl3] (31 mg, 0.065 mmol), AgBF4 (35 mg, 0.18 mmol) and 2
(70 mg, 0.060 mmol) according to the procedure described for [Ru(2)-
(tpy)][PF6]2. After standard work-up, the brown crude material was
subjected to column chromatography (SiO2, CH2Cl2/MeOH 85:15) to
afford [Ru(2)(4'-Me2Ntpy)][PF6]2 (21 mg, 23 %). Dark red powder; m.p.>
270 8C; 1H NMR (300 MHz, CD3CN): d� 1.46 (t, J� 7.1 Hz, 3 H), 3.44 (s,
6H), 4.02 ± 4.04 (m, 2H), 4.07 ± 4.09 (m, 2H), 4.55 (q, J� 7.1 Hz, 2 H), 4.58 ±
4.60 (m, 2H), 4.75 ± 4.77 (m, 2 H), 7.03 ± 7.08 (m, 2 H), 7.12 ± 7.17 (m, 2H),
7.23 (d, J� 5.4 Hz, 2 H), 7.41 (d, J� 5.4 Hz, 2 H), 7.83 (dt, J� 7.7, 1.8 Hz,
2H), 7.85 (dt, J� 7.7, 1.8 Hz, 2 H), 7.90 (s, 2H), 8.27 (s, 2H), 8.41 (d, J�
8.1 Hz, 2 H), 8.44 (d, J� 8.1 Hz, 2H); 13CNMR (125 MHz, CD3CN): d�
14.59, 40.87, 53.83, 64.87, 67.24, 69.83, 70.89, 72.78, 107.49, 111.96, 124.73,
125.28, 127.88, 128.44, 138.37, 138.47, 139.84, 139.97, 141.83, 141.89, 142.83,
143.01, 143.10, 143.83, 143.89, 143.92, 144.70 144.74, 145.45, 145.62, 146.09,
146.19, 146.52, 146.59, 153.25, 153.29, 155.27, 156.08, 157.82, 159.36, 160.20,
164.11, 164.29, 166.16; UV/Vis (CH2Cl2): lmax (e)� 259 (151 280), 303
(89 700), 326 (sh, 57240), 392 (sh, 9570), 415 (sh, 8090), 428 (9840), 497
(21 860), 687 nm (220); MS: see Table 1.


[Ru(3)(4'-Me2Ntpy)][PF6]2 : This complex was prepared from [Ru(4'-
Me2Ntpy)Cl3] (46 mg, 0.095 mmol), AgBF4 (53 mg, 0.27 mmol) and 3
(100 mg, 0.09 mmol) according to the procedure described for [Ru(2)(t-
py)][PF6]2. After standard work-up, the brown crude material was
subjected to column chromatography (SiO2, CH2Cl2/MeOH 85:15) to
afford [Ru(3)(4'-Me2Ntpy)][PF6]2 (35 mg, 22 %). Dark red powder; m.p.>
270 8C; 1H NMR (300 MHz, CD3CN): d� 1.48 (t, J� 7.1 Hz, 3 H), 3.44 (s,
6H), 4.57 (q, J� 7.1 Hz, 2 H), 4.89 ± 4.91 (m, 2H), 5.09 ± 5.11 (m, 2H), 7.00 ±
7.05 (m, 2 H), 7.11 ± 7.18 (m, 4 H), 7.41 (d, J� 5.4 Hz, 2 H), 7.79 ± 7.87 (m,
4H), 7.89 (s, 2H), 8.26 (s, 2H), 8.38 (d, J� 8.1 Hz, 2 H), 8.43 (d, J� 8.1 Hz,
2H); 13C NMR (125 MHz, CD3CN): d� 14.48, 40.76, 53.83, 64.89, 66.02,
66.17, 68.52, 72.66, 107.40, 111.86, 124.66, 125.27, 127.84, 128.38, 138.20,
138.40, 139.35, 140.07, 141.30, 141.73, 141.87, 142.73, 142.76, 142.83, 143.06,
143.65, 143.84, 143.89, 144.44, 144.69, 145.24, 145.32, 145.41, 145.56, 145.64,
145.86, 145.97, 146.02, 146.14, 146.76, 153.00, 153.18, 155.10, 155.99, 157.79,
159.11, 160.10, 163.88, 164.15, 165.33; UV/Vis (CH2Cl2): lmax (e)� 259
(15 4380), 304 (89 600), 324 (sh, 66840) 393 (sh, 9870), 403 (sh, 7890), 414
(sh, 7350), 427 (8620), 499 (18 890), 687 (210); MS: see Table 1.


[Ru(1)(4'-Me2Ntpy)][PF6]2 : This complex was prepared from [Ru(4'-
Me2Ntpy)Cl3] (72 mg, 0.15 mmol), AgBF4 (86 mg, 0.43 mmol) and 1
(150 mg, 0.15 mmol) according to the procedure described for [Ru(2)-
(tpy)][PF6]2. After standard work-up, the brown crude material was
subjected to column chromatography (SiO2, CH2Cl2/MeOH 85:15) to
afford [Ru(1)(4'-Me2Ntpy)][PF6]2 (65 mg, 25 %). Dark red powder; m.p.>
270 8C; 1H NMR (300 MHz, CD3CN): d� 1.48 (t, J� 7.1 Hz, 3 H), 3.48 (s,
6H), 4.62 (q, J� 7.1 Hz, 2H), 7.07 ± 7.10 (m, 2 H), 7.21 (d, J� 5.4 Hz, 2H),
7.25 ± 7.28 (m, 2H), 7.54 (d, J� 5.4 Hz, 2 H), 7.87 (dt, J� 7.7, 1.8 Hz, 2H), 7.95
(dt, J� 7.7, 1.8 Hz, 2 H), 7.96 (s, 2H), 8.50 (d, J� 8.1 Hz, 2 H), 8.65 (d, J�
8.1 Hz, 2 H), 9.54 (s, 2H); 13C NMR (125 MHz, CDCl3): d� 13.67, 39.87,
53.79, 63.82, 74.94, 106.59, 123.89, 124.59, 126.87, 126.92, 127.68, 137.67,
137.87 (2C), 139.10 (2C), 140.80 (2C), 141.05, 141.87, 142.09, 142.14, 142.21,
142.85, 143.06 (2C), 143.10 (2C), 143.17, 143.72, 143.96, 144.30, 144.53,
144.58, 144.66, 144.75, 144.8 (2C), 145.21, 145.24, 145.31, 145.46, 145.83,
146.09 (2C), 146.61, 151.97, 152.51, 153.61, 156.67, 158.23, 158.95, 165.09; IR
(KBr): nÄ � 1726 cmÿ1 (C�O); UV/Vis (CH2Cl2): lmax (e)� 256 (149 300),
310 (90 500), 324 (sh, 78 980), 394 (sh, 9610), 415 (sh 7840), 428 (8800), 470
(16 180), 504 (22 600); MS: see Table 1; C96H31N7O2P2F12Ru ´ 12H2O
(1921.5): calcd C 60.01, H 2.89, N 5.10; found C 60.17, H 3.02, N 5.19.


[Ru(26)(4'-Me2Ntpy)][PF6]2 : This complex was prepared from [Ru(4'-
Me2Ntpy)Cl3] (75 mg, 0.15 mmol), AgBF4 (94 mg, 0.50 mmol) and 26
(94 mg, 0.15 mmol) according to the procedure described for [Ru(2)-
(tpy)][PF6]2. After standard work-up, the red crude material was subjected
to column chromatography (SiO2, CH3CN/ satd aq KNO3/H2O 14:2:1) to
afford [Ru(26)(4'-Me2Ntpy)][PF6]2 (55 mg, 37 %). Dark red powder;
m.p.> 270 8C; 1H NMR (300 MHz, CD3CN): d� 1.38 (t, J� 7.1 Hz, 3H),
3.46 (s, 6H), 4.19 (s, 2 H), 4.32 (q, J� 7.1 Hz, 2H), 7.04 ± 7.06 (m, 2H), 7.18 ±
7.21 (m, 2H), 7.21 (d, J� 5.4 Hz, 2 H), 7.46 (d, J� 5.4 Hz, 2H), 7.87 (dt, J�
7.7, 1.8 Hz, 4H), 7.93 (s, 2H), 8.43 (d, J� 8.1 Hz, 2H), 8.47 (d, J� 8.1 Hz,
2H), 8.66 (s, 2 H); IR (KBr): nÄ � 1729 cmÿ1 (C�O); MS: see Table 1.
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A Supramolecular Three-Dimensional Hydrogen-Bonded Network with
Potential Application in Crystal Engineering Paradigms


Jack D. Dunitz*


Abstract: The combination of carboxylic acid groups separated by linear spacers
with linking water molecules is shown to yield a three-dimensional self-assembling
hydrogen-bonding system that is practically invariant with respect to the length of the
spacer. The structure-directing properties of such supramolecular synthons are
discussed in terms of their encoded stereochemical and functional information.


Keywords: aggregations ´ chiral se-
lection ´ hydrogen bonding ´ mo-
lecular recognition ´ molecular
switches ´ self-assembly ´ struc-
ture-directing interactions ´ supra-
molecular chemistry ´ synthons


Introduction


Our ongoing interest in the design of supramolecular systems
based on simple synthons with pronounced hydrogen-bonding
capabilities and associated structure-directing properties has
led us to reexamine the now classic crystal structure of oxalic
acid dihydrate[1] (1) with a view to systematic variation of the
basic molecular framework. The underlying strategical con-
cept behind our work consists in preserving as far as possible
the geometric relationship between the two carboxylic acid
moieties of the oxalic acid molecule while varying the distance
between them. To achieve this goal we have elected to
introduce one or more acetylenic units as linear spacers, with
the prospect of attaining the desired target geometry with
only modest synthetic effort.


Results and Discussion


In this paper we report that our simple planning strategy has
elicited the intended result. Acetylene dicarboxylic acid
dihydrate (2) and diacetylene dicarboxylic acid dihydrate
(3) have been successfully prepared and obtained as crystal-
line samples amenable to X-ray analysis.[2] In accord with our
planning and as we had envisaged, almost exactly the same
structural motif is shown to occur in the crystals of 1 and 2,
and, with minor space-group variations noted later, also in 3.[3]


In all three structures, the two molecules of water and the
carboxylic acid groups at each end of the variable carbon
chains are common factors which closely determine the


manner in which the crystals are constructed. The observed
motif is self-assembled from mutually complementary part-
ners possessing encoded stereochemical and functional in-
formation that is read by the recognition and selection
processes responsible for crystal nucleation and subsequent
growth.


This constancy in the hydrogen-bonding pattern in our
three structures augurs well for the crystal engineering design
potential of further nanosystems where common features of a
system of hydrogen-bond donors and acceptors are main-
tained by suitable synthetic directives, while allowing varia-
bility by means of appropriate mutations of the connecting
carbon framework.


The common features of the three crystal structures are
visible in Figure 1. The protonated oxygen atom of each
carboxyl group acts as strong hydrogen bond donor to a water
molecule (O ´´´ O, 250 ± 256 pm), which, in turn, is engaged in
two somewhat longer and presumably weaker hydrogen
bonds to carbonyl oxygen atoms of two different diacid
molecules (O ´´´ O, 282 ± 290 pm). The linear diacid structural
units are thus associated into a system of interconnected
layers by an infinite three-dimensional network, the links of
which consist of: 1) hydrogen-bonded helices running around
the 21 screw axes, each complete turn comprising two carboxyl
groups and two water molecules; 2) hydrogen-bonded quadri-
laterals formed by pairs of centrosymmetrically related water
molecules and correspondingly related pairs of carbonyl
oxygens. In the figure, the individual layers appear in
projection onto the plane as chains and the helices as 8-
membered rings. It is noteworthy that each helix of a given
sense of chirality is surrounded by four neighboring ones with
precisely the opposite sense of chirality, this relationship
being a consequence of the presence of the inversion centres
that ornament the entire pattern in such a beautifully
decorative manner.
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While the projections of the three crystal structures
depicted in the figure appear to show essentially the same
motif, there is a subtle but none the less important difference
between them. Structures 1 and 2 belong to the same space
group P 21/a. The unit cell contents comprise two molecules of
dihydrate, and space-group symmetry then requires that the
molecular centers are located on a set of crystallographic
inversion centers. The carboxyl groups at either end of the
diacid molecules are therefore required to lie in parallel
planes. In fact, the molecules of oxalic acid and of acetylene
dicarboxylic acid in our dihydrate crystals are strictly planar,
with the implication of a significant degree of delocalization
of the 3-center ± 4-electron p systems of the separated
carboxyl groups.


Structure 3 chooses to crystallize in a different space group,
I 2/c (a variant of the standard orientation C 2/c). With four
molecules of dihydrate in the doubled unit cell, space-group
symmetry requirements could be fulfilled with the molecular
centers located either on crystallographic inversion centers or
twofold rotation axes. The X-ray analysis shows unambigu-
ously that the second alternative is adopted. In contrast to the
other two diacid molecules, the molecule of diacetylene
dicarboxylic acid is not planar. Instead, the two carboxyl
groups are mutually rotated about the long molecular axis to
produce an angle of 578 between them. As a result, and in
contrast to the planar achiral molecules of oxalic acid and
acetylene dicarboxylic acid, each diacetylene dicarboxylic
acid in the dihydrate crystal adopts a chiral conformation, and
it is remarkable that every molecule within a given crystal
layer (projecting as a chain in the figure) possesses the same
sense of chirality. The layers are thus homochiral entities, and
successive layers, related by inversion centers, must have
opposite sense of chirality. At a crucial stage in the self-
assembly process associated with formation of the crystals, an
essential recognition step imposes chirality on achiral pre-
cursor molecules and stamps each such molecule with a given


sense of chirality that enables it to be incorporated in the
growing layer. Since successive layers have opposite senses of
chirality, the growing crystal can be regarded as a molecular
switching device, the switch involving mutual rotation of the
carboxylic acid groups at either end of the molecules.


In spite of the changes of space group and molecular
symmetry within this set of hydrogen-bonded crystal struc-
tures, the stereochemical and functional information encoded
in the carboxylic acid groups at each end of the variable
carbon chains in these rodlike molecules imposes structural
imperatives on the recognition and selection processes
involved in crystal nucleation and subsequent growth, result-
ing in closely related crystal structures characterized by
important and essential common factors. We are employing
the same strategy to develop other supramolecular frame-
works that should produce interesting new and novel systems
of potential usefulness in molecular switching devices, non-
linear optics, and liquid crystalline systems.
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Figure 1. Unit cells and atomic arrangements in 1, 2 and 3. The shaded atoms differ from the corresponding unshaded ones by a reflection across the
projection plane (010) and a translation of b/2. Notice the essential invariance of the hydrogen-bonded packing pattern as the carbon chain spacer is
lengthened.








Ligand-Induced Dissociation of the Asymmetric Homodimer of Ristocetin A
Monitored by 19F NMR Spectroscopy


Robert J. Dancer, Andrew C. Try, and Dudley H. Williams*


Abstract: In this paper we demonstrate the use of 19F-labelled ligands in the study of
the therapeutically important vancomycin group of antibiotics. The substantial
simplification of spectra that occurs when such labelled ligands are employed is used
to study the anticooperativity between ligand binding and dimerisation of ristocetin
A. The general utility of 19F-labelled ligands is demonstrated, with the caveat that the
positioning of the label has to be carefully considered. With the growing therapeutic
importance of the vancomycin group of glycopeptide antibiotics, such a tool may
prove valuable in the detailed study of their mode of action.


Keywords: antibiotics ´ asymmetric
homodimer ´ cooperative effects ´
NMR spectroscopy ´ glycopeptides


Introduction


The vancomycin group of antibiotics is ther-
apeutically important in the treatment of
Gram-positive bacterial infections.[1,2] They
inhibit cell wall growth by binding to the Lys-
d-Ala-d-Ala of the cell-wall precursors on the
bacterium surface,[3±6] ultimately causing death
of the bacterium.[7] Previously we have shown
that most of these antibiotics dimerise, and
that dimerisation is important in their mode of
action.[8±12] In particular, the antibiotic binding
cooperativity to cell-wall precursors that are
attached to the bacterial cell membrane in-
creases with increasing dimerisation con-
stant.[9] This cooperativity is additional to that
found in free solution, where ligand binds to
dimer more strongly than to monomer, that is
dimerisation is cooperative with ligand bind-
ing, even in free solution.[10]


Ristocetin A (Figure 1) is the exception to
the rule. It has a dimerisation constant of
500mÿ1 when free, but this falls to 350mÿ1 when
fully bound to ligand.[13] Most of the vancomy-
cin group of antibiotics possess a saccharide
(usually a disaccharide) attached to residue 4


and in the dimer; these sugars are oriented in a head-to-head
fashion (Figure 2). This breaks the C2 symmetry of antipar-
allel backbones of the dimer; thus, the two halves may have
different affinities for ligand. Ristocetin A possesses a
tetrasaccharide at residue 4, and therefore the asymmetry
should be more pronounced than for other members of the
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Figure 1. Exploded view of the complex formed between ristocetin A and TFAcdAdA.
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Figure 2. Schematic view of the ristocetin A dimer, illustrating how the
parallel arrangement of the tetrasaccharides breaks the C2 symmetry of the
antiparallel antibiotic peptide backbones.


group. This was first confirmed by titrating 13C-labelled
ligands against two different dimers: ristocetin A and
eremomycin.[14] Further work with ristocetin A demonstrated
that although it exhibits overall anticooperativity, the binding
of the first equivalent of ligand actually promoted dimerisa-
tion, and it was the second binding event that led to the overall
drop in dimerisation constant.[15]


Results and Discussion


The above-mentioned analysis [15] of the ristocetin A system
was made possible by observing the 1H NMR signals of
certain protons, both of the antibiotic itself and of the added
ligand, N-a-N-e-diacetyl-lysyl-d-alanyl-d-alanine (diAcKdA-
dA). However, ligands with deuteration at multiple sites were
required to simplify the spectra. In this work we use analogous
19F-labelled ligands to monitor the course of the net anti-
cooperativity of ligands binding to ristocetin A by 19F NMR
spectroscopy. This strategy has a number of distinct advan-
tages. First, the relative sensitivity of 19F in NMR spectroscopy
is very high, second only to 1H (19F� 0.83, 1H� 1). Second,
owing to the absence of any other 19F signals, the spectra are
far simpler and easier to obtain; for example, there is no need
for solvent suppression and there are no difficulties with
receiver gain. Consequently the spectra are simpler to
interpret and the integrals can be evaluated more accurately.
Finally, the 19F label can be readily introduced into the ligands
by replacement of an acetyl group with a trifluoroacetyl
group.


The ligand chosen for our study of antibiotic ristocetin A
was N-a-trifluoroacetyl-d-alanyl-d-alanine (TFAcdAdA).
There were two main reasons for this choice. First, it binds
relatively strongly to ristocetin A (Kb� 1.3� 0.1� 105mÿ1, as
measured by UV difference spectrophotometry). Therefore at
the concentrations of antibiotic used in this study, equimolar
amounts of ligand and antibiotic result in almost complete
binding, > 95 % of antibiotic bound. Second, in the complex
between ristocetin A and TFAcdAdA, the trifluoroacetyl
group should be located in the vicinity of the aromatic rings
and of the tetrasaccharides. This should maximise the
sensitivity of the change in chemical shift of the trifluoroacetyl
group with respect to its position in the complex.


Spectra were acquired by using antibiotic concentrations of
10 mm and 50 mm, and a solvent mixture of 20 % v/v CD3CN/


D2O. This solvent mixture was used to minimise non-specific
aggregation of the antibiotic and thereby to sharpen the
observed resonances. In addition, this solvent mixture allowed
us to perform NMR experiments at temperatures below 0 8C.
A sample was prepared containing antibiotic (50mm) and
TFAcdAdA (12.5 mm) in 20 % v/v CD3CN/D2O with 0.1m
phosphate buffer (pH 6), and 1D spectra were obtained at
various temperatures (Figure 3). The results indicate that at


Figure 3. Plot illustrating the temperature variation in the 19F spectrum of
a 1:0.25 complex of ristocetin A (50 mm) and TFAcdAdA (12.5 mm) in
20% v/v CD3CN/D2O.


room temperature and above, some of the species present are
in intermediate or fast exchange. At 268 K, however, the
previously broad peaks are resolved into four distinct peaks.
These peaks (Figure 3) were identified by using results from
further titration experiments (Figure 4). Reading from right
to left in Figure 3 they are: ligand bound to monomer (ML),
ligand bound to the less-favoured side of the singly bound
dimer (D1D2L), ligand bound to the less-favoured side of the
doubly bound dimer (LD1D2L), and a peak corresponding to
ligand bound to the more-favoured side of the singly bound
dimer (LD1D2), and ligand bound to the more-favoured side
of the doubly bound dimer (LD1D2L). In the titration
performed at an antibiotic concentration of 10 mM (Figure 4),
the signals were sufficiently sharp for these last two species to
be identified at a number of points during the titration
(between 6 and 8 mM ligand added). Subsequently the signal
for free ligand L was found to appear upfield of the ML signal,
and a small signal due to a trace fluoride impurity in the
antibiotic was observed further downfield still (Figure 4). 19F-
19F NOESY spectra recorded with a number of short mixing
times (10, 20, 50 and 100 ms) demonstrated that the signals
due to ligand bound to each of the two halves of the dimer do
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Figure 4. Plot illustrating the 19F spectra from a titration of 1 equivalent of
TFAcdAdA into a solution of ristocetin A (10 mm) in 20 % v/v CD3CN/
D2O at 268 K. For clarity the intensity of the spectra at the lowest
concentrations have been scaled up so that all spectra can be shown on the
same plot.


not exchange directly. Rather, this exchange proceeds via the
bound monomer species, or free ligand, the signal from which
was too low to be observed.


Figure 4 illustrates the spectra from titration of TFAcdA-
dA against a solution of ristocetin A (10 mm in 20 % v/v
CD3CN/D2O with 0.1m phosphate buffer, pH 6.0, at 268 K).
Initially, the only signals observed were from LD1D2,
D1D2L, ML and a small amount of a fluoride impurity
present in the antibiotic solution. Direct integration of the
signals for LD1D2 and D1D2L gave a value for the difference
in binding energies between the two halves of the dimer of
4.4� 0.3 kJ molÿ1, similar to that found previously.[15] As
further ligand was added, the amount of doubly bound dimer
and ligand-bound monomer increased. Similar results were
obtained in a titration by using an antibiotic concentration of
50 mm.


The concentrations of the various species present can be
determined by direct integration of the peaks, since the total
concentration of the trifluoroacetyl group is known for every
point on the titration. Although the peaks corresponding to
LD1D2 and LD1D2L are overlapped severely, their concen-
trations can be determined since [LD1D2L]� [LD1D2L].


The dimerisation constant of the unbound antibiotic was
determined under the same conditions of solvent and temper-
ature by monitoring the chemical shift of a proton on the
dimer interface at different concentrations of antibiotic. By
using the method described previously,[16] a value of 3.3�
0.5� 104mÿ1 was obtained. Therefore, given the total con-
centration of all bound species and the dimerisation constant
of the unbound antibiotic, concentrations of the free dimer
(D1D2) and monomer (M) could be calculated, and hence the
concentrations of all the relevant species in the solution for
every titration point.


Figure 5 shows the variation of the concentration of the
various species throughout the titration and clearly, the less-
favoured side of the dimer (D2) is not appreciably filled until
the more-favoured side (D1) is almost completely bound,
consistent with previous observations.[14,15] However, by


Figure 5. Plot of concentration of the different fluorine-containing species
against total concentration of TFAcdAdA added. The plot was obtained
from the titration data illustrated in Figure 4.


examining the final concentrations of dimer and monomer, it
is clear that there has been a substantial overall drop in the
dimerisation constant for the fully bound dimer (Kd� 190�
10mÿ1) using TFAcdAdA as ligand, that is the anticooper-
ativity is much more pronounced than with diAcKdAdA.
Further, examination of a plot of total dimer against ligand
added (Figure 6) shows that, unlike the case of diAcKDADA
where cooperativity was observed for the addition of the first
equivalent of ligand, here anticooperativity was observed
even for this first addition.


Previous work has demonstrated that for ristocetin A
binding to diAcKdAdA, there is a difference in binding
energies (at 283 K) between the two halves of the dimer. The
values are 27.9 and 23.0 kJ molÿ1, respectively, when the other
side of the dimer is vacant, or 29.6 and 24.7 kJ molÿ1,
respectively, when the other side of the dimer is filled.[15]


The binding energy to the monomer is 26.7 kJ molÿ1, that is
between the values for the two different sites of the dimer.
Therefore, binding to the more-favoured dimer site is
favoured over binding to monomer. However, the filling of
the less-favoured site is anticooperative with respect to
dimerisation, as this site has a smaller binding energy than
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Figure 6. Plot of total concentration of dimer against total concentration of
TFAcdAdA added. The plot was obtained from the titration data
illustrated in Figure 4.


monomer, regardless of whether or not the other side of the
dimer is filled.[15]


What is the physical cause of this difference in binding
energies? As has been mentioned previously, the asymmetry
is induced by the head-to-head orientation of the tetrasac-
charides, breaking the C2 symmetry of the head-to-tail
arrangement of the antibiotic backbones. It is known that
these sugars protrude over the binding sites, and given the
length of the saccharide in the case of ristocetin A (four sugars
as opposed to two for most of these antibiotics), the sugars will
impinge upon both binding pockets more than for other
antibiotics. Owing to the asymmetry, one pocket will be
influenced by rhamnose and the other by arabinose (see
Figure 2). The differences between the interactions of these
different sugars with the ligand gives an insight into the
observed differences in binding energies.[17]


In the present case, the trifluoroacetyl group is significantly
more bulky than the corresponding acetyl group, and so
relative to acetyl, these interactions may be less favourable
owing to steric hindrance. The sugars are tightly packed
together in the dimer with very little room for flexibility, and it
is plausible that dissociation to monomer would allow
sufficient flexibility for the unfavourable steric contacts in
the ligand ± bound dimer to be reduced.


Conclusions


It has been demonstrated that the use of 19F NMR spectro-
scopy combined with labelling of ligands is a powerful tool for
the study of the mode of action of the vancomycin group of
antibiotics. Although in this case, the positioning of the
trifluoroacetyl group appears to influence the degree of
anticooperativity observed, it has produced useful informa-
tion about binding to this antibiotic. It has also demonstrated
the advantages that can be obtained (relative to 1H NMR
spectroscopy) from the use of 19F NMR spectroscopy in terms
of simplification of spectra. For future studies, the trifluor-
oacetyl group could be readily placed in other parts of an
extended ligand where its interaction with the antibiotic


would not be so sterically demanding. Given the abundance of
aromatic rings in these antibiotics, distinct chemical shift
changes between bound and unbound ligand species would
still be likely, thus preserving the usefulness of this technique
for the study of the mode of action of these antibiotics.


Experimental Section


Materials: Ristocetin A, donated by Abbott Laboratories, Chicago, was
used without further purification. The ligand used in these studies,
TFAcdAdA, was produced by using standard Boc peptide chemistry,
analogous to that published previously.[12]


NMR spectroscopy : All 1H NMR experiments were performed on a Varian
Unity-500 spectrometer at 268 K. One-dimensional spectra were recorded
by using 32 000 complex data points.
All 19F NMR experiments were performed on a Bruker AM-400
spectrometer equipped with a 19F/1H probe. One-dimensional spectra were
recorded at typically 376.47 MHz by using 8000 complex data points over a
spectral width of 6.9 ppm.


NMR titrations with ristocetin A : Ristocetin A concentrations used were
10mm and 50mm. Antibiotic solutions were prepared by dissolving a
suitable quantity of antibiotic (15.5 mg and 77.6 mg, respectively) in
phosphate buffer (750 mL, 0.1m, pH 6) and were adjusted to pH 6. These
were lyophilised, and the residues were dissolved in D2O (750 mL) and
lyophilised. Finally, the samples were dissolved in a 20% v/v CD3CN/D2O
mixture (750 mL). 500 mL of these solutions were put directly into an NMR
tube and 200 mL were added to the appropriate amount of TFAcdAdA
(1.8 mg and 9.0 mg, respectively) so that, when mixed with the the other
500 mL, the final concentrations of ligand were 10mm and 50mm,
respectively. In the titrations, ligand solution was added in aliquots of 2 ±
10 mL.


Measurement of association constants by UV difference spectrophotom-
etry : All experiments were performed with a dual beam Uvikon 940
spectrophotometer equipped with a thermocirculator to maintain a
constant temperature. A ristocetin A concentration of 50mm was used.
Ristocetin A samples were dissolved in 20 % v/v CH3CN/H2O (0.1m
phosphate buffer, pH 6) and were adjusted to pH 6. Ligand samples were
prepared by dissolving appropriate quantities of ligand in antibiotic
solution and adjusting to pH 6 where necessary. The ligand concentration
was calculated such that the addition of 500 mL ligand solution to 1900 mL
stock antibiotic solution would give > 95 % bound antibiotic. Antibiotic
solution (1900 mL) was added to both reference and sample cells, and a
spectrum was recorded between 190 ± 300 nm. Ligand solution (500 mL)
was added to the sample cell and a further spectrum was recorded between
the same wavelengths. The difference spectrum showed two distinct peaks,
at 245 and 290 nm. The sample cell contents were replaced with fresh
antibiotic solution (1900 mL) and aliquots of ligand solution (10 ± 50 mL)
were added. The absorbances at 244, 245, 290 and 291 nm were noted for
each point, and the difference between the sums of the absorbances at
290,291 and 244, 245 nm was calculated. The association constant was
determined by curve-fitting a plot of absorbance difference against ligand
concentration, using the program Kaleidagraph (Abelbeck Software).
Determinations were always carried out in triplicate; the average result is
quoted, and the error is derived from the result with the largest deviation
from the average.
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