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Introduction


Channel-like structures have captured the interest of chemists
for many years. The most prominent channels are ionic
channels,[1] zeolites,[2] and carbon nanotubes.[3] Ionic channels
are responsible for the transport of sodium and potassium ions
through the lipophilic cell walls. Numerous investigations
reveal that these channels are formed by proteins. The
dimensions are about 30 ± 80 ä in length and 8 ± 12 ä in
diameter.[3] X-ray investigations revealed that both ends of
the anionic channel are surrounded by negatively charged
amino acids; this gives rise to a high local concentration of
cations. The large diameter allows the migration of cations
with their hydration sphere into the polar cavity created by


the peptide. Essential for the tubular structure are hydrogen
bonds between the amino acid units.
Zeolites are silicates with regular rigid three-dimensional


frameworks made up of silicon, aluminium, and oxygen
centers. This covalently bound framework contains cavities
and channels. The inside of a zeolite is covered with negatively
charged oxygen centers and with OH groups, providing a
hydrophilic environment inside that is similar to the ionic
channels. These cavities allow the inclusion of metal ions and
larger molecules, such as dyes, that can be anchored by
hydrogen bonds or dipole ± dipole interactions.[2]


Carbon nanotubes are formed from graphite sheets in
which the carbon atoms are connected by covalent bonds.[3]


The material properties such as electronic,[4] optical,[5] and
mechanical[6] behavior of these carbon nanotubes are of
particular interest.
The various channels, especially the naturally occuring


tubes, have stimulated chemists to design artificial ones using
similar building motifs to those found in nature. In this
conceptual paper we will follow up the question: Is it possible
to construct tubular structures by using noncovalent inter-
actions that avoid the use of hydrogen bonding? Before
discussing the possibilities, we will first look at some building
motifs that use hydrogen bonds and other stabilizing effects to
generate tubes and channels. Due to the limited space, we
have omitted coordinative interactions between Lewis-acidic
metal centers and bases, instead we just refer to recent reviews
in this field.[7±9]


Hydrogen Bonds


There are a number of ways to generate tubular structures
from proteins that have been reviewed in detail.[10±12] We
would like to pick out only two whose building motifs are
related to those discussed later.
Ghadiri showed that the 24-membered ring formed from


cyclo[-(�-Ala-�-Glu-�-Ala-�-Glu)2][10, 11, 13] adopts a flat con-
formation in which all backbone amide functionalities lie
approximately perpendicular to the plane of the structure. In
this conformation the various rings are able to stack in such a
way that they are connected with hydrogen bonds to produce
a contiguous �-structure (Figure 1).
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Figure 1. Self-assembled peptide cyclo[-(�-Ala-�-Glu-�-Ala-�-Glu)2] to
yield a tubular configuration. For the sake of clarity only the backbone
structure is represented.


Also dipeptides such as �-Leu-�-Val are bound head-to-tail
by hydrogen bonding to form helices with six dipeptide
molecules per turn.[12, 14] As a result, channels about 5 ä in
diameter are formed that are distinctly hydrophilic in nature
(Figure 2). For brevity, we just mention that the tubular
inclusion complexes of urea,[15, 16] starch,[16, 17] and cyclodex-
trines[18] have been characterized.


Figure 2. Schematic representation of the self-assembly of six dipeptides
per turn.


� ±� Stacking


X-ray investigations on extended �-systems such as [18]annu-
lene,[19] kekulene,[20] or porphyrins[21] show that these systems
adopt a cofacial arrangement in which the centers are offset.
These facts have been rationalized recently by an attractive
interaction between the positively charged �-frame and the
negatively charged �-system.[22] This attraction outweighs the
repulsive interaction between the �-electrons, and the slip-


ping of the centers can be reduced by diminishing the electron
density within the �-systems. This simple model predicts that
even extended �-systems, such as kekulene, are not suited to
build columnar stacks.
The slipping of the centers of larger centrosymmetric �-


systems might be overcome by additional directive forces such
as hydrogen bonds. This concept was used by Moore and
others[23] to generate channels between macrocycles in which
the slipping was reduced. Rigid macrocycles, for example, 1a,
are hydrogen bonded to each other to form a two-dimensional
closest packed sheet with two types of holes: the 9 ä hole due


to the macrocycle and a 9.3 ä hole due to the hydrogen bonds
(Figure 3). Without these directive forces of the hydrogen
bonding (e.g., 1b), no tubular arrangements are found in the
solid state.


Figure 3. Single layer of the crystal structure of 1a parallel to the 001
plane showing a two-dimensional hexagonal closest packing of 1a
stabilized by hydrogen bonds.


To achieve the observed columnar structure, the sheets are
aligned in such a way that channels are built. This has been
ascribed to electrostatic interactions and van der Waals
forces. Probably, the electron-withdrawing effect of the triple
bonds reduces the repulsive � ±� interaction[22] and thus
makes stacking possible.
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Van der Waals Forces


Numerous structures are known in which halogen atoms
bound to other fragments, or in which chalcogen species of the
type R-S-R�, have intermolecular X ¥¥¥ X distances that are
significantly shorter (0.1 ± 0.4 ä) than the sum of their
van der Waals radii.[24, 25] The close contacts are based on
attractive forces on the order of 2 ± 9 kJmol�1;[26] these might
take the place of hydrogen bonds, if there are enough ™non-
bonding interactions∫ possible.
An analysis of the halogen ± halogen interactions in the


solid state by Desiraju[27] reveals that the close contacts can be
subdivided into two types (I and II) depending upon the size
of the angles �1 and �2 defined in Figure 4.


Figure 4. Definition of angles �1 and �2 for type I and type II of halogen ±
halogen interaction of two C�X units.


In the category of type I, the two angles are equal and
around 160�. In the category of type II, �1 amounts to
approximately 180� and �2 to approximately 90�. The analysis
shows that type II is encountered in those cases in which the
polarizability of the halogen is sizeable, that is, for higher
halogens and unsymmetrical interactions. It has been shown
for Cl ¥¥¥ Cl interactions that a realistic anisotropic model for
the repulsion, dispersion, and electrostatic forces has to be
used to describe the nonbonding interactions properly.[28]


With the discovery of superconductivity of complexes of
tetrathiafulvalene (TTF) and tetracyanoquinodimethane
(TCNQ), the solid-state structure of these and related species
have been investigated thoroughly.[29] These studies revealed
that close S ¥¥¥ S contacts play an important role in the
formation of two- and three-dimensional networks in the solid
state. It was found that besides close S ¥¥¥ S contacts, C�H ¥¥¥ S,
C�H ¥¥¥� and � ±� stacking contribute to the solid-state
structures.[30]


The examination of the S ¥¥¥ S distances and the resulting
configurations of a series of compounds belonging to the type
R-S-R� with R,R��H could be rationalized in terms of
electrophilic ± nucleophilic interactions of different sulfur
centers, or by considering the corresponding frontier orbitals
(Figure 5).[25, 31]


In most cases the arrangement of the planes, defined by R,
S, and R�, was that one R-S-R� unit (say the electrophile)
approaches the other R-S-R� unit (the nucleophile), in such a
way that both planes are nearly perpendicular to each other
(Figure 5). In terms of frontier orbital theory, the occupied 3p
orbital on one unit interacts with the empty �* orbital of
either the R�S or R��S bonds. Recent quantum chemical
model calculations (HF) confirm this view.[26] It was found
that the np(X) ± �*(X�C) interaction increases in the series S,


Se, Te and that the acceptor
capability of an X�C(sp) �


bond is stronger than that of a
X�C(sp3) bond. In the case of
Te, the total energy was de-
creased by about 2.8 kJmol�1


for an X ¥¥¥ X�C(sp3) interac-
tion and about 9.2 kJmol�1 for
an X ¥¥¥ X�C(sp) interaction.[26]
During our studies on cyclic


tetrathiadiynes we found three
structures (3 ± 5)[32] in which the
rings are stacked on top of each
other, with close contacts be-
tween the sulfur centers of
neighboring stacks. The prevailing motifs of the van der Waals
contacts can best be seen when considering the structure of
2,[33] which contains only one sulfur center. This molecule
provides a rather flat ring system with one sulfur center


pointing outward. In the solid state, the rings associate in such
a way that the sulfur center of one ring keeps in close contact
with two sulfur centers of two neighboring rings that are
stacked on top of each other. As a result a zigzag arrangement
of the sulfur atoms arises as shown in Figure 6. In some cases
this building motif is changed to a ladder-type arrangement
(a� b).


Figure 6. Schematic drawing of a zigzag (top) and a ladder (bottom) type
arrangement of the chalcogen ± chalcogen interaction in the solid state.


The contacts between the sulfur centers (a, b� 3.53 ä) of
the neighbors are closer than the van der Waals radius
(S ¥¥ ¥ S� 3.7 ä).[34] The distances within the stack of 2 are
longer (4.74 ä). In Figure 7 the resulting columns observed in
the solid state of 2 are shown.
It is seen that the two contacts of one sulfur center


generates a pair of columns. The 3p lone pair of the sulfur in 2
coincides with the direction of one C�S bond of the
neighboring ring that contains chalcogen centers (c.f. Fig-
ure 5).
Rectangular rings with four chalcogen atoms are present in


the thiadiynes 3 ± 5 and also in the selenium derivatives 6 and


Figure 5. Directional bonding
of two chalcogen centers in
R-X-R� units by interaction of
an occupied p orbital with an
unoccupied �* orbital.
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Figure 7. Plot of the columnar structure of 2. The H atoms have been
omitted for the sake of clarity.


7.[35] For all five ring systems the chalcogen centers at the edges
of the rectangle keep close contacts to those of neighboring
rings in other stacks, as shown in Figure 8 for 7. In this way the
zigzag motif between the sulfur atoms shown in Figure 6 is
maintained. In 4 and 7 two crystallographically different types
of chalcogen centers are found; these give rise to two shorter
and two longer contacts between the chalcogen centers
(Figure 6). The chalcogen distances within the stack are
clearly longer than the corresponding van der Waals radii.


Figure 8. Plot of the columnar structure of the tetraselenacyclodiyne 7.


However, close contacts between chalcogens are not only
limited to alkynes; they are also encountered in the cyclic
tetrathiaalkadienes 8 and 9.[36] The rings adopt a chairlike
conformation with rigid S�CH�CH�S units anti to each other.
Again, in 8 the interaction between neighboring rings forms
an asymmetric zigzag arrangement with short (a� 3.47 ä)
and long (b� 4.13 ä) contacts. In 9 the zigzag arrangement is
found to be symmetric (a� b� 4.07 ä).


Even the fully saturated tetraselena and hexaselena crown
ethers (10 and 11, respectively)[37] form tubular structures in
the solid state.[38] These flexible macrocycles are directed by
the interaction of the chalcogen atoms to stack upon each
other and to form a columnar arrangement. The distances
between the selenium atoms in 10 and 11 are only 3.69 ä and
3.63 ä, respectively.[38]


In the course of this study, we scrutinized our data on the
X-ray structures of sulfur-substituted cylic bis(hexacarbonyl-
dicobalt) complexes, which can be conveniently synthesized
by the reaction of the corresponsing diyne with octacarbon-
yldicobalt.[39] We discovered that complex 12 is able to form
columnar structures in the solid state with S ¥¥¥ S contacts of
3.88 ä and 3.95 ä, despite the presence of the volumnious
hexacarbonyldicobalt units in the cyclic moiety.[39]


In the cases of 2 ± 12 the columnar structures in the solid
state provide small tunnels with a lipophilic surface given by
the alkane bridges; however, the diameters inside the columns
are much too small for the inclusion of other molecules. To
provide enough space for the inclusion of host molecules
larger rings were investigated such as the 24-membered ring
13,[40] the 22-membered ring 14,[41] and the 33-membered rings
15 and 16.[40]


The C3-symmetric ring of 13 contains three S-C�C-S units
oriented in a sloping position as shown in Figure 9. Thus three
sulfur atoms point upwards and three downwards. An upper
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Figure 9. Side view showing the stacking of the rings of 13. The short S ¥¥ ¥ S
contacts (3.52 ä) are indicated. Hydrogen atoms are omitted for the sake
of clarity.


sulfur atom is connected to a consecutive lower one by a
butane chain. These arrangements of the building blocks
allow a zigzag conformation of the CH2 groups of the chain
and a torsion angle between the CH2�S groups of one
CH2�S�C�C�S�CH2 unit of approximately 103�. The sulfur
atoms form close contacts with those in neighboring rings,
stacked on top of each other, and the S ¥¥ ¥ S distances amount
to 3.52 ä. The diameter of the tubes built by this stacking
system measures approximately 6 ä. By recrystallising 13
from n-hexane, solvent is included in the tubes.
This building motif very much resembles that reported for


cyclo[-(�-Ala-�-Glu-�-Ala-�-Glu)2], shown in Figure 1.[13]


The hydrogen bonds between the 24-membered rings are
now replaced by S ¥¥¥ S interactions.
In the 24-membered ring of 13 the n-hexane molecules are


included in a disordered fashion; this shows up in the X-ray
analysis as residual electron density in the inside of the tubes.
The 22-membered ring of 14 resembles that of 4 and 7with the
exception that the alkyne unit is twice as long in 14 as in 4 and
5. When we recrystallized 14 from toluene, the tubes
contained one molecule of solvent per two cycles in an
ordered fashion (Figure 10). We ascribe this regularity to
weak C�H ¥¥¥� interactions between the alkane chains of 14
and the �-system of toluene.
The 33-membered rings 15 and 16 contain, like 14, the


structural units of a 1,4-donor-substituted butadiyne with
sulfur and selenium, respectively, as donors. Due to the
extended ring size, the cavities formed by the rings are able to
host polar and nonpolar molecules as guests, such as n-hexane,
toluene, p-xylene, bromobenzene, anisole, and nitrobenzene.
One molecule of the aromatic guest per cycle is now included
in an ordered fashion, as shown in Figure 11 for the
hexaselenacyclohexayne 16 with its guest nitrobenzene. If a
larger guest like mesitylene is used the tubes are stretched;
this is seen by comparing the shape of 16 containing nitro-
benzene (Figure 11) and containing mesitylene (Figure 12).[41]


Our elastic rings are complemented on the one hand by flexible


Figure 10. Top view of 14 ; the short S ¥¥ ¥ S distances and the included
toluene molecules are indicated. The hydrogen atoms are omitted for the
sake of clarity.


Figure 11. Top view of 16 ; short Se ¥¥ ¥ Se distances and the included
nitrobenzene molecules are indicated. The H atoms are omitted for the
sake of clarity.


rings and on the other hand by shape-persistent macrocycles
reviewed recently.[42]


A further bonding motif was found when the solid-state
properties of 2,7-ditelluraocta-3,5-diyne (17)[40] were studied.
This molecule resembles a rigid rod with two CH3�Te
fragments at the end. The tellurium centers provide the
means for forming close intermolecular contacts. For the
resulting framework it should be noted that due to the torsion
angle between the CH3�Te bonds (53�), the ™rods∫ show C2
symmetry.
When 17 is recrystallized from n-hexane the 2,7-ditellura-


octa-3,5-diyne units form a rectangular cavity that is large
enough to include solvent, as evidenced by the residual
electron density in the center (Figure 13, top). The distance
between opposite triple bonds within the rectangular cavity
amounts to approximately 7 ä. Due to theC2 symmetry of the
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Figure 12. Top view of 16 ; the short Se ¥¥ ¥ Se distances and the included
mesitylene molecules are indicated. The H atoms are omitted for the sake
of clarity.


(CH3�Te�C�C)2 building unit, the molecules orient them-
selves in helical stacks (see Figure 13, bottom). The solid-state
structure of 17 is dominated by close Te ¥¥¥ Te contacts,
whereby each Te atom, placed at the edge of a stack, keeps
in close contact with four Te atoms in the two neighboring
stacks. As a result each Te atom forms zigzag-like contacts
(3.74 ä and 3.82 ä) to two neighboring stacks (cf. Figure 6).
Together with one diagonal contact (4.30 ä) and two contacts
within the stacks (4.46 ä), each tellurium atom experiences
seven close contacts in total.
This concept of building cavities resembles somewhat that


encountered for dipeptides such as �-Leu-�-Val, which are
bound head-to-tail and form helices with six dipeptides in
term (cf. Figure 2).[12]


Conclusion


We have shown that tubular structures can be formed without
hydrogen bonding if the building units are arranged properly
by van der Waals forces between chalcogen centers. One can
either use large rings with rigid building blocks, or stiff open
chain building blocks and as many chalcogen units as possible.
Several examples of differently sized cyclodiynes and cyclo-
dienes have been presented that reveal close contacts between
sulfur and selenium atoms, yielding a three-dimensional
columnar arrangement. The synthesis of chalcogen-substitut-
ed macrocycles leads to the formation of cavities in the solid
state that are able to include various guest molecules. We have
demonstrated that the nonbonding chalcogen ± chalcogen
interactions are the driving forces that may direct cyclic rings
to pile up in stacks yielding tubular arrangements. Thus, even
saturated selenium-substituted crown ethers are able to form
columnar structures despite the lack of � ±� interactions.


Figure 13. Top: Top view of the structure of 17 with the close Te ¥¥¥ Te
contacts and the included n-hexane molecules shown . Bottom: Side view
showing the helical arrangement of 17 in the solid state.


To the best of our knowledge there are no channel-like
structures available that have short contacts between halogen
centers, but in principle this should be possible. A good
candidate should be 1 in which the R group is Cl, Br, or I.[43]


The ability to create non-hydrogen-bonded networks,
whereby sulfur, selenium, and tellurium provide the cement
that binds the superstructure, allows access to new dimensions
in stack and cavity design. Such chalcogen ± chalcogen inter-
actions may also have been important contributors in the
early evolutionary stages of self-organising systems, beyond
the very successful world of hydrogen bonds.







Chalcogen ±Chalcogen Interactions 2676±2683


Chem. Eur. J. 2003, 9, 2676 ± 2683 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2683


Acknowledgements


We acknowledge financial support from the Deutsche Forschungsgemein-
schaft and the Fonds der Chemischen Industrie. We are grateful to C.
Benisch, P. Bischof, C. Bleiholder, F. Rominger and T. H. Staeb for their
contributions. D.B.W. thanks the Studienstiftung des deutschen Volkes for a
graduate fellowship.


[1] a) J. D. Lear, Z. R. Wasserman, W. F. DeGrado, Science 1988, 240
1177 ± 1181; b) N. Unwin,Nature 1995, 373, 37 ± 43; c) U. Koert,Chem.
Unserer Zeit 1997, 31, 20 ± 26; d) P. J. Langley, J. Hulliger, Chem. Soc.
Rev. 1999, 28, 279 ± 291.


[2] G. Gottardi, Pure Appl. Chem. 1986, 58, 1343 ± 1349; b) Occurence,
Properties, and Utilization of Natural Zeolites (Eds.: D. Kallo, H. S.
Sherry), Akademia Kiado, Budapest 1988 ; c) G. Calzaferri, M.
Pauchard, H. Maas, S. Huber, A. Khatyr, T. Schaafsma, J. Mater.
Chem. 2002, 12, 1 ± 13.


[3] a) P. M. Ajayan, Chem. Rev. 1999, 99, 1787 ± 1799; b) M. Terrones,
W. K. Hsu, H. W. Kroto, D. R. M. Walton, Top. Curr. Chem. 1999, 199,
189 ± 234.


[4] J. H. Fink, P. Lambin, Top. Appl. Phys. 2001, 80, 247 ± 272.
[5] R. Saito, H. Kataura, Top. Appl. Phys. 2001, 80, 213 ± 246.
[6] B. I. Yakobson, P. Avouris, Top. Appl. Phys. 2001, 80, 329 ± 390.
[7] S. Leininger, B. Olenyuk, P. J. Stang, Chem. Rev. 2000, 100, 853 ± 908.
[8] M. Fujita, Chem. Soc. Rev. 1998, 27, 417 ± 425.
[9] a) J.-M. Lehn, Supramolecular Chemistry, VCH, Weinheim, 1993 ;


b) F. Vˆgtle, Supramolekulare Chemie, Teubner, Stuttgart, 1992.
[10] D. T. Bong, T. D. Clark, J. R. Granja, M. R. Ghadiri, Angew. Chem.


2001, 113, 1016 ± 1041; Angew. Chem. Int. Ed. 2001, 40, 988 ± 1011.
[11] J. D. Hartgerink, T. D. Clark, M. R. Ghadiri, Chem. Eur. J. 1998, 4,


1367 ± 1372.
[12] C. H. Gˆrbitz, Chem. Eur. J. 2001, 7, 5153 ± 5159.
[13] M. R. Ghadiri, J. R. Granja, R. A. Milligan, D. E. McRee, N.


Khazanovich, Nature 1993, 366, 324 ± 327.
[14] C. H. Gˆrbitz, E. Gundersen,Acta Crystallogr. Sect. C 1996, 52, 1764 ±


1767.
[15] a) W. Schlenk, Jr., Angew. Chem. 1950, 62, 299 ± 301; b) M. F. Bengen,


Angew. Chem. 1951, 63, 207 ± 208; c) K. Takemoto, N. Sonoda in
Inclusion Compounds, Vol. 2 (Eds.: J. L. Atwood, J. E. Davies, D. D.
MacNicol), Academic Press, London, 1984, pp. 47 ± 67.


[16] R. Bishop, I. G. Dance, Top. Curr. Chem. 1988, 149, 137 ± 188.
[17] R. E. Rundle, F. C. Edwards, J. Am. Chem. Soc. 1943, 65, 2200 ± 2203.
[18] W. Saenger in Inclusion Compounds, Vol. 2 (Eds.: J. L. Atwood, J. E.


Davies, D. D. MacNicol), Academic Press, London, 1984, pp. 231 ±
259.


[19] F. L. Hishfeld, D. Rabinovich, Acta Crystallogr. 1965, 19, 235 ± 241.
[20] H. A. Staab, F. Diederich, C. Krieger, D. Schweitzer, Chem. Ber. 1983,


116, 3504 ± 3512.
[21] C. A. Hunter, P. Leighton, J. K. M. Sanders, J. Chem. Soc. Perk. Trans.


1 1989, 547 ± 552.
[22] C. A. Hunter, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112, 5525 ±


5534.
[23] a) D. Venkataraman, S. Lee, J. Zhang, J. S. Moore, Nature 1994, 371,


591 ± 593; b) Y. Tobe, N. Utsumi, K. Kawabata, A. Nagano, K. Adachi,


S. Araki, M. Sonoda, K. Hirose, K. Naemura, J. Am. Chem. Soc. 2002,
124, 5350 ± 5364; c) O. Henze, D. Lentz, A. D. Schl¸ter, Chem. Eur. J.
2000, 6, 2362 ± 2367; d) S. Hˆger, D. L. Morrison, V. Enkelmann, J.
Am. Chem. Soc. 2002, 124, 6734 ± 6736; e) S. Rosselli, A.-D. Ram-
minger, T. Wagner, B. Silier, S. Wiegand, W. H‰u˚ler, G. Lieser, V.
Scheumann, S. Hˆger, Angew. Chem. 2001, 113, 3231 ± 3237; Angew.
Chem. Int. Ed. 2001, 40, 3138 ± 3143.


[24] G. R. Desiraju in Studies in Organic Chemistry (Ed.: G. R. Desiraju),
Elsevier, Amsterdam, Oxford, New York, Tokyo, 1987, 32, 519 ± 546;
b) G. R. Desiraju, R. Parthasarathy, J. Am. Chem. Soc. 1989, 111,
8725 ± 8726; c) P. Metrangolo, G. Resnati, Chem. Eur. J. 2001, 7, 2511 ±
2519.


[25] R. E. Rosenfield, R. Parthasarathy, J. Dunitz, J. Am. Chem. Soc. 1977,
99, 4860 ± 4862.


[26] C. Bleiholder, D. B. Werz, R. Gleiter, unpublished results.
[27] V. R. Pedireddi, D. S. Reddy, B. S. Goud, D. C. Craig, A. D. Rae, G. R.


Desiraju, J. Chem. Soc. Perkin Trans. 2 1994, 2353 ± 2360.
[28] S. L. Price, A. J. Stone, J. Lucas, R. S. Rowland, A. E. Thornley, J. Am.


Chem. Soc. 1994, 116, 4910 ± 4918.
[29] J. M. Williams, J. R. Ferraro, R. J. Thorn, K. D. Carlson, U. Geiser,


H. H. Wang, A. M. Kini, M.-H. Whangbo, Organic Superconductors,
Prentice Hall, Englewood Cliffs, NJ, 1992.


[30] J. J. Novoa, M. C. Rovira, C. Rovira, J. Veciana, J. Tarre¬s, Adv. Mater.
1995, 7, 233 ± 237.


[31] J. P. Glusker, Top. Curr. Chem. 1998, 198, 1 ± 56.
[32] C. Benisch, S. Bethke, R. Gleiter, T. Oeser, H. Pritzkow, F. Rominger,


Eur. J. Org. Chem. 2000, 2479 ± 2488.
[33] D. B. Werz, T. H. Staeb, C. Benisch, B. J. Rausch, F. Rominger, R.


Gleiter, Org. Lett. 2002, 4, 339 ± 342.
[34] L. Pauling, The Nature of the Chemical Bond, 3rd ed., Cornell


University Press, Ithaca, NY, 1973.
[35] D. B. Werz, R. Gleiter, F. Rominger, J. Org. Chem. 2002, 67, 4290 ±


4297.
[36] T. H. Staeb, R. Gleiter, F. Rominger, Eur. J. Org. Chem. 2002, 2815 ±


2822.
[37] a) B. M. Pinto, B. D. Johnston, R. J. Batchelor, F. W. B. Einstein, I. D.


Gay, Can. J. Chem. 1988, 66, 2956 ± 2958; b) B. M. Pinto, B. D.
Johnston, R. J. Batchelor, J.-H. Gu, J. Chem. Soc. Chem. Commun.
1988, 1087 ± 1089; c) B. M. Pinto, R. J. Batchelor, B. D. Johnston,
F. W. B. Einstein, I. D. Gay, J. Am. Chem. Soc. 1988, 110, 2990 ± 2991;
d) R. J. Batchelor, F. W. B. Einstein, I. D. Gay, J.-H. Gu, B. D.
Johnston, B. M. Pinto, J. Am. Chem. Soc. 1989, 111, 6582 ± 6591.


[38] D. B. Werz, B. J. Rausch, R. Gleiter, Tetrahedron Lett. 2002, 43, 5767 ±
5769.


[39] B. J. Rausch, R. Gleiter, F. Rominger, J. Chem. Soc. Dalton Trans.
2002, 2219 ± 2226.


[40] D. B. Werz, R. Gleiter, F. Rominger, J. Am. Chem. Soc. 2002, 124,
10638 ± 10639.


[41] D. B. Werz, R. Gleiter, F. Rominger, unpublished results.
[42] a) C. Grave, A. D. Schl¸ter, Eur. J. Org. Chem. 2002, 3075 ± 3098; b) S.


Hˆger, J. Polym. Sci. Part A 1999, 37, 2685 ± 2698; c) M. M. Haley, J. J.
Pak, S. C. Brand, Top. Curr. Chem. 1999, 201, 81 ± 130.


[43] Note added in proof: A paper in which interactions between iodine
atoms lead to a stacking of molecules has been published recently: Y.
Morita, E. Miyazaki, J. Toyoda, K. Nakasuji, Bull. Chem. Soc. Jpn.
2003, 76, 205 ± 206.








Chem. Eur. J. 2003, 9, 2685 ± 2695 DOI: 10.1002/chem.200204399 ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2685


I. S. GonÁalves et al.







Preparation and Characterization of Organotin ± Oxomolybdate Coordination
Polymers and Their Use in Sulfoxidation Catalysis


Marta Abrantes,[a] Anabela A. Valente,[b] Martyn Pillinger,[b] Isabel S. GonÁalves,*[b]


Joaƒo Rocha,[b] and Carlos C. Romaƒo*[a]


Abstract: The organotin ± oxomolyb-
dates [(R3Sn)2MoO4] ¥ nH2O (R�
methyl, n-butyl, cyclohexyl, phenyl, ben-
zyl) have been prepared and tested as
catalysts for the oxidation of benzothio-
phene with aqueous hydrogen peroxide,
at 35 �C and atmospheric pressure. In
all cases, the 1,1-dioxide was the only
observed product. The kinetic profiles
depend on the nature of the tin-bound R
group and also on the addition of a co-
solvent. For the tribenzyltin derivative,
the apparent activation energies for
sulfoxidation as a function of the co-
solvent are in the order 1,2-dichloro-
ethane (5 kcalmol�1)� ethanol� aceto-
nitrile�water (27 kcalmol�1). The solid
could be recovered by centrifugation
from the three-phase (solid ± liquid ±


liquid) system containing 1,2-dichloro-
ethane. The catalyst was reused in a
second reaction cycle with no significant
loss of activity. Increasing the oxidant/
substrate ratio from 2:1 to 6:1 allows the
corresponding sulfone to be obtained in
quantitative yield within 24 h. Changing
the nature of the tin-bound R group in
the catalyst precursors modifies their
physical properties and hence their cat-
alytic performance. The variation in
hydrophobic/hydrophilic character is
important, since the Me, nBu and Cy
derivatives crystallize as anhydrous


compounds, whereas the other two de-
rivatives are hydrates. The polymers also
have different structures, as evidenced
by X-ray powder diffraction. Mo K-edge
and Sn K-edge EXAFS spectroscopy
confirmed that the structures arise
from the self-assembly of tetrahedral
[MoO4]2� subunits and [R3Sn]� spacers.
The Mo ¥¥¥ Sn separation in the trimeth-
yltin derivative is a uniform 3.84 ä. By
contrast, the EXAFS results revealed
the coexistence of short (3.67 ± 3.79 ä)
and long (3.93 ± 4.07 ä) Mo ¥¥¥ Sn sepa-
rations in the other coordination poly-
mers. The catalyst precursors were also
characterized in the solid state by ther-
mogravimetric analysis, FTIR, and
Raman spectroscopy, and MAS NMR
(13C, 119Sn) spectroscopy.


Keywords: EXAFS spectroscopy ¥
molybdenum ¥ polymerization ¥
sulfoxidation ¥ tin


Introduction


In North America and Europe, the acceptable levels of sulfur
in liquid hydrocarbon fuels are continually on the decrease,
driven in part by the need to limit emissions of the oxides of
sulfur which lead to acid rain, atmospheric ozone, and smog.[1]


New, highly efficient and cost-effective desulfurization tech-
nologies are therefore required. Existing catalytic hydro-
desulfurization processes are problematic because of the high


temperatures and pressures required, the high hydrogen
consumption, and the difficulty in removing certain refractory
sulfides such as benzothiophene, dibenzothiophene, and 4,6-
dimethyldibenzothiophene.[1, 2] To eliminate undesirable sul-
fur compounds or to convert them into more innocuous forms,
various nonconventional processes have been employed or
are being investigated, such as physical extraction with a
liquid, selective adsorption on zeolites, and liquid-phase
oxidative desulfurization.[3] In the last case, various types of
oxidants are used, including hydrogen peroxide, ozone,
tBuOOH, oxygen, and peracids. The liquid oxidation process
with H2O2 produces sulfoxides (1-oxides) and sulfones (1,1-
dioxides) that can be separated physically and processed
downstream (sulfones can, for example, be used as surfac-
tants). Near-atmospheric pressures and mild temperatures are
used, and there is no need for hydrogen. Furthermore, H2O2 is
economically attractive and eco-compatible as the oxidant,
since water is the only chemical by-product formed from its
decomposition during oxidative transformations. The oxida-
tion of thiophene derivatives with H2O2 is known to take place
over a limited range of metal-containing catalyst systems, such
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as methyltrioxorhenium(���),[4] polyoxometalates,[5] and tita-
nium-containing molecular sieves.[6]


Recently, we found that organotin ± oxometalate coordina-
tion polymers [(nBu3Sn)2MO4] (M�Mo, W) exhibit good
catalytic activity for H2O2-based oxidations (epoxidation of
olefins) at room temperature and atmospheric pressure.[7]


With appropriate adjustment of the reaction conditions these
materials become insoluble and act as heterogeneous cata-
lysts, which are easily separated from the reaction products by
centrifuging and can be reused without significant loss of
activity. The tri-n-butyltin derivatives belong to a wider family
of materials,[8] general formula [(R3E)2MO4] (R�Me, Et, nPr,
nBu, Ph; E� Sn, Pb; M�Mo, W). These compounds are
accessible by precipitation from aqueous solution, using the
starting materials R3ECl and NaMO4 ¥ 2H2O. Apart from the
trimethyltin ± oxomolybdate analogue, which was character-
ized by single-crystal X-ray diffraction, the organotin ± oxo-
metalate materials have not yet been characterized in detail.
[(Me3Sn)2MoO4] has a layered structure built up of tetrahe-
dral MoO4 and trigonal-bipyramidal Me3SnO2 units (with
shared oxygen atoms).[8] It is surprising that the catalytic
properties of these polymers have not been investigated
seriously. Encouraged by our recent findings with the tri-n-
butyltin derivative, we now report on the oxidation of
benzothiophene, chosen as a model substrate, by aqueous
H2O2 in the presence of the organotin ± oxomolybdates
[(R3Sn)2MoO4] [R�Me, nBu, cyclohexyl (Cy), Ph, benzyl
(Bz)]. The precursors have been characterized extensively,
and we have studied the influence of the nature of the solvent,
the tin-bound R group, the reaction temperature, and the
oxidant concentration on the catalytic reaction.


Results and Discussion


Synthesis and characterization of catalyst precursors :
The organotin ± oxomolybdates [(R3Sn)2MoO4] ¥nH2O


were obtained as analytically pure precipitates by addition
of a saturated aqueous solution of Na2MoO4 ¥ 2H2O to a
solution/suspension of R3SnCl in either water (1, 2) or acetone
(3 ± 5) at room temperature [Eq. (1), in which R�Me (1),
nBu (2), Cy (3), Ph (4), Bz (5)].


Elemental analysis repeatedly indicated that 1 ± 3 are
anhydrous compounds (n� 0), whereas 4 and 5 contain
approximately two and four water molecules per formula
unit, respectively. Thermogravimetric analysis (TGA) meas-
urements under N2 provided supporting evidence for the
presence of nonremovable H2O molecules in 4 and 5 (at least
after prolonged drying in vacuo at room temperature). Thus,
upon heating, the weight of compounds 1 ± 3 remains constant
from 25 �C to at least 100 �C (150 �C for 3). Compound 4,
however, loses 1.7% of its initial weight in the temperature
range 25 ± 100 �C. The tribenzyltin derivative 5 starts to melt at
85 �C and then produces a foam at 108 �C. A steady mass loss
of 6.5% occurs between 25 and 125 �C; this is consistent with
the presence of four H2O molecules per formula unit. Upon
further heating, decomposition starts at about 150 �C and
38% weight loss takes place up to 275 �C. The thermal
behavior of 5 is quite different from that of 1 ± 4, which tend to
melt and decompose above 200 �C (Table 1).
The identity and purity of the trimethyltin derivative 1 were


confirmed by comparison of experimental and calculated
X-ray powder diffraction (XRPD) patterns (see Supporting
Information). Compounds 2, 3, and 5 give rise to XRPD
patterns consisting of relatively sharp reflections, indicating a
polycrystalline nature (see Supporting Information). The
patterns are quite different from that of 1, suggesting that
the tin-bound R group exerts a considerable structure-
directing influence, as observed previously for coordination
polymers [(R3Sn)3Rh(SCN)6] (R�Me, Et, nPr, nBu).[9]


Compound 4 has poor long-range order, as evidenced by the
presence of only very broad, weak reflections in the XRPD
pattern at d spacings of 11.00, 5.40, 4.30, 3.17, and 1.99 ä.
The X-ray structure of the trimethyltin derivative 1 predicts


an asymmetric unit with one type of Me3Sn environment, in
accordance with which in the 119Sn CP MAS NMR spectrum
of 1 one fairly sharp singlet at �� 47.9 ppm is observed. This
chemical shift is compatible with the crystallographically
determined trigonal-bipyramidal trans-Me3SnO2 configura-
tion.[10] In agreement with the 13C CP MAS NMR spectrum
reported by Behrens et al.,[8] that of 1 shows only one
symmetric signal at room temperature (�� 3.80 ppm), despite
there being two nonequivalent methyl carbon atoms in the
asymmetric unit. Therefore the Me3Sn groups must rotate
freely about the O-Sn-O axes on the NMR timescale.[8]


Compounds 2 ± 5 were also characterized by 13C and 119Sn
CP MAS NMR spectroscopy. The tricyclohexyltin derivative
3 gives rise to several sharp or broad overlapping 13C signals in
the expected range for Cy3Sn species.[11] Compound 4 exhibits


Table 1. Thermogravimetric, 119Sn CP MAS NMR, FTIR, and FT Raman data of the compounds [(R3Sn)2MoO4] ¥ nH2O (1 ± 5) and Na2MoO4 ¥ 2H2O.


�(MoO) and �(MoO) [cm�1]
Compound DTGmax [�C] �(119Sn) IR Raman


1 (R�Me) 297 47.9 856 917, 867, 348, 311
2 (R� nBu)[a] 287 17.9, 20.3 810 924, 860, 308
3 (R�Cy) 262[b] � 96.7 941, 800 940, 925, 856, 318
4 (R�Ph) 293[c] ±[d] 814 935, 864, 309
5 (R�Bz) 197[e] � 67.0, �85.9, �112.6[f] 835 933, 863, 317
Na2MoO4 �2H2O ± ± 901, 869, 822 896, 834, 842, 807, 327, 285


[a] See ref. [7]. [b] Starts to melt at 215 �C and decomposes to an orange product. [c] Decomposes to a blue-green product. [d] No resolved signals were
observed. [e] Starts to melt at 85 �C, foams at 108 �C. [f] Spectrum acquired with 20000 scans (ca. 22 h).
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three resonances at �� 141.9, 136.1, and 128.2 ppm, attributed
to the phenyl carbon atoms. Two resonance ranges are in
evidence for the tribenzyltin derivative 5, at �� 26.8 ± 30.2
and 123.4 ± 141.6 ppm, attributed to the methylene carbon and
phenyl carbon atoms, respectively. As reported previously,[7]


the 119Sn CP MAS NMR spectrum of 2 shows two very close
singlets, suggesting the presence of two slightly nonequivalent
sites in the asymmetric units (Table 1). Compound 3, however,
exhibits only one 119Sn resonance, indicating the presence of a
relatively simple asymmetric unit containing only one type of
tin atom. The chemical shift value is consistent with the
presence of a five-coordinate tin atom.[11, 12] For the triphe-
nyltin derivative 4 no resolved signals were observed,
presumably because of its low crystallinity. The tribenzyltin
derivative 5 gave a complicated 119Sn CP MAS NMR spec-
trum composed of three resolved signals at ���67.0, �85.9,
and �112.6 ppm. These are shifted markedly upfield relative
to the characteristic �(119Sn) values for four-coordinate
tribenzyltin compounds (�55 to �25 ppm), and are in the
range typical for five-coordinate compounds.[13] The presence
of a fourth signal was also indicated, but it was impossible to
decide between lines at ���115 and �154 ppm because of
the overlapping of peaks and the complex spinning sideband
pattern.
Table 1 summarizes the observed Mo�O vibrational fre-


quencies for 1 ± 5. The FTIR spectrum of 1 presents a very
strong band at 856 cm�1, which is assigned to the asymmetric
stretch of the [MoO4]2� oxoanion. In the Raman spectrum,
this mode is observed with medium intensity at 867 cm�1.
The Raman spectrum also contains a strong band at 917 cm�1


for the symmetric stretch and bands at lower wavenumbers
(348 and 311 cm�1) for the bending modes. The � and
�(Mo�O) vibrational frequencies for 1 are weakly shifted in
comparison with those of Na2MoO4 ¥ 2H2O (Table 1).[8] De-
spite the local D2d symmetry of each Mo(OSn)4 fragment, the
observed vibrational spectrum of the MoO4 unit follows the
selection rules for Td symmetry.[8, 14] On the whole, these


observations also apply to 2 ± 5. The main differences are that
the IR-active �asym mode for 2 ± 5 is observed at slightly lower
frequency (800 ± 835 cm�1), and the Raman-active �sym mode
at higher frequency (924 ± 940 cm�1). Hardcastle and Wachs
found the correlation between the Raman scattering frequen-
cies of Mo�O bonds and their respective bond lengths in
molybdenum oxide compounds[15] to be given by Equa-
tion (2).


�� 32895exp(�2.073r) (2)


The standard deviation associated with the calculation of a
stretching frequency from an Mo�O bond length was
�25 cm�1. In 1 ± 5, the average Mo�O bond length is 1.77 ä
by X-ray diffraction for 1 or EXAFS for 2 ± 5 (see below), and
inserting this value in Equation (2) gives a value of 839 cm�1


for the �sym mode. This is close to the estimate by Hardcastle
and Wachs for the stretching frequency of a perfect MoO4


tetrahedron (858 cm�1).[15] The observed symmetric stretches
for Na2MoO4 ¥ 2H2O and 1 ± 5 are considerably higher than
these calculated values, indicating the presence of distorted
MoO4 tetrahedra.[15, 16] Accordingly, the vibrational spectra of
Na2MoO4 ¥ 2H2O indicate a lowering of the symmetry of the
[MoO4]2� oxoanion.[16] It is surprising that the spectra of 1 ± 5
do not follow this trend. A possible exception is 3, which
shows a weak band at 940 cm�1 in the FTIR spectrum. This
may be attributed to the �sym mode that has become IR-active
because of a reduction of symmetry from Td.
Mo K-edge and Sn K-edge extended X-ray absorption fine


structure (EXAFS) studies were carried out for 1 ± 5 to obtain
more detailed structural information on the average local
environments of molybdenum and tin. The X-ray crystal
structure of 1 is known and therefore it serves as a good model
compound.[8] The room-temperature Mo K-edge EXAFS of 1
was fitted by a model comprising four oxygen atoms at 1.77 ä
(Table 2; Figure 1). The refined coordination number (CN)
and distance match the X-ray crystallographic values very


Table 2. Mo K-edge and Sn K-edge EXAFS-derived structural parameters for [(Me3Sn)2MoO4] (1).[a]


Edge T [K] Fit Atom CN[b] r [ä] 2�2 [ä]2[c] Ef [eV][d] R [%][e]


Mo K 298 A1 O 4.0(2) 1.768(2) 0.0032(2) 1.3(5) 28.0
30 B1 O 4.0(2) 1.761(2) 0.0028(2) 2.5(5) 30.3


Sn 2.0(4) 3.824(3) 0.0045(4)
B2[f] O 4.0(2) 1.763(2) 0.0028(2) 1.8(5) 27.9


Sn 4.0 3.829(3) 0.0064(3)
B3[f] O 4.0(2) 1.763(2) 0.0028(2) 1.8(5) 27.6


Sn 4.0 3.829(3) 0.0064(3)
Mo 8.0(50) 7.391(22) 0.0139(37)


Sn K 30 C1[g] C 3.0(5) 2.131(7) 0.0061(8) � 9.6(7) 46.7
O 2.0(4) 2.252(8) 0.0062(11)
Mo 2.0 3.831(3) 0.0056(4)
Sn 4.0(40) 5.601(17) 0.0165(30)
Sn 8.0(30) 7.469(6) 0.0079(7)


[a] Coordination shells and mean interatomic distances [ä] for [(Me3Sn)2MoO4], calculated from the crystal structure(ref. [8]) using the program SEXIE
(see ref. [17]) (central atom in italics, coordination number in parentheses): Mo ¥ ¥ ¥O�1.770 (4), Mo ¥ ¥ ¥ Sn�3.839 (4) (Mo-O-Sn�143.6�), Mo ¥ ¥ ¥Mo
7.390 (4), Mo ¥ ¥ ¥Mo 7.466 (4); Sn ¥ ¥ ¥C�2.095 (2), Sn ¥ ¥ ¥C�2.148 (1), Sn ¥ ¥ ¥O�2.269 (2), Sn ¥ ¥ ¥Mo�3.839 (2), Sn ¥ ¥ ¥ Sn�5.626 (4), Sn ¥ ¥ ¥ Sn�7.390 (4),
Sn ¥ ¥ ¥ Sn�7.463 (4). Maximum deviation for considering atoms to be in a common shell�0.01 ä. [b] CN�coordination number. Values in parentheses are
statistical errors generated in EXCURVE. The true errors in coordination numbers are likely to be of the order of 20%, and those for the interatomic
distances ca. 1.5% (see Ref. [18]). [c] Debye ±Waller factor; �� root-mean-square internuclear separation. [d] Ef �edge position (Fermi energy), relative to
calculated vacuum zero. [e] R� (


�
[�theory��exptl]k3dk/[�exptl]k3dk)�100%. [f] Multiple scattering calculation for Mo-O-Sn: Mo-O-Sn�143.7(13)� ; maximum


pathlength�10 ä; maximum order of scattering�3; paths considered�Mo-O-Sn-Mo,Mo-O-Sn-O-Mo. [g] Multiple scattering calculation for Sn-O-Mo: Sn-
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Figure 1. k3-weighted EXAFS and Fourier transforms of [(Me3Sn)2MoO4]
(1): a) Mo K-edge at 298 K; b) Mo K-edge at 30 K; c) Sn K-edge at 30 K.
The solid lines represent the experimental data and the broken lines show
fits using parameters given in Table 2 (fits A1, B2, and C1).


well (see the footnote in Table 2).
According to the crystal structure,
there is only one type of molybde-
num atom in the asymmetric unit.
The second coordination shell for
this atom consists of four tin atoms
at the mean distance of 3.84 ä.
However, the Fourier transform
(FT) of the room-temperature Mo
K-edge EXAFS of 1 does not
indicate a well-defined second shell
close to 4 ä (Figure 1). Cooling the
sample down to 30 K had a dra-
matic effect, leading to the appear-
ance of a new intense peak in the
FT just below 4 ä (Figure 1). Fit-
ting this shell as tin with single
scattering calculations gave a rea-
sonable result (Mo ¥¥¥ Sn�
3.824(3) ä, fit B1 in Table 2), but
the refined coordination number of
2.0(4) is much lower than the
expected value of 4.0. A much
better result was obtained upon
inclusion of multiple scattering for
the Mo-O-Sn unit (fit B2 in Ta-
ble 2; Figure 1). The goodness-of-


fit R factor decreased to 27.9% and the refined structural
parameters, including the Mo-O-Sn angle (143.7(13)�), are in
excellent agreement with the X-ray diffraction results. A
slight improvement in the overall fit was obtained by addition
of eight Mo atoms at 7.4 ä (fit B3; the crystal structure
predicts four Mo at 7.39 ä and four Mo at 7.47 ä). Not
surprisingly, there are large statistical errors in the refined
structural parameters for this distant third shell.
The low-temperature Sn K-edge EXAFS of 1 turned out to


be very complex and it was difficult to obtain a good fit, even
with the five-shell model described in Table 2 (Figure 1).
Nevertheless there is excellent agreement (to 1% or less)
between the EXAFS-derived interatomic distances and the
single-crystal X-ray values. Once again, multiple scattering
was included for the Sn-O-Mo unit (Sn-O-Mo� 144.1(9)�).
Overall the results are consistent with the presence of trans-
R3SnO2 units with trigonal-bipyramidal geometry. A crucial
finding is that analysis of both the Mo K-edge and Sn K-edge
data gives the same value for the closest Mo ¥¥¥ Sn interaction
(3.83 ä).
The Mo K-edge and Sn K-edge EXAFS analysis results for


3 ± 5 are detailed in Tables 3 ± 5, and Figure 2 illustrates results
for compound 4 (other spectra are given in the Supporting
information; see also ref. [7] for results concerning 2). A few
general comments apply to the Mo K-edge EXAFS-derived
structural parameters for all compounds 2 ± 5. The first shell
always fits very well as four oxygen atoms at 1.763 ± 1.768 ä.
This shell is very well defined, characterized by low Debye ±
Waller factors in the range 0.002 ± 0.006 ä2. Molybdenum is
present in all five coordination polymers as tetrahedral


Table 3. Mo K-edge and Sn K-edge EXAFS-derived structural parameters for [(Cy3Sn)2MoO4] (3).


Edge T [K] Fit Atom CN r [ä] 2�2 [ä]2 Ef [eV] R [%]


Mo K 298 A1 O 4.0(1) 1.768(2) 0.0057(2) 0.0(4) 26.3
A2 O 4.0(1) 1.768(2) 0.0056(2) 0.0(4) 24.4


Sn 0.7(4) 3.677(10) 0.0095(16)
A3 O 4.0(1) 1.768(2) 0.0057(2) 0.1(4) 25.2


Sn 0.5(4) 3.925(12) 0.0076(18)
30 B1 O 4.0(1) 1.768(2) 0.0044(2) 0.3(4) 25.7


B2 O 4.0(1) 1.768(2) 0.0044(2) 0.2(4) 23.3
Sn 1.0(4) 3.698(8) 0.0100(13)


B3 O 4.0(1) 1.768(2) 0.0044(2) 0.3(4) 23.8
Sn 0.6(3) 3.999(9) 0.0063(13)


Sn K 298 C1[a] C 4.7(2) 2.156(2) 0.0090(4) � 8.6(3) 24.8
C 4.6(7) 3.083(8) 0.0133(16)
C 2.5(7) 3.544(10) 0.0067(18)


C2 C 4.7(2) 2.156(2) 0.0090(4) � 8.6(3) 25.5
C 4.4(7) 3.083(8) 0.0125(16)
Mo 0.5(3) 3.670(10) 0.0108(17)


C3 C 4.7(2) 2.156(2) 0.0090(4) � 8.6(3) 26.8
C 4.4(7) 3.083(8) 0.0126(17)
Mo 0.5(4) 3.991(32) 0.0179(61)


30 D1[a] C 4.6(2) 2.156(2) 0.0071(4) � 8.2(4) 28.0
C 5.5(6) 3.081(5) 0.0084(9)
C 4.0(10) 3.544(12) 0.0108(24)


D2 C 4.6(2) 2.156(2) 0.0072(4) � 8.3(4) 28.6
C 5.4(6) 3.081(5) 0.0081(9)
Mo 0.8(5) 3.695(12) 0.0141(21)


D3 C 4.6(2) 2.156(2) 0.0071(4) � 8.1(4) 28.5
C 5.4(6) 3.080(5) 0.0082(9)
Mo 0.8(4) 3.992(10) 0.0109(16)


[a] Two-shell fits (carbon atoms at 2.16 and 3.08 ä) to the room-temperature and low-temperature Sn K-edge
EXAFS data gave R factors of 27.3% and 30.9%, respectively.
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Figure 2. a) Mo K-edge and b) Sn K-edge k3-weighted EXAFS and
Fourier transforms of [(Ph3Sn)2MoO4] ¥ 2H2O (4). The solid lines represent
the experimental data, measured at room temperature, and the broken
lines show fits using parameters given in Table 4 (fits A2 and B2).


[MoO4]2� units. As described above, each Mo atom in 1 has
four tin neighbors at 3.83 ä. Compounds 2 ± 5 are different in
that it is generally possible to fit shells for tin at two different
distances, slightly shorter (3.65 ± 3.79 ä) and slightly longer
(3.93 ± 4.07 ä) than the corresponding Mo ¥¥¥ Sn interaction in
1. The addition of these shells brings about relatively small
improvements in the overall fits, and there are large statistical
errors in the refined structural parameters, in particular the
coordination numbers, which are lower than expected and do
not seem to be consistent with the presence of four tin
neighbors. However, considerable caution must be attached
to the accuracy of these results, partly because of the large
statistical errors, and also because the refinement of coordi-
nation numbers and Debye ±Waller factors simultaneously
does not always give reliable results, owing to the high
correlation of the two parameters. Measuring the Mo K-edge
EXAFS spectra of 3 and 5 at low temperature (30 K) did not
result in a marked improvement in the definition of the Mo ¥¥¥
Sn interaction, unlike that seen for 1, although there were
slight reductions in the statistical errors with a concomitant
increase in the refined coordination numbers (Tables 3 and 5).
As described previously, the room-temperature Sn K-edge


EXAFS of 2 could be fitted by a two-shell model composed of
3.5 carbon atoms at 2.14 ä and 2.0 oxygen atoms at 2.26 ä.[7]


These distances are very similar to those for 1 and, therefore,
support the presence of trigonal-bipyramidal R3SnO2 units
(with shared oxygen atoms). By contrast, for 3 ± 5 it was not
possible to fit two separate shells for the first coordination
sphere (Tables 3 ± 5). Instead, only one carbon shell was fitted
at 2.12 ± 2.16 ä with optimum coordination numbers in the
range 4.3 ± 5.0. The coordination number values nevertheless


Table 4. Mo K-edge and Sn K-edge EXAFS-derived structural parameters for
[(Ph3Sn)2MoO4] ¥ 2H2O (4).


Edge T [K] Fit Atom CN r [ä] 2�2 [ä]2 Ef [eV] R [%]


Mo K 298 A1 O 4.0(1) 1.767(2) 0.0041(2) 0.4(4) 26.2
A2 O 4.0(1) 1.767(2) 0.0041(2) 0.3(4) 25.3


Sn 1.0(6) 3.752(14) 0.0127(23)
A3 O 4.0(1) 1.766(2) 0.0041(2) 0.6(4) 25.1


Sn 1.0(6) 4.041(13) 0.0110(21)
Sn K 298 B1[a] C 3.0 2.123(3) 0.0048(5) � 7.6(6) 37.1


C 6.0(8) 3.071(8) 0.0104(15)
C 6.0 4.414(14) 0.0030(27)
C 3.0 4.912(20) 0.0076(40)


B2[a] C 3.0 2.123(3) 0.0048(5) � 7.5(6) 35.2
C 6.0(8) 3.070(8) 0.0104(14)
C 6.0 4.410(14) 0.0028(27)
C 3.0 4.910(19) 0.0073(38)
Mo 1.0(6) 3.731(18) 0.0168(33)


B3[a] C 3.0 2.123(3) 0.0048(5) � 7.7(6) 34.9
C 6.0(8) 3.072(8) 0.0104(14)
C 6.0 4.408(22) 0.0073(48)
C 3.0 4.906(21) 0.0083(41)
Mo 1.0(7) 4.027(15) 0.0132(27)


B4[b] C 3.0 2.125(3) 0.0050(5) � 8.4(6) 38.2
C 6.0 3.067(8) 0.0122(14)
C 6.0 4.412(16) 0.0116(39)
C 3.0 4.923(26) 0.0104(56)


[a] Multiple scattering calculation for Sn�C1 ¥¥¥ C4: Sn�C ¥¥¥ C� 180� ; maximum
pathlength� 10 ä; maximum order of scattering� 3; paths considered� Sn-C1-
C4-Sn, Sn-C1-C4-C1-Sn. Multiple scattering calculation for Sn ¥¥¥ C2�C3: Sn ¥¥¥
C�C� 158(7)� ; maximum pathlength� 10 ä; maximum order of scattering� 3;
paths considered� Sn-C2-C3-Sn, Sn-C2-C3-C2-Sn. [b] A full multiple scattering
calculation was performed, using a cluster with D3h point group symmetry
generated from the four-shell model. Spherical polar coordinates for shells 1 ± 4
were �1� 90�, �2� 66.4�, �3� 73.2�, �4� 90�, and �(1±4)� 0� [�i is the angle
between the principal axis (z axis) and the line from the central atom to the
atom(s) in shell i, and �i is the angle between an atom in shell i and the x axis].
Maximum pathlength� 10 ä; maximum order of scattering� 3; paths consid-
ered�Sn-C1-Sn-C1-Sn, Sn-C1-C1��-Sn, Sn-C1-C2-Sn, Sn-C1-C2-C1-Sn, Sn-C2-
C1-C2-Sn, Sn-C1-C2��-Sn, Sn-C1-C3-Sn, Sn-C1-C3-C1-Sn, Sn-C1-C4-Sn, Sn-C1-
C4-C1-Sn, Sn-C2-C2�-Sn, Sn-C2-C3-Sn, Sn-C2-C3-C2-Sn (C�� indicates C atom in
different phenyl ring; C� indicates equivalent C atom in the same phenyl ring).


Table 5. Mo K-edge and Sn K-edge EXAFS-derived structural parameters for
[(Bz3Sn)2MoO4] ¥ 4H2O (5).


Edge T [K] Fit Atom CN r [ä] 2�2 [ä]2 Ef [eV] R [%]


Mo K 298 A1 O 4.0(1) 1.765(2) 0.0043(2) 0.1(4) 23.7
A2 O 4.0(1) 1.765(2) 0.0043(2) 0.1(4) 22.9


Sn 0.5(4) 3.735(12) 0.0082(19)
A3 O 4.0(1) 1.764(1) 0.0043(2) 0.2(4) 22.8


Sn 1.0(6) 3.996(13) 0.0120(22)
30 B1 O 4.0(1) 1.764(1) 0.0035(2) 0.3(4) 23.7


B2 O 4.0(1) 1.764(1) 0.0035(2) 0.2(4) 23.1
Sn 0.5(4) 3.653(24) 0.0124(41)


B3 O 4.0(1) 1.764(1) 0.0035(2) 0.3(4) 21.3
Sn 1.4(6) 3.938(8) 0.0111(13)


Sn K 298 C1[a] C 5.0(2) 2.152(2) 0.0090(4) � 7.0(3) 24.0
C 3.0(15) 2.999(30) 0.0382(107)
C 2.5(10) 3.512(13) 0.0084(29)
Mo 0.4(3) 3.726(14) 0.0104(25)


C2 C 5.0(2) 2.152(2) 0.0090(4) � 7.0(3) 23.9
C 3.0(15) 2.998(29) 0.0379(104)
C 2.5(10) 3.539(13) 0.0090(26)
Mo 0.4(3) 3.992(12) 0.0089(19)


30 D1[b] C 5.0(2) 2.158(2) 0.0082(4) � 6.4(4) 25.5
C 3.0(10) 3.035(19) 0.0213(52)
C 3.0(9) 3.524(10) 0.0069(18)
Mo 0.5(2) 3.941(7) 0.0064(11)


[a] The R factor decreased from 29.4% to 27.2% upon addition of the second
C shell at 3.00 ä, and from 27.2% to 24.9% upon addition of the third C shell at
3.51 ä. [b] The R factor decreased from 35.2% to 32.8% upon addition of the
second C shell at 3.04 ä, and from 32.8% to 29.8% upon addition of the third
C shell at 3.52 ä.
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suggest the presence of five-coordinate tin environments, in
agreement with the 119Sn NMR results. That separate shells
for carbon and oxygen cannot be fitted is probably due to the
similarity of the two elements as backscatterers, and the close
proximity of the two shells. The presence of multiple tin
environments (especially for 4 and 5) also complicates the
analysis. As found for the Mo K-edge data, the FTs of the Sn
K-edge EXAFS of 2 ± 5 indicate the presence of shells around
4 ä. Indeed, it is possible to fit shells for molybdenum at two
different distances, slightly shorter (3.67 ± 3.76 ä) and slightly
longer (3.94 ± 4.07 ä) than the corresponding Sn ¥¥¥Mo inter-
action in 1 (3.83 ä). The addition of each shell generally
produced statistically significant improvements in the overall
fits and the refined Sn ¥¥ ¥Mo distances correlate remarkably
well (to within �0.01 ä in most cases) with the values
obtained from the Mo K-edge EXAFS data. This confirms
quite strongly the coexistence of short (3.65 ± 3.79 ä) and long
(3.93 ± 4.07 ä) Mo ¥¥¥ Sn interactions in the organotin ± oxo-
molybdate coordination polymers 2 ± 5 (Figure 3). A referee


Figure 3. Summary of the EXAFS-derived structural information for the
organotin ± oxomolybdates 2 ± 5. The Sn�O distance could be determined
only for the tri-n-butyltin derivative 2.


suggested that, for the hydrated compounds 4 and 5, insertion
of water into Sn�O bonds to give nonlinear fragments of the
type SnO(H)H ¥¥¥OMo may be possible. However, there is no
convincing evidence for this from the EXAFS data. In
particular, the Mo and Sn K-edge EXAFS results concerning
the nonbonded Sn ¥¥ ¥Mo interactions for the anhydrous
compounds 2 ± 3 are not very different from those of the
hydrated compounds 4 ± 5.
For the Sn K-edge EXAFS of 3, a shell for carbon atoms at


3.08 ä could be fitted in addition to the shells described above
(Table 3). The best coordination number for this shell was
about 4.5 for the room-temperature data, rising to 5.5 for the
low-temperature data. This is consistent with the presence of
tricyclohexyltin environments. The Sn ¥¥¥ C distance seems
reasonable when compared with that reported for trans-
dichlorotricyclohexylarsenic(�), [AsCl2(C6H11)3] (As ¥¥¥ C�
2.84 ± 2.99 ä; As�C� 1.99 ä).[19] The FTs of the Sn K-edge
EXAFS of 3 recorded at different temperatures indicate the
presence of an additional shell at about 3.5 ä. This was best
fitted as either 2.5 (298 K, fit C1) or 4 (30 K, fit D1) carbon
atoms at 3.54 ä. However, this distance does not seem
plausible, considering that the X-ray crystal structure of the
[AsCl2(C6H11)3] mentioned above reveals the next significant
shell of carbon atoms after those at 2.84 ± 2.99 ä to be at
4.26 ± 4.33 ä. At present, we are unable to offer an attribution
for this shell. Curiously, the same shell is also in evidence for
the tribenzyltin derivative 5, in addition to a shell of three
carbon atoms at 3.0 ä (Table 5). The distance for the latter


shell is similar to that reported for tribenzyltin chloride.[20]


According to the X-ray crystal structure of this compound, the
next shell of carbon atoms after that at 3.03 ä is at 3.69 ä
(CN� 3). Therefore, once again, the 3.5 ä shell for 5 seems
rather short to be assigned to CH carbon atoms of the phenyl
groups.
The room-temperature Sn K-edge EXAFS and FT for


compound 4 are shown in Figure 2. The data were initially
modeled with four carbon shells at 2.12, 3.07, 4.41, and 4.91 ä
(fit B1, Table 4). Although the best value for the coordination
number of the first shell was 4.3(2), this was fixed at 3.0 so that
multiple scattering could be included in the calculations for
the linear Sn�C ¥¥¥ C unit (2.12 and 4.91 ä, Sn�C ¥¥¥ C� 180�).
A separate unit was also defined for the other two carbon
atoms (3.07 and 4.41 ä, Sn ¥¥¥ C�C� 158�). The refined Sn ¥¥¥
C distances are in the expected range for triphenyltin
species.[21] Satisfactory fitting of the two shells at 4.41 and
4.91 ä could not be achieved without multiple scattering
included. The EXAFS fits were further improved by addition
of shells for molybdenum at either 3.73 (fit B2) or 4.03 ä
(fit B3). Returning to the four-shell model, as an alternative to
defining two separate units for the multiple scattering
calculations, a full multiple scattering calculation by using
the so-called cluster method was achieved by starting with the
four-shell model described above and in Table 4. For each
shell, the position of one particular atom was defined by
spherical polar coordinates � and �, values for which were
determined from the above unit-method theoretical fits
(Table 4). A D3h symmetry operation was then performed to
generate the complete cluster. The structural parameters
(Debye ±Waller factors, interatomic distances, and Ef) were
then refined with multiple scattering calculated for paths
between all atoms, including those through the central atom
(up to a maximum pathlength of 10 ä). The final cluster is
represented in Figure 4. The interatomic distances are rea-
sonable, including the calculated C�C bond lengths for the
aromatic rings (1.4 ä). However, the overall fit, as judged by
the R factor, is not better than that achieved using the simple
(and computationally much faster) unit method.


Figure 4. Representation of the final cluster with D3h symmetry used to
model the room-temperature Sn K-edge EXAFS of 4 with full multiple
scattering included in the calculations (fit B4, Table 4).
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Sulfoxidation catalysis in the presence of 1 ± 5 : The oxidation
of benzothiophene was carried out with aqueous hydrogen
peroxide in the presence of compounds 1 ± 5 at 35 �C and
atmospheric pressure, with water, acetonitrile, ethanol, or 1,2-
dichloroethane as additional co-solvent (substrate/oxidant/
catalyst� 100:200:1). Control experiments showed that ben-
zothiophene oxidation did not take place to a measurable
extent in the absence of 1 ± 5. In the most favorable case (2 as
catalyst precursor and 1,2-dichloroethane as co-solvent),
conversion of benzothiophene reached 57% within one hour
(Figure 5). The nature of the additional solvent has an


Figure 5. Kinetics of benzothiophene oxidation with aqueous H2O2 at
35 �C in the presence of the organotin ± oxomolybdates 1 (�), 2 (�), 3 (�), 4
(�) and 5 (�), using a) water, b) acetonitrile, c) ethanol, or d) 1,2-dichloro-
ethane as co-solvent. Molar ratio substrate/oxidant/catalyst� 100:200:1.


important effect on yields and reaction kinetics, although this
effect is strongly dependent on the catalyst type (Figure 5).
Regardless of the type of catalyst precursor or additional
solvent, the reactions were highly selective and led directly to
the sulfone (1,1-dioxide), even for low levels of substrate
conversion [Eq. (3)]. Only traces of sulfoxides were found
among the oxidation products.


Some properties of the different catalyst systems need to be
borne in mind when interpreting the oxidation results. With
water as the only solvent, two liquid phases are present as
benzothiophene is insoluble in water. For this system it was
noted that the catalyst precursors 4 and 5 dissolve readily,
whereas 1 ± 3 are insoluble (forming solid ± liquid ± liquid (S ±
L ±L) systems). Acetonitrile and ethanol are fully miscible
with the substrate and the hydrogen peroxide solution,
forming a single liquid phase. With acetonitrile, the polymers


1 ± 3 appear to dissolve slightly during the reaction, and
compounds 4 and 5 are even more soluble. In the ethanol-
containing system, the trimethyltin derivative is soluble,
whereas the other compounds exhibit poor or only partial
solubility. 1,2-Dichloroethane dissolves the substrate, but is
immiscible with the hydrogen peroxide solution, leading to
the formation of two liquid phases. For this system, 1 is very
soluble, 2 and 3 only partially so, and 4 and 5 are insoluble.
The turnover frequencies of benzothiophene conversion at


35 �C (calculated for the first 2 h of reaction) vary according to
the type of co-solvent and generally increase in the order
water� acetonitrile� ethanol� 1,2-dichloroethane (Fig-
ure 6). This trend parallels the decrease in solvent polarity,
as indicated by the dielectric constants (�) at 25 �C: water


Figure 6. Turnover frequencies of benzothiophene conversion at 35 �C
(calculated for the first 2 h of reaction) for the different catalyst precursors,
in different co-solvents.


(80.10)� acetonitrile (35.94)� ethanol (24.55)� 1,2-dichloro-
ethane (10.42). In water, long induction periods (up to
100 min) are observed, which become shorter for acetonitrile
and ethanol and are not observed for 1,2-dichloroethane
(except for 1). This phenomenon may be related to the
different coordinating powers of the solvent molecules. Thus,
H2O and MeCN may compete with peroxide molecules for
coordination to the Lewis acidic MoVI center. This will clearly
have a detrimental effect if, as is the case for H2O2-based
epoxidations of olefins with MoVI complexes, coordination of
the oxidant to the metal center is necessary to generate an
electrophilic oxygen atom.[22, 23] Nucleophilic attack of the
electron-rich sulfur atom of the substrate on the peroxidic
oxygen atom of the intermediate species may then take place,
yielding the sulfoxide, which may subsequently be oxidized to
the corresponding sulfone.[23±25] Relative to H2O and MeCN,
alcohols are relatively weak ligands and, therefore, may
compete less with the oxidant for coordination to molybde-
num, resulting in a higher initial activity. The use of a
noncoordinating solvent, namely 1,2-dichloroethane, facili-
tates achievement of the highest initial oxidation rates.
When 1,2-dichloroethane is used as the co-solvent, the


initial sulfoxidation rates increase in the order 4� 5� 3� 2.
However, as noted above, the polymers 2 and 3 partially
dissolve in this system and the catalysis could be homoge-
neous. In terms of ease of catalyst separation from the
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reaction products, the system that includes the tribenzyltin
derivative 5, which gives practically the same benzothiophene
conversion after 6.5 h (approximately 60%), is a more
attractive alternative, since for this system the solid catalyst
could be separated easily from the liquid phase by centrifug-
ing. After being washed thoroughly with 1,2-dichloroethane,
the solid was reused in a second reaction cycle. Benzothio-
phene conversion after 7 h was 57%, compared with 60%
obtained with the fresh catalyst, indicating no significant loss
of activity. When the reaction is carried out without substrate,
with 5 and 1,2-dichloroethane as co-solvent at 35 �C, the
nonproductive decomposition of H2O2 measured after 4 h is
approximately 10%. In all the above experiments the total
amount of peroxide was added at the beginning and the H2O2/
benzothiophene molar ratio was 2:1. A three-fold increase in
this ratio does not change product selectivity, but raises
conversion in increments which increase with the reaction
time (Figure 7). A further increase in this ratio to 10:1 leads to


Figure 7. Effect of oxidant concentration on benzothiophene oxidation at
35 �C in the presence of [(Bz3Sn)2MoO4] ¥ 4H2O (5), with 1,2-dichloro-
ethane as co-solvent: Initial H2O2/substrate molar ratio� 2:1 (�), 6:1 (�)
and 10:1 (�).


a slight decrease in benzothiophene conversion. After reac-
tion for 24 h the sulfone is obtained in quantitative yield.
Apparent activation energies of sulfoxidation for the catalyst
systems involving 5were determined in the temperature range
35 ± 65 �C (Figure 8). Higher reaction temperatures improved
benzothiophene conversion without affecting selectivity. In
accordance with the above observations on use of different
solvents, the activation energy of sulfoxidation increased from
5 kcalmol�1 with 1,2-dichloroethane to 27 kcalmol�1 with
water.
The catalyst systems containing the derivatives 1 ± 3 gen-


erally exhibit similar kinetic profiles for a given co-solvent
(Figure 5). However, anomalous behavior is exhibited by 1 in
the presence of water as only solvent (S ±L ±L system), for
which no conversion of benzothiophene was observed. As
described above, the polymers 1 ± 3 crystallize as anhydrous
compounds. Given that 1 has a layered structure, a possible


Figure 8. Apparent activation energy of benzothiophene oxidation in the
presence of [(Bz3Sn)2MoO4] ¥ 4H2O (5), using different co-solvents.


explanation for the poor performance is that diffusion of
substrate and/or oxidant molecules between the layers is
hindered by the hydrophobic character of the interlamellar
space. The systems containing 2 and 3 may exhibit an
induction period for the same reason, but in these cases the
bulkier n-butyl and cyclohexyl groups probably give rise to a
more open structure, thereby facilitating eventual intercala-
tion of reactant molecules. This might be a better explanation
for the induction periods observed in the presence of water,
acetonitrile, or ethanol (instead of with the competing
influence of coordinating solvent molecules). Thus, the
polymers 4 and 5 crystallize as hydrated compounds and
mass transfer of reactants in the presence of polar solvents
may not be so limiting, resulting in higher initial sulfoxidation
activities. The kinetic curves demonstrate that, for a given co-
solvent, differences in activity are concentrated in the first
1 ± 2 h of reaction, after which the observed reaction rates are
comparable for all the compounds 2 ± 5. The trimethyltin
derivative 1 in the presence of 1,2-dichloroethane exhibits a
very long induction period of 6 h, after which benzothiophene
conversion increases to 46% after reaction for 24 h. As
mentioned above, 1 immediately starts to dissolve in this
reaction mixture. The long induction period may be associ-
ated with the formation of catalytically active species in
solution.


Concluding Remarks


In this work, the [(R3Sn)2MoO4] family of compounds has
been extended to include novel tricyclohexyltin and triben-
zyltin derivatives. The physicochemical characterization of
these compounds, and also of those with R� n-butyl and
phenyl, points to the formation of coordination polymers in
the solid state, in which tetrahedral [MoO4]2� subunits are
linked through [R3Sn]� spacers. These compounds are inter-
esting candidates as catalysts or catalyst precursors for
oxidation reactions. We have shown that benzothiophene
can be oxidized selectively to the corresponding sulfone with
aqueous hydrogen peroxide. The catalysis results depend on
the complex interplay between various factors, such as the
addition of co-solvents and the hydrophobic/hydrophilic
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properties of the starting polymers. Changing the nature and
size of the tin-bound R groups influences catalytic perform-
ance, by inducing structural changes and modifying the
surface polarity/polarizability of the compounds. Future work
will center on the application of the sulfoxidation reaction
with hydrogen peroxide to remove sulfur from petroleum
products.


Experimental Section


Microanalyses were performed at the ITQB, Oeiras (C. Almeida).
Thermogravimetric analysis studies were performed using a Mettler
TA3000 system at a heating rate of 5 �Cmin�1 under nitrogen. Powder
XRD data were collected on a Philips X×pert diffractometer with CuK�


radiation filtered by Ni. Infrared spectra were recorded in the range 400 ±
4000 cm�1 on a Unican Mattson Mod 7000 FTIR spectrometer with KBr
pellets. Raman spectra were recorded on a Bruker RFS 100/S FT Raman
spectrometer using 1064 nm excitation of the Nd/YAG laser. Room-
temperature 13C and 119Sn NMR spectra were recorded in the solid state at
100.62 and 149.21 MHz, respectively, on a Bruker Avance 400(9.4 T)
spectrometer. 13C CP MAS NMR spectra were recorded with a 4.5 �s 1H
90� pulse, 2 ms contact time, a spinning rate of 8 kHz, and 4 s recycle delays.
119Sn CP MAS NMR spectra were recorded with a 3.5 �s 1H 90� pulse, 3 ms
contact time, a spinning rate of 6 ± 10 kHz and 4 s recycle delays. For 5, one
119Sn MAS NMR spectrum was also recorded, using a spinning rate of
15 kHz and 40 s recycle delays (4050 scans). Chemical shift references were
SiMe4 and SnMe4. 13C and 119Sn NMR spectra were also recorded in the
solid state at 125.76 and 186.50 MHz, respectively, on a Bruker Avance 500
spectrometer.


Mo K-edge and Sn K-edge X-ray absorption spectra were measured at
room temperature or approximately 30 K (in an Oxford Instruments
cryostat filled with He exchange gas) in transmission mode on beamline
BM29 at the ESRF (Grenoble),[26] operating at 6 GeV in 2³3 filling mode
with typical currents of 170 ± 200 mA. The one scan that was performed for
each sample was set up to record the pre-edge in 5 eV steps and the post-
edge region in 0.025 ± 0.05 ä�1 steps, giving a total acquisition time of
approximately 45 min per scan. The order-sorting double Si(311) crystal
monochromator was detuned by 40% to ensure harmonic rejection. Solid
samples were diluted with BN and pressed into 13 mm pellets. Ionization
chamber detectors were filled with Kr to give 30% absorbing Io (incidence)
and 70% absorbing It (transmission). The programs EXCALIB and
EXBACK (SRS Daresbury Laboratory, UK) were used in the usual
manner for calibration and background subtraction of the raw data.
EXAFS curve-fitting analyses, by least-squares refinement of the non-
Fourier filtered k3-weighted EXAFS data, were carried out with the
program EXCURVE (EXCURV98 version[27]) by using fast curved wave
theory.[28] Phase shifts were obtained within this program by ab-initio
calculations based on the Hedin Lundqvist/von Barth scheme. Unless
otherwise stated, the calculations were performed with single scattering
only.


The precursors Na2MoO4 ¥ 2H2O, Me3SnCl, and Ph3SnCl were obtained
from Aldrich and recrystallized before use. Literature methods were used
to prepare Bz3SnCl[29] and Cy3SnCl.[30] The tri-n-butyltin(��) derivative
[(nBu3Sn)2MoO4] (2) was prepared as described previously.[7, 8]


Preparation of [(Me3Sn)2MoO4] (1): A saturated solution of Na2MoO4 ¥
2H2O (1.21 g, 5 mmol) in water (7.0 mL) was added dropwise with stirring
to a solution of Me3SnCl (1.99 g, 10 mmol) in water (5.0 mL). A colorless
precipitate was formed immediately and stirring was continued for 5 min.
The precipitate was filtered, washed thoroughly with water, and air-dried at
100 �C overnight. Yield: 86% (2.09 g); IR (KBr): �� � 2997 (m), 2920 (s),
1749 (w), 1707 (w), 1400 (m), 1261 (w), 1195 (w), 1190 (s), 856 (vs), 725 (vs),
555 cm�1 (vs; �as Sn�C); Raman: �� � 3001 (w), 2924 (s), 1214 (m), 1188 (w),
917 (s), 867 (m), 555 (s; �as Sn�C), 525 (vs; �s Sn�C), 348 (w), 311 (w),
142 cm�1 (s); 13C CP MAS NMR (8 kHz, 25 �C): �� 3.8 ppm; elemental
analysis calcd (%) for C6H18O4MoSn2 (487.53): C 14.78, H 3.72; found: C
14.66, H 3.65.


Preparation of [(Cy3Sn)2MoO4] (3): A saturated solution of Na2MoO4 ¥
2H2O (0.72 g, 3 mmol) in water (4.5 mL) was added dropwise with stirring
to a mixture of Cy3SnCl (2.40 g, 6 mmol) in acetone (40 mL). A colorless
precipitate was formed immediately and stirring was continued for 5 min.
The precipitate was filtered, then washed thoroughly with water and cold
acetone. The compound dried spontaneously overnight at room temper-
ature and was dried further under vacuum. Yield: 80% (2.14 g); IR (KBr):
�� � 2918 (vs), 2846 (s), 1444 (s), 1259 (m), 1171 (m), 991 (m), 941 (w), 881
(m), 843 (m), 800 (vs), 661 cm�1(m); Raman: �� � 2928 (vs), 2847 (vs), 1439
(m), 1339 (w), 1295 (w), 1269 (w), 1258 (w), 1172 (m), 1080 (w), 1042 (w),
1022 (m), 992 (w), 940 (m), 925 (w), 880 (m), 856 (w), 842 (m), 806 (m), 649
(s), 487 (w), 419 (w), 318 (w), 298 (w), 239 (w), 189 (s), 88 cm�1 (w); 13C
CP MASNMR (8 kHz, 25 �C): �� 37.2, 35.9, 34.3, 32.9, 31.8, 29.8, 29.6, 29.4,
28.1, 27.5, 26.3 ppm; elemental analysis calcd (%) for C36H60O4MoSn2
(890.20): C 48.57, H 6.79; found C 48.68, H 7.13.


Preparation of [(Ph3Sn)2MoO4] ¥ 2H2O (4): A saturated solution of
Na2MoO4 ¥ 2H2O (1.21 g, 5 mmol) in water (7.5 mL) was added dropwise
with stirring to a solution of Ph3SnCl (3.85 g, 10 mmol) in acetone (18 mL).
The colorless precipitate that was formed immediately was isolated,
washed, and dried as for 3, above. Yield: 85% (3.58 g); IR (KBr): �� � 3066
(m), 3047 (m), 1955 (w), 1882 (w), 1819 (w), 1479 (m), 1429 (s), 1076 (m),
999 (m), 812 (vs), 727 (s), 696 (s), 453 cm�1(s); Raman: �� � 3139 (vw), 3051
(s), 1580 (m), 1481 (w), 1431 (w), 1332 (w), 1192 (w), 1158 (w), 1023 (m),
1002 (vs), 935 (m), 864 (m), 655 (m), 618 (w), 309 (m), 275 (w), 213 (s),
100 cm�1 (s); 13C CP MAS NMR (8 kHz, 25 �C): �� 141.9, 136.1,
128.2 ppm; elemental analysis calcd (%) for C36H34O6MoSn2 (895.99): C
48.26, H 3.81; found: C 47.77, H 3.52.


Preparation of [(Bz3Sn)2MoO4] ¥ 4H2O (5): A saturated solution of
Na2MoO4 ¥ 2H2O (0.72 g, 3 mmol) in water (4.5 mL) was added dropwise
with stirring to a solution of Bz3SnCl (2.56 g, 6 mmol) in acetone (36 mL).
A colorless precipitate that was formed immediately quickly redissolved.
The acetone was evaporated to give a colorless elastic solid suspended in
the aqueous phase. After treatment with ultrasound, the white powder
obtained was filtered and washed with cold acetone. The compound was
left to dry overnight at room temperature and turned pale yellow upon
further drying in vacuo (drying at higher temperatures degrades the
product). Yield: 72% (2.19 g); IR (KBr): �� � 3078 (w), 3057 (m), 3020 (m),
2920 (w), 1637 (m), 1597 (s), 1491 (vs), 1452 (s), 1402 (m), 1207 (m), 1108
(w), 1055 (m), 1030 (m), 872 (m), 835 (vs), 798 (m), 758 (vs), 727 (s), 708
(vs), 696 (vs), 619 (w), 551 (w), 451 cm�1 (m); Raman: �� � 3156 (w), 3057
(s), 2974 (w), 2929 (w), 1599 (s), 1581 (w), 1492 (w), 1452 (w), 1407 (w),
1335 (vw), 1209v (s), 1155 (m), 1121 (s), 1107 (s), 1031 (m), 1001 (vs), 933
(m), 863 (w), 800 (w), 621 (w), 582 (w), 563 (s), 435 (s), 317 (m), 225 (m),
203 (m), 114 cm�1 (s); 13C CP MAS NMR (8 kHz, 25 �C): �� 141.6, 140.1,
139.3, 137.6, 128.6, 125.7, 125.0, 124.2, 123.4 (all phenyl C), 30.2, 28.6,
26.8 ppm (all CH2); elemental analysis calcd (%) for C42H50O8MoSn2
(1016.18): C 49.64, H 4.96; found: C 49.13, H 4.40.


Catalytic sulfoxidation in the presence of 1 ± 5 : Catalytic oxidation of
benzothiophene was performed under air (atmospheric pressure) in a
reaction vessel equipped with a magnetic stirrer, immersed in a thermo-
stated oil bath at 35 �C. The catalyst/substrate molar ratio was 1% (36 �mol
coordination polymer/3.6 mmol benzothiophene) and the benzothiophene/
hydrogen peroxide (30% aqueous) molar ratio was 0.5:1, with 4 mL
solvent. Samples were withdrawn periodically and analyzed in a gas
chromatograph (Varian 3800) equipped with a capillary column (SPB-5,
20 m� 0.25 mm� 0.25 mm) and a flame ionization detector. The substrate
was quantified by using a calibration curve and undecane as internal
standard (added after the reaction). Hydrogen peroxide was quantified by
standard iodometric titration.
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Experimental and Theoretical Multiple Kinetic Isotope Effects for an SN2
Reaction. An Attempt to Determine Transition-State Structure and the
Ability of Theoretical Methods to Predict Experimental Kinetic Isotope
Effects


Yao-ren Fang,[a] Ying Gao,[a] Per Ryberg,[c] Jonas Eriksson,[c] Magdalena Ko¯odziejska-
Huben,[b] Agnieszka Dyba¯a-Defratyka,[b] S. Madhavan,[d] Rolf Danielsson,[e]
Piotr Paneth,*[b] Olle Matsson,*[c] and Kenneth Charles Westaway*[a]


Abstract: The secondary �-deuterium,
the secondary �-deuterium, the chlorine
leaving-group, the nucleophile second-
ary nitrogen, the nucleophile 12C/13C
carbon, and the 11C/14C �-carbon kinetic
isotope effects (KIEs) and activation
parameters have been measured for the
SN2 reaction between tetrabutylammo-
nium cyanide and ethyl chloride in
DMSO at 30 �C. Then, thirty-nine read-
ily available different theoretical meth-
ods, both including and excluding sol-
vent, were used to calculate the struc-
ture of the transition state, the activation
energy, and the kinetic isotope effects


for the reaction. A comparison of the
experimental and theoretical results by
using semiempirical, ab initio, and den-
sity functional theory methods has
shown that the density functional meth-
ods are most successful in calculating the
experimental isotope effects. With two
exceptions, including solvent in the cal-


culation does not improve the fit with
the experimental KIEs. Finally, none of
the transition states and force constants
obtained from the theoretical methods
was able to predict all six of the KIEs
found by experiment. Moreover, none of
the calculated transition structures,
which are all early and loose, agree with
the late (product-like) transition-state
structure suggested by interpreting the
experimental KIEs.


Keywords: ab initio calculations
¥ density functional calculations
¥ isotope effects ¥ nucleophilic
substitution ¥ semiempirical
calculations ¥ transition states


Introduction


Chemists have been trying to determine the structure of the
transition states of organic reactions for several decades.[1±5]


The initial approach was to use kinetic isotope effects (KIEs)
to estimate the relative amount of bond formation or bond
rupture in the transition state of a reaction. However, most of
the early studies determined only one KIE in a reaction.[6] For
instance, workers would determine only the chlorine leaving-
group KIE in an SN2 reaction of an alkyl chloride, Equa-
tion (1).


While the chlorine isotope effect gave some information
about the �-carbon ± leaving-group bond in the SN2 transition
state, it did not characterize the whole transition state.
The initial problem of measuring only one isotope effect for


a reaction has been overcome by measuring several isotope
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effects in a reaction, and recently the structure of several SN2
transition states have been elucidated in considerable de-
tail.[4, 7±9] However, other problems have been encountered
even when more KIEs are determined for a reaction. For
instance, it is necessary to consider the coupling between
different vibrations in the transition state when interpreting
certain KIEs.[10] Another problem is that some KIEs, for
example, secondary �-deuterium (2� �-D)[11, 12] and �-carbon
KIEs, are difficult to interpret because they depend on the
bonding of the isotopic atom to two or more atoms in the
ground and in the transition state.[13, 14]


Another approach to determining transition structure has
been to use theoretical methods. The initial methods such as
the BEBOVIB calculations, which used experimental KIEs to
suggest transition structure,[13, 15, 16] were crude, partly because
they were based on equations that represented the change in
energy with structure for bonds close to their ground-state
configuration in order to determine the geometry of a
transition structure that was far from the ground-state
configuration. A second problem with early quantum-chem-
ical approaches was that they only applied to the gas phase
and not to solution for which the experimental kinetic isotope
effects were measured and where the reaction takes place.[7, 18]


This uncertainty, due to the lack of solvation in the theoretical
approach, was demonstrated when research indicated that the
solvation energy for simple organic reactions was large and
that the free energies of activation including solvent were very
different from those calculated in the gas phase. This solvation
problem was also demonstrated by the work of Bohme and
co-workers[19] and others[20, 21] who showed that the reaction
coordinate was different for SN2 reactions in the gas phase and
in solution. Another problem that plagued the theoretical
approach to determining transition-state structure was that
only the largest computers were able to calculate the structure
of even medium-sized molecules accurately.
However, the recent advances in theoretical methods,


coupled with the enormous increase in the power of com-
puters, have enabled chemists to calculate transition struc-
tures for larger molecules. These developments suggest that
the gap between theory and experiment should be narrowing.
This study, which compares the transition structure and the
kinetic isotope effects obtained from various computational
methods with the experimental kinetic isotope effects for a
simple SN2 reaction, has been undertaken in an effort to
determine the ability of theory to calculate kinetic isotope
effects from a calculated transition structure and the corre-
sponding force constants.
The reaction chosen for this investigation was the SN2


reaction between ethyl chloride and tetrabutylammonium
cyanide in DMSO at 30 �C, Equation (2).


This reaction was chosen for two reasons. First, the
molecules are small enough to enable a high level of theory
to be applied to the reaction. This means that one has the
ability to obtain unbiased geometries and force constants for


the reactants and transition structure that allow the kinetic
isotope effects to be calculated. The second reason for
choosing this reaction is that a kinetic isotope effect could
be determined for all but one of the atoms in the SN2
transition state. In particular, the chlorine leaving group, the
2� �-D2, the 2� �-D3, the primary nucleophile carbon, the
secondary nucleophile nitrogen, and the �-carbon kinetic
isotope effects have been measured for this simple SN2
reaction. These KIEs allow a detailed structure for the
transition state to be suggested. This study is important
because it provides a complete set of experimental data that
can be used to do a very detailed and thorough test of the
ability of various levels of theory to calculate the transition-
state structure and the kinetic isotope effects for a reaction.


Results and Discussion


The 2� �-D2 KIE: The 2� �-D2 KIE for the ethyl chloride ±
cyanide ion SN2 reaction, see Table 1, was kH/kD� 0.990�
0.004.


The 2� �-D2 KIE was determined by dividing the rate
constants measured separately for the isotopomers. The
slightly inverse value indicates that the C��H(D)[23] vibrations
are approximately the same in the reactants and the transition
state.[22, 24] This suggests that the transition state is at least as
sterically crowded as the reactant and that the transition state
is reasonably tight with either a short �-carbon ± chlorine
(C��Cl) and/or a short cyanide-carbon ± carbon (NC�C�)
bond.[11, 12] Another indication that the transition state is
crowded (tight) is that the 2� �-D2 KIE for the SN2 reaction
between n-butyl chloride and the thiophenoxide ion in DMSO
is 1.125� 0.008, that is, much larger than the 2� �-D KIE in
this reaction.[25] Since the magnitude of the 2� �-D KIE is
determined mainly by the nucleophile ± leaving group sepa-
ration in the SN2 transition state[11] and since both the ethyl
and butyl substrates are primary substrates and the reaction
(SN2) and the solvent are the same, the ethyl chloride
transition state must be much tighter with a shorter nucleo-
phile ± leaving group separation than the butyl chloride
reaction. Thus, the magnitude of the KIE also suggests that
the ethyl chloride transition state is tight. If the transition state
is reasonably symmetric, then both the NC�C� and the C��Cl
bond lengths must be short. A second possibility is that the
transition state is asymmetric and that either the NC�C� or
the C��Cl bond is short and the other reacting bond long.[12] In


Table 1. The second-order rate constants and 2� �-D2 kinetic isotope effect
for the SN2 reaction between tetrabutylammonium cyanide and ethyl
chloride in DMSO at 30.000 �C.


Experiment 104kH [��1 s�1] 104kD [��1 s�1] (kH/kD)�-D2


1 4.169 4.231 0.9854
2 4.346 4.381 0.9920
3 4.168 4.219 0.9879
4 4.244 4.266 0.9948


Average 0.990� 0.004[a]


[a] Standard deviation.
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fact, a transition state with a short NC�C� bond and a long
C��Cl bond seems the most likely because:
i) Matsson et al.[8] concluded on the basis of small nucleo-
phile carbon KIEs ranging from 1.0105 to 1.0070, small and
constant[12] 2� �-D2 KIEs ranging from 1.011 to 1.002,[26]


and large and variable chlorine leaving-group KIEs of
between 1.0060 and 1.0079,[27] that the transition state for
the SN2 reaction between p-substituted benzyl chlorides and
the cyanide ion had a short NC�C� and a long C��Cl bond.


ii) KIE data measured for several SN2 reactions have
suggested that the stronger reacting bond is short and that
the weaker reacting bond is long in an SN2 transition
state.[8, 9, 12, 28] In the cyanide ion ± ethyl chloride reaction,
the new NC�C� bond is much stronger than the C��Cl
bond.
Therefore, one would infer that the NC�C� bond would be


short and the C��Cl bond would be long in the transition state.


The 2� �-D3 KIE : The 2� �-D3 KIE was determined by
dividing the rate constants measured separately for the
isotopomers.
The 2� �-D3 KIE of kH/kD� 1.014� 0.003, see Table 2, is


small and normal. This is typical of the 2� �-D KIEs reported
for other SN2 reactions.[29, 30] However, the small value
indicates that there is very little positive charge on the �-


carbon in the transition state of this reaction, that is, the
hyperconjugative contribution to the isotope effect, which
becomes significant as the positive charge on the �-carbon
increases, will be effectively zero and a small normal inductive
and/or steric 2� �-D KIE is observed.[30] This small 2� �-D KIE
is consistent with the small 2� �-D KIE; this suggests that at
least one of the reacting bonds in the transition state is short,
that is, that there is little or no positive charge, and perhaps
even a small negative charge on the �-carbon in the transition
state. Inductive and steric secondary �-deuterium KIEs for
SN2 reactions are usually small and inverse.[22, 24] A normal
inductive 2� �-D KIE could be observed if the transition state
were tight, that is, had increased total bonding and a slight
negative charge on the �-carbon.


The chlorine leaving-group KIE : A normal chlorine leaving-
group KIE of k35/k37� 1.0070� 0.0003, see Table 3, was found
for the ethyl chloride ± cyanide ion SN2 reaction. The chlorine
KIE was determined by isotope-ratio mass spectrometry.
This large KIE, which is approximately 50% of the


theoretical maximum chlorine leaving-group KIE of
1.014,[31, 32] indicates that there is significant C��Cl bond


rupture in the transition state. This KIE is as large as those
found in several other SN2 reactions of alkyl chlorides in which
the C��Cl transition-state bond is thought to be quite
long.[8, 27, 28] For instance, the chlorine KIE for this reaction is
as large as many of the chlorine leaving-group KIEs found for
benzyl substrates that are thought to have much looser
transition states than ethyl substrates.


The �-carbon KIE: The �-carbon KIE of k11/k14� 1.21� 0.02,
see Table 4, for the ethyl chloride ± cyanide ion SN2 reaction is
large and normal. It was determined by direct determination
of the isotopic ratios by using an HPLC/liquid scintillation
technique.
Lynn and Yankwich[33] reported an �-13C KIE of 1.0711�


0.0078 for the SN2 reaction of the cyanide ion with methyl
chloride in water at 31�C. Their value corresponds to k11/k14�
1.22 ± 1.23,[13, 34, 35] which is within the experimental error of
the value found for our ethyl chloride ± cyanide ion reaction in
DMSO. These KIEs are large and close to the maximum �-
carbon KIE. A near-maximum �-carbon KIE, k12/k13�
1.0713� 0.0046,[36] was also found for the reaction of the


Table 2. The second order rate constants and the 2� �-D3 kinetic isotope
effect for the SN2 reaction between tetrabutylammonium cyanide and ethyl
chloride in DMSO at 30.000 �C.


Experiment 104kH [��1 s�1] 104kD [��1 s�1] (kHkD)�-D3


1 4.310 4.237 1.017
2 4.392 4.337 1.013
3 4.388 4.339 1.011


Average 1.014� 0.003[a]


[a] Standard deviation.


Table 3. The chlorine leaving-group KIEs for the SN2 reaction between
tetrabutylammonium cyanide and ethyl chloride in DMSO at 30.00 �C.


Sample � value[a] Average fraction Ro/Rf
[b] k35/k37


of reaction (f)


1 � 7.33 0.158 0.993784 1.00683
2 � 7.54 0.179 0.993576 1.00715
3 � 7.00 0.217 0.994109 1.00672
4 � 7.49 0.249 0.993626 1.00743
5 � 7.25 0.187 0.993862 1.00686
6 � 7.18 0.279 0.993932 1.00722
7 � 7.15 0.248 0.993961 1.00703
8 � 6.75 0.276 0.994356 1.00670


Average 1.00699� 0.00026[c]


[a] The �-value is the difference between the 35Cl/37Cl ratio in the methyl
chloride sample obtained from the experiment and the 35Cl/37Cl ratio in a
standard methyl chloride sample, in ppm. [b] Rf� ratio of 35Cl/37Cl in the
chloride ion at f. Ro� ratio of 35Cl/37Cl in the chloride ion at 100%
completion. [c] Standard deviation.


Table 4. The �-carbon kinetic isotope effect for the SN2 reaction between
tetrabutylammonium cyanide and ethyl chloride in DMSO at 30.00 �C.


Experiment Sample[a] Fraction of Rf /R0
[b] k11/k14 Average for


reaction (f) each experiment


1 1 0.52 1.13944 1.2181
2 0.67 1.22413 1.2227
3 0.77 1.28696 1.2090 1.2166


2 1 0.31 1.05159 1.1598
2 0.54 1.14250 1.2066
3 0.67 1.20611 1.2014
4 0.77 1.26752 1.1897 1.1894


3 1 0.75 1.29821 1.2292
2 0.83 1.39594 1.2334 1.2313


4 1 0.47 1.11920 1.2138
2 0.63 1.18403 1.2045
3 0.73 1.25048 1.2097 1.2093


Total average 1.208� 0.019[c]


[a] In each experiment samples of cyanide ion were collected at various
fractions of reaction, f. [b] Rf� ratio of 14C/11C in the reactant ethyl chloride at
fraction of reaction f. R0� ratio of 14C/11C in the reactant ethyl chloride at the
start of the reaction (t� 0). [c] Standard deviation.
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cyanide ion with methyl iodide; an even larger k12/k13�
1.0815� 0.0068[33] was found for the methyl bromide ± cya-
nide ion reaction in water at 31 �C. The �-11C/14C KIEs for
Menshutkin reactions of methyl iodide with various amines
range from 1.189� 0.012 (2,4-lutidine in acetonitrile) to
1.221� 0.006 (triethylamine in dimethoxyethane),[37, 38] and
reaction with the hydroxide ion in 50% dioxane/water yielded
a value of 1.192� 0.001.[13] Thus, all these �-carbon KIEs are
large, the smallest being about 85% of the largest-observed
KIE. The qualitative conclusion would be that all these SN2
reactions have rather symmetric transition states, since the
maximum �-carbon KIE is expected for a symmetric tran-
sition state. However, the interpretation will be dependent on
the shape of the dependence of the KIE on the position of the
transition state along the reaction coordinate. A curve with a
narrow maximum means that the �-carbon KIE is very
sensitive to transition-state structure, whereas a broader curve
implies that the KIE is not very sensitive to a change in
transition-state structure.
Matsson and co-workers reported BEBOVIB calculations


of the �-11C/14C KIEs for the SN2 reactions of methyl iodide
and either the hydroxide ion[13] or N,N-dimethyltoluidine.[37]


Their calculations showed that the choice of reaction-coor-
dinate model strongly affected the dependence of the KIE on
the bond order of the breaking and forming bonds, that is,
depending on whether or not the interaction force constants
were allowed to vary with transition-state geometry, a narrow
or broad curve described the dependence of the KIE on the
total bond order. However, application of a reaction-coor-
dinate model in which the methyl hydrogen bending vibra-
tions were coupled by interaction force constants to the
stretching vibrations for the nucleophile ±�-carbon and C��I
bonds,[39] was necessary to reproduce the large experimental
KIEs. For instance, in the methyl iodide ± hydroxide ion
reaction, a bond order (the sum of the O�C� and the C��I
bond orders was 1.00) for the forming O�C� bond ranging
from 0.30 to 0.55 when the interaction force constants were
allowed to vary, or from 0.15 to 0.65 when the interaction
force constants were fixed gave a KIE that was �77% of the
maximum value of 1.22.[13] This curve with a broad maximum
describing the dependence of the KIE on transition-state
structure suggests that large �-carbon KIEs would be
observed for transition states that are early, symmetric, or
late. This idea is supported by the observation that the �-
carbon KIEs for several SN2 reactions with different nucle-
ophiles and leaving groups, which must have different
transition-state structures, are all near the maximum value.
Therefore, the experimentally determined value of 1.21 for
the ethyl chloride ± cyanide ion reaction could be consistent
with either an early, a late, or a symmetric transition state.
Unfortunately, until the dependence of these KIEs on
transition-state structure is known with certainty, �-carbon
KIEs will only be useful for indicating the mechanism of the
reaction but will not be particularly useful for determining
transition-state structure unless there is a systematic change in
a KIE within a series of reactions.


The nucleophile 2� nitrogen KIE : The very small (null)
nucleophile 2� N KIE of k14/k15� 1.0002� 0.0006, see Table 5,


indicates, as expected, that there is little or no change in
bonding to the cyanide ion nitrogen atom on going from
reactants to the transition state.


The nucleophile carbon KIE : The nucleophile carbon KIE
was determined to be k12/k13� 1.0009� 0.0007, see Table 5.
A nucleophile KIE is best understood in terms of Equa-


tion (3):


kL/kH� (��
L /��


H �[1��G(u�
i ��u�


i � �G(ui)�ui] (3)


in whichG(ui)� [1³2� 1/ui� 1/(eui� 1)] and �ui� hc/kT(��i).
The terms h, c, k, and T are Planck×s constant, the speed of
light, Boltzmann×s constant and the absolute temperature,
respectively. ��i is the change in frequency of a vibration
(expressed in cm�1) caused by the isotopic substitution. This
means a smaller normal or more inverse KIE is observed
when there is more NC�C� bond formation in the transition
state.
The nucleophile KIE is made up of a normal temperature-


independent factor (��
L /��


H , estimated as 1.02[8]) and an
inverse temperature-dependent factor (1��G(u�


i ��u�
i �


�G(ui)�ui) that is related to the additional bonding that
occurs between the nucleophile and the �-carbon in the
transition state. Thus the zero-point energy for the vibrational
modes involving motion of the nucleophilic carbon is greater
in the transition state than in the reactant.


Based on the small and constant 2� �-D KIEs[12, 26] and the
large and variable chlorine KIEs,[27] (vide supra) Matsson
et al.[8] interpreted the nucleophile 11C/14C KIEs of 1.0070 ±
1.0105 observed for the SN2 reactions between several para-
substituted benzyl chlorides and the cyanide ion (a temper-
ature-dependent factor of approximately 0.99) as having a
short NC�C� carbon bond in the transition state. The


Table 5. The isotopic composition and the nucleophile 2� nitrogen and
nucleophile carbon KIEs for the SN2 reaction between tetrabutylammo-
nium cyanide and ethyl chloride in DMSO at 30.0 �C.


Sample Fraction of �-13C[a] �-15N[b]


reaction (f)


1 0.68 � 1.389 � 40.65
2 0.52 � 0.857 � 39.495
3 0.45 � 0.823 � 39.572
4 0.38 � 0.766 � 38.571
5 0.28 � 0.91 � 40.419
6 0.22 � 1.054 � 41.065
7 0.61 � 1.148 � 40.64
8 0.46 � 1.477 � 41.676
9 0.42 � 1.342 � 39.828
10 0.37 � 1.187 � 41.364
11 0.2 � 2.04 � 40.737
12 0.74 � 1.354 � 39.364
13 0.56 � 0.889 � 38.49
14 0.51 � 1.552 � 39.35
15 0.37 � 0.909 ±
16 0.3 � 1.769 ±
18 0.23 � 1.652 ±


Average isotope effect 1.0009� 0.0007[c] 1.0002� 0.0006[c]


[a] �13C relative to PDB standard. [b] �15N relative to home standard
nitrogen gas. [c] Standard deviation.
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observed k12/k13 of 1.0009 would be equivalent to a k11/k14 of
1.0027, (a temperature-dependent factor of approximately
0.98 for the observed KIE). Therefore the NC�C� bond in the
ethyl chloride ± cyanide ion SN2 transition state must be
shorter (the smaller KIE indicates there is more NC�C�


bonding in the transition state) than in the benzyl chloride ±
cyanide ion transition state. The incoming carbon KIE is
difficult to interpret because one does not know how close the
nucleophile has to come to the �-carbon to raise the zero-
point energy and thereby to reduce the magnitude of the
KIE.[41] However, based on previous work, the NC�C� bond is
thought to be short in the transition state.


The transition-state structure based on experimental KIEs :
The large chlorine leaving-group KIE (k35/k37� 1.0070�
0.00007) suggests there is considerable C��Cl bond rupture
in the transition state. The small inverse 2� �-D2 KIE of
0.990� 0.004 on the other hand suggests that the transition
structure is either symmetric and tight with short NC�C� and
C��Cl bonds or asymmetric with either a short NC�C� or a
short C��Cl bond. The large chlorine KIE is only consistent
with an asymmetric transition state with a short NC�C� and a
long C��Cl bond. This interpretation is supported by the small
2� �-D3 KIE of 1.014� 0.003, because there would be very
little positive charge on C� in the asymmetric transition state
suggested by the chlorine and 2� �-D2 KIEs. This interpreta-
tion is also supported by the small nucleophile carbon KIE of
1.0009� 0.0007 found for the ethyl chloride ± cyanide ion SN2
reaction. Therefore, the best interpretation of the KIE data is
that the SN2 transition state is asymmetric with a short NC�C�


and a long C��Cl bond.
Finally, it is interesting to compare the transition-state


structure suggested by the KIEs measured in this study with
the transition-state structure suggested by Matsson et al. for
the similar SN2 reaction between benzyl chloride and the
cyanide ion in DMSO at 30 �C.[8] The chlorine KIEs for these
two reactions are almost identical, that is, a slightly larger
k35/k37� 1.0072 was found for the benzyl chloride reaction. A
k35/k37� 1.0070 was found for the ethyl chloride reaction. This
suggests that C��Cl-bond rupture is very slightly larger in the
benzyl chloride transition state. However, the smaller (more
inverse) 2� �-D (0.990 versus 1.011) and the small 2� �-D KIEs
found for the ethyl chloride reaction suggest that the ethyl
chloride has a tighter transition state than the benzyl chloride
transition state. This suggestion is supported by the smaller
nucleophile carbon KIE found for the ethyl chloride reaction.
It is interesting that the difference is mainly in the stronger
reacting bond, that is, the KIEs suggest the ethyl chloride
transition state has a shorter NC�C� bond and a very slightly
shorter (almost identical) C��Cl bond compared with the
benzyl chloride transition state. It is worth noting that the
KIEs suggest that both these cyanide-ion SN2 reactions in
DMSO have similar transition states, that is, both reactions
have a short NC�C� bond and a long C��Cl bond.


Activation parameters : The activation parameters, see Ta-
ble 6, were also measured for the ethyl chloride ± cyanide ion
reaction. This was done so that the enthalpy of activation
could also be used to assess the results from the different


theoretical methods in which solvation was included in the
calculations. The activation parameters were not calculated
for the gas-phase models in which the reaction coordinate[20, 21]


and the activation parameters are very different from those in
solution.[19]


The theoretical models : Forty-two different theoretical meth-
ods have been used to calculate the structure of the transition
state and the experimental KIEs for the ethyl chloride ± cya-
nide ion SN2 reaction for an SN2 reaction. The calculations
were performed within conventional transition-state theory
and neither variational effects nor tunneling were included.
Although this approach seems crude at first glance, it is
reasonable because variational effects for SN2 reactions
between an ion and a neutral molecule are usually small,[42]


and tunneling only has a significant effect on the KIEs of
hydrogen. Because the hydrogen atoms of the methyl group
are remote from the reaction center, it is safe to assume that
the tunneling contribution for these atoms will be negligible.
The only improvement upon including tunneling might be for
the secondary �-deuterium KIE, but this isotope effect is
modeled reasonably well without including tunneling. In most
cases, the gas-phase model was used for the reaction that takes
place in solution. Evidently, since the gas-phase models
cannot be used for predicting the energetics of the reaction,
the activation enthalpy was only calculated for the eight
methods in which solvation was considered. However, the
KIEs of SN2 reactions in which the nucleophile and the leaving
group have the same charge are not affected significantly by a
change in the polarity of the solvent.[43±46] Thus, one would
expect that including the solvent would have only minimal
influence on the results.
Of the forty-two methods used in this study, six were


semiempirical calculations that used AM1,[47, 50] PM3,[48] and
SAM1[49, 50] Hamiltonians. The 16 ab initio Hartree ± Fock
(HF) calculations used several basis sets including Truhlar×s
MIDI!,[51] and ML,[52] Dunning×s LANL2DZ,[53] cc-pVDZ,[54]


cc-pVTZ,[55] and Pople×s 6-31G,[56] and 6-311G.[57, 58] These
basis sets were used alone or in combination with diffuse
(™aug∫ in the case of Dunning-style basis sets and ™�∫ for
Pople-style basis sets)[59] and polarization functions.[60] The 15
density functional theory (DFT) methods that were used
combined standard exchange functionals such as: Becke88,[61]


B3,[62] B1,[63] MPW,[64] as well as the nonstandard B(M)[65]


exchange functionals with PW91[66] and LYP[67] correlation
functionals. Two functionals developed especially for SN2
reactions, MPW1K[68] and MPW1K-SRP, which is a version of
MPW1K that uses specific reaction parameters (SRP),[69] were
also used. In these methods, the fraction of Hartree ± Fock


Table 6. The activation parameters (standard state) for the SN2 reaction
between tetrabutylammonium cyanide and ethyl chloride in DMSO.


T [�C] 104k �G� �H� �S�


[��1 s�1] [kcalmol�1] [kcalmol�1] [calK�1mol�1]


25.07 3.952 22.6� 0.1 18.7� 0.1 � 13.2� 0.1
35.10 10.73
40.00 18.04
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exchange has been raised to 60.6% because this apparently
gives more accurate potential energy surfaces for this class of
reactions. Five post-HF ab initio calculations included were
carried out at the MP2,[70] MG3,[71] MC-QCISD,[72] and
CASSCF[73] levels. Eight of the methods considered solvent.
In the semiempirical calculations, COSMO[74] and SM5.4[75]


were used. At the HF and DFT levels, SM5.42,[76] C-PCM-
UAHF,[77] PCM-UAHF,[78] and Onsager[79] models were used.
All calculations were performed with default convergence
criteria and without any constraints on the models of the
individual reactants and transition state. A frequency analysis
was performed for each stationary point in order to confirm
whether this point represented a minimum on the potential-
energy surface (no imaginary frequencies) or a first-order
saddle point (exactly one imaginary frequency) and to obtain
the Hessian matrix necessary for calculating the isotope
effects. Calculations that used the SM5.4 model were per-
formed by using Amsol 6.5.1.[80] Calculations that used the
COSMO model were performed by using LinMOPAC 2.0.[81]


Calculations that involved the multilevel basis set ML were
performed by using M��������� 2.3.[82] All other calculations
were performed with Gaussian98.[83] The frequencies used in
the KIE calculations were unscaled. The force constants
generated in these calculations were transferred to our
ISOEFF98 program,[84] and all the KIEs were then calculated.
In all cases, activation enthalpies and KIEs were calculated


with respect to isolated reactants. Finally, a comparison of the
calculated and experimental KIEs and enthalpy of activation
was used to assess the ability of the different theoretical
methods to calculate transition-state structure and the exper-
imental isotope effects.
In the absence of any explicit interactions with other


molecules, the transition-state structure for the studied
reaction should have Cs symmetry, and the Cl-C�-C�-H�1


torsional angle should be equal to 180� in the optimized
structure. The H�1 is the hydrogen that is aligned with the
incoming cyanide ion in all calculated transition structures.
Three methods, the SAM1 calculations in which this torsional
angle was equal to 0.6� and two methods that include solvent
gave values indicating problems with correct convergence
(see below in the Solvent Models section). These three
methods were, therefore, not considered in determining the
ability of the methods to calculate the KIEs.


Transition structures : Table 7 presents the bond lengths and
bond angles for the transition structures of the ethyl
chloride ± cyanide ion SN2 reaction calculated by using three
semiempirical methods, 16 ab initio methods at the Hartree ±
Fock (HF) level, five post-HF ab initio methods and 15 DFT
methods. There is considerable variation in the transition
structures calculated by the 39 different methods. A compar-
ison of the transition structures with reactant and product,
ethyl chloride and ethyl nitrile, see Table 7, shows that every
theoretical method tested indicates that the transition struc-
ture is early and loose. This is because the difference in
[(length of the transition structure bond� length of the stable
bond in the reactant or product)/length of the normal bond in
the reactant or product]� 100% is significantly greater for
the cyanide carbon ±�-carbon bond than for the �-carbon ±


chlorine bond, that is, the nucleophile ±�-carbon bond is less
formed than the �-carbon chlorine bond is broken in all the
transition structures regardless of the theoretical method
used. For instance, in the DFT transition structures, the
NC�C� bond is between 66 and 55% longer than the NC�C�


bond in the product while the C��Cl transition-state bond is
between 29 and 18 percent longer than the C��Cl in the
reactant.
In Table 8, a comparison of the bond lengths and bond


angles for the reactants, transition structure, and product are
compared at the PCM-UAHF/mPW1PW91/6-31G(d) level of
theory. It is worth noting that if one uses Pauling bond orders
and the results for the PCM-UAHF/mPW1PW91/6-31G(d)
transition structure, rather than the percent extension of
the bond in the transition structure, the bond orders were 0.26
and 0.50 for the NC�C� and C��Cl bonds, respectively.[40] This
is indeed consistent with an early and loose transition
structure.
The theoretically calculated transition structures are evi-


dently not in accord with that based on the experimental
interpretation of the six KIEs measured for this reaction. One
possibility is that all the theoretical methods fail because they
cannot calculate the high-energy transition structure that is
far from the ground state correctly and/or because solvation is
poorly modeled by the continuum methods. Another explan-
ation is that the conventional framework for interpreting
experimental KIEs may be flawed because it is based on
empirical generalization and, at least partly, on approximate
theory. A third alternative is that neither approach is able to
predict the transition structure correctly.


Calculated KIEs : A study by Singleton and co-workers[85]


showed that theoretical methods could be used to calculate
the transition structure and experimental kinetic isotope
effects successfully. However, their study was for a reaction in
which neutral reactants were converted into neutral products.
This study on the other hand, has tackled a more difficult test
for theory, that is, an SN2 reaction of a negative nucleophile
with a neutral reactant to form a charged transition state.
A comparison of the experimental and calculated isotope


effects and activation enthalpy by using the different theo-
retical methods is presented in Table 9 and Figures 1 ± 6,
below. At every level of theory, the best results were found for
the very small nitrogen KIE. For instance, all but six of the
methods predicted this KIE to within the experimental values
for this KIE, Figure 1. This was undoubtedly found because
there is little or no change in bonding to the cyanide-ion
nitrogen on going to the SN2 transition state. A few (five for
the 2� �-D2 KIE, Figure 2, and fifteen for the chlorine KIE,
Figure 3) of the methods gave values that were within the
experimental values for these KIEs. The agreement between
the other three KIEs, the �-carbon, the nucleophile carbon
and the 2� �-D3 KIEs, Figures 4, 5 and 6, were much poorer.
Here, only three, none and none of the calculated KIEs,
respectively, fell within the experimental values for these
KIEs. Evidently, there are problems with calculating these
three kinetic isotope effects by theoretical methods. An
analysis of the results for each theoretical method, see
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Table 9, showed that none of the methods predicted the
experimental values for all the KIEs.
The agreement between the experimental activation energy


of 18.7� 0.1 kcalmol�1, Table 9, and the calculated activation
enthalpies in the cases in which solvent was considered is
excellent for the SM5.42/HF/6-31G(d) and the COSMO/PM3


methods and is reasonable (within 4.5 kcalmol�1 of the
experimental value) for the PCM-UAHF/6-31G(d), the
COSMO/6-31G(d), the PCM-UAHF/mPW1PW91/6-31G(d),
and the C-PCM-UAHF and PCM-UAHF/B3LYP/aug-cc-
pVDZ models. Unacceptable results for the activation energy
were obtained from the Onsager/6-31G(d) (�0.7 kcalmol�1),


Table 7. The bond lengths and bond angles found for the transition structures of the ethyl chloride ± cyanide ion SN2 reaction by using the different theoretical
methods.


Method (N�C)TS (NC�C�)TS % elonga-
tion of


(C�
�Cl)TS % elonga-


tion of
(C�C�)TS (C�H�)TS (C�


�H�1)TS (C�
�H�)TS (NC-C-Cl)TS


[ä] [ä]
(NC�C�)
in TS[a]


[ä]
(C��Cl)
in TS[b]


[ä] [ä] [ä] [ä] [�]


Semiempirical methods
AM1 1.170 2.086 43.0 2.113 17.1 1.492 1.101 1.118 1.117 164.8
PM3 1.166 2.155 47.7 2.100 16.3 1.494 1.092 1.098 1.097 166.5
COSMO/PM3 1.171 2.238 53.4 2.146 18.9 1.479 1.093 1.100 1.099 164.6


Hartree ± Fock methods
HF/MIDI! 1.147 2.240 53.5 2.357 30.6 1.516 1.060 1.084 1.080 166.8
HF/LANL2DZ 1.176 2.369 62.4 2.363 30.9 1.513 1.062 1.080 1.078 162.7
HF/6-31G(d) 1.153 2.387 63.6 2.305 27.2 1.505 1.061 1.081 1.079 164.6
Onsager/HF/6-31G(d) 1.153 2.333 59.9 2.356 30.5 1.505 1.061 1.081 1.079 162.4
C-PCM-UAHF//HF/6-31G(d) 1.153 2.341 60.5 2.343 27.8 1.503 1.062 1.080 1.079 163.0
PCM-UAHF/HF/6-31G(d) 1.153 2.341 60.5 2.343 29.8 1.503 1.062 1.080 1.079 163.0
SM5.42/HF/6-31G(d) 1.156 2.547 74.6 2.574 42.6 1.482 1.065 1.083 1.080 157.0
HF/6-31�G(d) 1.155 2.367 62.2 2.363 30.9 1.504 1.062 1.081 1.079 162.6
HF/6-31�G(d,p) 1.155 2.373 62.6 2.366 31.1 1.503 1.062 1.081 1.079 163.8
HF/6-31�G(3df,2p) 1.150 2.357 61.5 2.363 30.9 1.504 1.602 1.081 1.080 162.4
HF/6-31��G(d,p) 1.155 2.370 62.4 2.367 31.1 1.503 1.062 1.081 1.080 162.4
HF/6-31��G(3df,2p) 1.150 2.357 61.5 2.363 30.9 1.503 1.062 1.081 1.080 164.0
HF/6-311G(d) 1.147 2.394 64.1 2.339 29.6 1.503 1.061 1.081 1.078 162.5
HF/cc-pVDZ 1.154 2.359 61.7 2.334 29.3 1.505 1.069 1.088 1.086 164.5
HF/aug-cc-pVDZ 1.156 2.370 62.4 2.369 31.2 1.504 1.068 1.086 1.085 163.8
HF/cc-pVTZ 1.145 2.348 61.7 2.357 29.3 1.502 1.059 1.079 1.077 164.1


Post-Hartree ± Fock methods
MP2/6-31G(d) 1.194 2.268 55.4 2.210 22.4 1.511 1.073 1.091 1.088 166.9
CASSCF(4,4)/6-31G(d) 1.176 2.407 65.0 2.291 26.9 1.505 1.061 1.081 1.078 164.3
MP2/6-31�G(d,p) 1.196 2.236 53.3 2.250 24.7 1.510 1.070 1.088 1.085 166.6
MC-QCISD/ML 1.193 2.266 55.3 2.208 22.3 1.510 1.073 1.091 1.087 167.0
MG3/ML 1.151 2.353 61.3 2.366 31.3 1.500 1.059 1.079 1.077 163.8


DFT methods
B3LYP/6-31G(d) 1.176 2.392 63.9 2.134 18.2 1.511 1.075 1.094 1.091 164.9
B1LYP/6-31G(d) 1.174 2.387 63.6 2.239 24.0 1.511 1.073 1.093 1.089 164.9
BPW91/6-31G(d) 1.188 2.424 66.1 2.209 22.4 1.515 1.083 1.101 1.098 164.7
MPW1PW91/6-31G(d) 1.174 2.344 60.7 2.198 21.8 1.507 1.075 1.092 1.089 165.8
PCM-UAHF/mPW1PW91/6-31G(d) 1.173 2.265 55.2 2.227 23.4 1.505 1.075 1.091 1.090 164.9
B(M)LYP/6-31G(d) 1.169 2.377 62.9 2.254 24.9 1.509 1.068 1.088 1.085 164.5
MPW1PW91/6-31�G(d,p) 1.175 2.304 57.9 2.250 24.7 1.505 1.075 1.091 1.089 165.1
MPW1 K/6-31�G(d,p) 1.166 2.279 56.2 2.240 24.1 1.500 1.069 1.086 1.084 165.6
MPW1 KK-SRP/6-31�G(d,p) 1.159 2.262 55.0 2.232 23.7 1.495 1.065 1.081 1.079 165.9
B(M)LYP/6-311��G(2d,2p) 1.167 2.331 59.8 2.331 29.1 1.506 1.066 1.085 1.083 164.0
B1LYP/aug-cc-pVDZ 1.175 2.340 60.4 2.296 27.2 1.509 1.077 1.096 1.094 164.21
B3LYP/aug-cc-pVDZ 1.177 2.341 60.5 2.291 26.9 1.509 1.078 1.097 1.095 164.2
C-PCM-UAHF/B3LYP/aug-cc-pVDZ 1.177 2.280 56.3 2.314 28.2 1.506 1.079 1.096 1.095 162.9
PCM-UAHF/B3LYP/aug-cc-pVDZ 1.176 2.285 56.6 2.294 27.1 1.507 1.079 1.096 1.095 162.9
B3LYP/aug-cc-pVTZ 1.165 2.332 59.8 2.295 27.1 1.503 1.070 1.089 1.087 164.1


[a] %[{(NC�C�)TS� (NC�C�)FS}/(NC�C�)FS]. [b] %[{(C��Cl)TS� (C��Cl)IS}/(C��Cl)IS]. Here IS� initial state, TS� transition state and FS� final state.


Table 8. The bond lengths and bond angles found for the reactants, transition structure, and product of the ethyl chloride ± cyanide ion. SN2 reaction at the
PCM-UAHF/mPW1PW91/6-31G(d) theory level.


N�C NC�C� C��Cl C��C� C��H� C��H�1 C��H� NC-C�-Cl Cl-C�-C�-H� Cl-C�-C�-H�1


[ä] [ä] [ä] [ä] [ä] [ä] [ä] [�] [�] [�]


Reactants 1.179 ± 1.805 1.509 1.090 1.092 1.095 111.5 119.9 180.0
TS 1.173 2.265 2.227 1.505 1.075 1.091 1.090 164.9 118.7 179.9
Product 1.158 1.459 ± 1.529 1.095 1.092 1.092 ± ± ±
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Figure 1. The nucleophile 2� nitrogen KIE calculated by the thirty-nine
different theoretical methods for the ethyl chloride ± cyanide ion SN2
reaction. The horizontal lines on the Figure show the experimental average
value � two standard deviations. The arrow shows the value calculated by
the B3LYP/aug-cc-pVDZ method (rank 1).


the PM3 with one explicit DMSO molecule (5.8 kcalmol�1),
and the SM5.4/PM3 (11.5 kcalmol�1) methods.
Each theoretical method was ranked by its ability to


calculate each KIE, Table 9. The ranking was established by
using the absolute value of the difference between the
calculated KIE and the median value of the experimental
KIE. Then, the ranking for the ability to calculate all the KIEs
was obtained by adding the rankings for each of the individual
KIEs, excluding the nitrogen KIE, and this rank sum was used
to determine the best overall method for calculating the
experimental KIEs. The nitrogen KIE was excluded from this
sum because most of the methods calculated this very small
KIE very well, Figure 1, so large differences in the ranking did
not mean that one method was less able to calculate this KIE
than another. For example, the methods ranked 1 and 36 for


Table 9. A comparison of the experimental and theoretical KIEs and activation enthalpies for the SN2 reaction between ethyl chloride and the cyanide ion in
DMSO at 30 �C. The rank based on all the KIEs (excluding the 15N KIE) for each method is given in parenthesis in column 1. The rank for each KIE is given
in parenthesis after the theoretical KIE.


Isotope Effect (kH/kD)�-D2 (kH/kD)�-D3 k11/k14 k12/k13 k14/k15 k35/k37 �H�


[kcalmol�1]
Experiment 0.990� 0.004 1.014� 0.003 1.21� 0.02 1.0009� 0.0007 1.0002� 0.0006 1.0070� 0.0003 18.7� 0.1
Semiempirical methods
AM1 (21) 0.920 (36) 0.989 (7) 1.20 (1) 0.987 (39) 0.9993 (28) 1.0075 (18)
PM3 (38) 1.073 (38) 1.045 (10) 1.17 (19) 0.990 (30) 0.9995 (18) 1.0039 (39)
COSMO/PM3 (34) 1.070 (37) 1.085 (35) 1.17 (19) 0.993 (7) 1.0010 (32) 1.0054 (32) 19.1


Hartree ± Fock methods
HF/MIDI! (39) 0.927 (34) 0.927 (39) 1.18 (14) 0.988 (38) 0.9991 (30) 1.0073 (14)
HF/LANL2DZ (30) 1.031 (33) 0.953 (19) 1.17 (19) 0.990 (30) 1.0000 (1) 1.0066 (15)
HF/6-31G(d) (13) 0.978 (13) 0.954 (18) 1.17 (19) 0.9922 (16) 0.9999 (4) 1.0072 (11)
Onsager/HF/6-31G(d) (23) 0.959 (32) 0.938 (36) 1.19 (4) 0.999 (2) 0.9990 (33) 1.0082 (29) � 0.7
C-PCM-UAHF/HF/6-31G(d) (37) 0.971 (22) 0.932 (38) 1.19 (4) 0.989 (36) 0.9983 (37) 1.0086 (33) 23.1
PCM-UAHF/HF/6-31G(d) (34) 0.970 (24) 0.933 (37) 1.19 (4) 0.990 (30) 1.0000 (1) 1.0087 (35) 23.2
SM5.42/HF/6-31G(d) (36) 1.127 (39) 1.052 (13) 1.15 (38) 0.996 (3) 1.0012 (35) 1.0092 (38) 18.7
HF/6-31�G(d) (18) 0.994 (4) 0.944 (27) 1.17 (19) 0.9914 (22) 0.9997 (10) 1.0077 (24)
HF/6-31�G(d,p) (31) 1.011 (25) 0.944 (27) 1.17 (19) 0.9914 (22) 0.9997 (10) 1.0077 (24)
HF/6-31�G(3df,2p) (19) 1.000 (12) 0.944 (27) 1.17 (18) 0.9915 (19) 0.9997 (10) 1.0076 (21)
HF/6-31��G(d,p) (25) 1.008 (21) 0.950 (23) 1.17 (19) 0.9916 (18) 0.9998 (7) 1.0077 (24)
HF/6-31��G(3df,2p) (19) 0.999 (11) 0.944 (27) 1.17(19) 0.9915(19) 0.9997 (10) 1.0076 (21)
HF/6-311G(d) (26) 0.977 (14) 0.941 (32) 1.19 (4) 0.991 (24) 0.9990 (33) 1.0088 (36)
HF/cc-pVDZ (28) 0.973 (18) 0.952 (20) 1.19 (4) 0.989 (36) 0.9995 (18) 1.0086 (33)
HF/aug-cc-pVDZ (22) 0.972 (20) 0.949 (24) 1.19 (4) 0.991 (24) 0.9994 (25) 1.0083 (30)
HF/cc-pVTZ (26) 0.976 (16) 0.941 (32) 1.20 (1) 0.990 (30) 0.9993 (28) 1.0085 (31)


Post-Hartree ± Fock methods
MP2/6-31G(d) (15) 0.971 (22) 0.968 (14) 1.20 (1) 0.991 (24) 0.9991 (30) 1.0074 (17)
CASSCF(4,4)/6-31G(d) (24) 0.921 (35) 0.941 (32) 1.18 (14) 0.995 (5) 1.0022 (38) 1.0075 (18)
MP2/6-31�G(d,p) (3) 0.992 (1) 0.952 (20) 1.19 (4) 0.9929 (15) 1.0000 (1) 1.0068 (10)
MC-QCISD/ML (4) 0.982 (8) 0.982 (9) 1.19 (4) 0.991 (24) 0.9994 (25) 1.0071 (6)
MG3/ML (29) 1.011 (25) 0.946 (26) 1.17 (19) 0.991 (24) 0.9999 (4) 1.0075 (18)


DFT methods
B3LYP/6-31G(d) (11) 1.014 (29) 1.001 (2) 1.17 (19) 0.992 (17) 1.0002 (7) 1.0069 (3)
B1LYP/6-31G(d) (10) 1.004 (17) 0.993 (6) 1.17 (19) 0.9915 (19) 0.9997 (10) 1.0069 (3)
BPW91/6-31G(d) (32) 1.016 (30) 0.955 (17) 1.14 (39) 0.996 (3) 1.0015 (36) 1.0050 (37)
mPW1PW91/6-31G(d) (8) 1.003 (15) 1.000 (3) 1.18 (14) 0.991 (24) 0.9995 (18) 1.0071 (6)
PCM-UAHF/mPW1PW91/6-31G(d) (7) 0.986 (3) 0.974 (12) 1.19 (4) 0.990 (30) 0.9994 (25) 1.0071 (6) 15.5
B(M)LYP/6-31G(d) (16) 0.993 (2) 0.967 (15) 1.16 (36) 0.994 (6) 1.0006 (22) 1.0060 (28)
mPW1PW91/6-31�G(d,p) (17) 1.011 (25) 0.959 (16) 1.17 (19) 0.993 (7) 1.0006 (22) 1.0063 (23)
MPW1 K/6-31�G(d,p) (5) 0.995 (6) 0.952 (20) 1.18 (14) 1.000 (1) 0.9915 (39) 1.0067 (12)
MPW1KK-SRP/6-31�G(d,p) (13) 0.981 (10) 0.944 (27) 1.19 (4) 0.990 (30) 0.9996 (16) 1.0071 (6)
B(M)LYP/6-311��G(2d,2p) (32) 1.020 (31) 0.947 (25) 1.16 (36) 0.993 (7) 1.0006 (22) 1.0062 (27)
B1LYP/aug-cc-pVDZ (2) 0.984 (7) 0.996 (4) 1.17 (19) 0.993 (7) 1.0002 (7) 1.0070 (1)
B3LYP/aug-cc-pVDZ (1) 0.994 (4) 1.005 (1) 1.17 (19) 0.993 (7) 1.0003 (10) 1.0070 (1)
C-PCM-UAHF/B3LYP/aug-cc-pVDZ (6) 0.982 (8) 0.984 (8) 1.17 (19) 0.993 (7) 1.0004 (16) 1.0067 (12) 22.1
PCM-UAHF/B3LYP/aug-cc-pVDZ (11) 0.973 (18) 0.978 (11) 1.17 (19) 0.993 (7) 1.0005 (18) 1.0066 (15) 22.8
B3LYP/aug-cc-pVTZ (8) 1.013 (28) 0.994 (5) 1.17 (19) 0.993 (7) 1.0001 (4) 1.0069 (3)
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Figure 2. The 2� �-D KIE calculated by the thirty-nine different theoret-
ical methods for the ethyl chloride ± cyanide ion SN2 reaction. The
horizontal lines are the experimental minimum, median, and maximum
values found for the KIE. The arrow shows the value calculated by the
B3LYP/aug-cc-pVDZ method (rank 1).


Figure 3. The chlorine leaving-group KIE calculated by the thirty-nine
different theoretical methods for the ethyl chloride ± cyanide ion SN2
reaction. The horizontal lines are the experimental minimum, median, and
maximum values found for the KIE. The arrow shows the value calculated
by the B3LYP/aug-cc-pVDZ method (rank 1).


Figure 4. The �-carbon KIE calculated by the thirty-nine different
theoretical methods for the ethyl chloride ± cyanide ion SN2 reaction. The
horizontal lines are the experimental minimum, median, and maximum
values found for the KIE. The arrow shows the value calculated by the
B3LYP/aug-cc-pVDZ method (rank 1).


this KIE gave the experimental KIE and were equally good at
calculating the KIE. An examination of the rankings in
column 1 of Table 9, indicates that the two best methods were
the density functional methods B3LYP/aug-cc-pVDZ and the
B1LYP/aug-cc-pVDZ. The transition state calculated by using
the B3LYP/aug-cc-pVDZ method is shown in Figure 7. It is
also worth noting that even the best method only predicted


Figure 5. The nucleophile carbon KIE calculated by the thirty-nine
different theoretical methods for the ethyl chloride ± cyanide ion SN2
reaction. The horizontal lines on the Figure show the experimental average
value � two standard deviations. The arrow shows the value calculated by
the B3LYP/aug-cc-pVDZ method (rank 1).


Figure 6. The 2� �-deuterium KIE calculated by the thirty-nine different
theoretical methods for the ethyl chloride ± cyanide ion SN2 reaction. The
horizontal lines are the experimental minimum, median, and maximum
values found for the KIE. The arrow shows the value calculated by the
B3LYP/aug-cc-pVDZ method (rank 1).


Figure 7. The transition-state structure calculated at the B3LYP/aug-cc-
pVDZ level of theory for the SN2 reaction between ethyl chloride and
cyanide ion. The N�C bond length is 1.177 ä, the CN�C bond length is
2.341 ä, the C�Cl bond length is 2.291 ä, and the C��C bond length is
1.509 ä. The CN-C-Cl bond angle is 164.2� and the Cl-C-C�-H� bond angle is
179.9�.


two (the nucleophile 2� nitrogen and the 2� �-D KIEs) of the
six experimental KIEs to within experimental error.
An inspection of the rankings in Table 9 reveals some


interesting facts; correlated methods (post-Hartree ±Fock
and DFT) give the best results. A comparison of the
calculations obtained by using the HF/6-31G basis set reveals
that there is no trend in the quality of results when diffuse and
polarization functions are used, although the system is
negatively charged. This is in agreement with Jensen×s
findings.[86, 87] It is worth noting that the B3LYP functional
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with the aug-cc-pVDZ basis set performed much better than
the much more expensive MP2 and MC-QCISD methods.
This list also shows a good performance by the mPW1PW91
functional, even in combination with a standard 6-31G(d)
basis set. Among the DFT functionals, B3LYP, B1LYP,
mPW1PW91, and MPW1K performed well, whereas BPW91
and B(M)LYP performed poorly. These findings are not
surprising since BPW91 has problems with calculating the
energetics correctly and B(M)LYP has been parameterized
for weak hydrogen bonding, which is not present in the system
studied. Finally, the poor performance of the semiempirical
methods should be pointed out. Of these methods, AM1 is the
best. It ranks average among all methods and substantially
higher than other semiempirical methods. Finally, the inclu-
sion of continuum solvent models (both PCM-UAHF and
C-PCM-UAHF) do not significantly affect the results.


Solvent models : The methods of including solvent in quantum
calculations are a subject of vigorous debate. A systematic
study of solvation in KIE calculations for a model decarbox-
ylation reaction[88] indicated the advantage of the continuum
models over explicit inclusion of solvent molecules. Recent
work from the äquist group examined the ability of explicit
solvent models to predict equilibrium oxygen isotope ef-
fects.[89] In the present study no systematic analysis of the
solvation has been performed. Rather, a few readily available
models were used, and the results were compared with those
obtained in calculations at the same level of theory in the gas
phase. In this part of the study the Onsager model, the
COSMO model, the C-PCM-UAHF method, the PCM-
UAHF method, and the SM5.4 and SM5.42 methods of
considering solvent were applied at four theoretical levels, the
HF/6-31G(d), the mPW1PW/6-31G(d), the B3LYP/aug-cc-
pVDZ and the PM3 method. Only the SM5.42/HF/6-31G(d)
method (which gave the exact value) and the COSMO/PM3
method gave values of the enthalpy of activation within four
standard deviations of the experimental value.
In addition, a calculation with the inclusion of one explicit


solvent molecule at the PM3 level was performed. The solvent
molecule was positioned ™behind∫ the nitrogen atom of the
cyanide anion with the oxygen atom pointing at the nitrogen
atom. The Cs symmetry of the starting model was not
preserved in calculations, the Cl-C�-C�-H�1 torsional angle
that should be 180� was 167.8� in the optimized structure. In
the SM5.4/PM3 calculation the Cl-C�-C�-H�1 angle was found
equal to 151.9� in the optimized structure. These results were
therefore not considered.
The ranking of the methods in Table 9 shows that including


the solvent does not have any significant effect on the results.
This is undoubtedly due to the lack of sensitivity of these
transition states (KIEs) to changes in solvent.[43±46] A detailed
examination of the results in Table 9 shows that including the
solvent only improves the results slightly in two out of the four
tests. The gas-phase PM3 result that ranks 38th out of the 39
methods compared only moves up to 34th when the COSMO
method is used in the calculation. The other improvement is
that the mPW1PW91/6-31G(d) results move up from 8th to
7th position when combined with the PCM-UAHF solvent
model. The results obtained at the HF/6-31G(d) level in the


gas phase on the other hand, rank significantly lower upon
inclusion of solvation, dropping from 13th position to 34th
when the PCM-UAHF method is used, to 37th with COSMO,
to 36th with SM5.42, and to 23rd when the Onsager model is
used. Similar results were obtained for the DFT B3LYP/aug-
cc-pVDZ method that yielded the best results among the
methods studied. Here, including either the C-PCM-UAHFor
the PCM-UAHF method lowered the ranking position from
1st to 6th or 11th, respectively. Thus, most of the gas-phase
models perform better than the models that include a solvent
environment for the cyanide ion ± ethyl chloride SN2 reaction.
The two exceptions are the PM3/COSMO calculation, which
leads to a small improvement, and the mPW1PW91/6-31G(d),
which produced a marginally better result.


Conclusion


The six experimental KIEs measured for the SN2 reaction
between ethyl chloride and cyanide ion suggest that the
transition state is late (product-like) with a short NC�C� bond
and a reasonably long C��Cl bond. All the theoretical
methods, on the other hand, suggest that the transition state
is very reactant-like and loose with little NC�C� bond
formation and significant C��Cl bond rupture. We have not
been able to resolve the differences between the two
approaches to determining transition-state structure for even
this very simple reaction. One possibility is that all the
theoretical methods fail to produce the correct transition
structure. The fact that no method predicts all six KIEs
correctly might indicate that this is, in fact, the case. Such a
failure to yield correct transition structure could be due to
theory×s inability to calculate high-energy transition struc-
tures that are far from the ground state where theory works
well and/or poor solvation modeling by the continuum
models. The latter problem might be overcome by inclusion
of a large number of explicit solvent molecules in the
calculations. Another explanation is that the conventional
framework for interpreting experimental KIEs may be flawed
because it is based on empirical generalization and, at least
partly, on approximate theory. A third alternative is that
neither approach is able to predict the transition structure
correctly. However, regardless of which is correct, the
experimental KIEs presented provide a benchmark against
which theoretical methods may be rigorously assessed. It is
relatively easy to find a theoretical method that can be used to
predict one or even two KIEs for a reacting system correctly.
A more critical test, however, is whether a larger set of KIEs,
such as for the six KIE in our study, may be predicted.


Although none of the theoretical methods was able to predict
all six of the KIEs, the DFT methods were best able to
generate the experimental KIEs. The two DFT methods, the
B3LYP/aug-cc-pVDZ and the B1LYP/aug-cc-pVDZ were
judged the best. Including solvation in the calculation did
not significantly improve the fit to the experimental KIEs.
In terms of calculating the experimental KIEs, the best


results were obtained for the very small secondary nitrogen
KIE. This was undoubtedly found because there is little or no
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change in bonding to the cyanide ion nitrogen on going to the
transition state. The second-best results were obtained for the
2� �-D followed by the chlorine KIEs. The �-carbon KIEs
were calculated with less success. The theoretical methods
were not successful in calculating the nucleophile carbon and
the 2� �-D KIEs. In fact, hardly any of the methods were able
to reproduce the last two experimental isotope effects. In this
regard, it is worth noting that the calculated transition-state
structures and force constants lead to a more inverse
incoming-carbon KIE than is found experimentally. This
suggests the theoretical methods may have difficulty calcu-
lating the vibrational energies involving the nucleophile ±
�-carbon bond in the SN2 transition state. Two solvent
models were able to reproduce the experimental activation
energy.
Finally, although none of the theoretical methods used in


this study was able to reproduce all of the experimental KIEs
correctly, theoretical calculations of KIEs are an important
tool in physical organic chemistry. For instance, KIEs
calculated by theoretical methods are often sufficiently
accurate to distinguish between possible mechanistic alter-
natives and several papers by Houk,[90, 91] Schramm,[92, 93] and
Truhlar[94, 95] are good examples of the usefulness of theoret-
ical methods for determining reaction mechanisms. Using
theoretical methods to investigate special attributes of a
reaction within a specific system is also believed to be very
useful. For example, the theoretical experiments of ion pairing
and negative-ion hyperconjugation in elimination reactions
by Saunders,[96±98] the studies of E2 elimination and SN2
reactions by Glad and Jensen[86, 87] and the studies of SN2
reactions by Williams and co-workers[99±101] and by Westaway
and co-workers[11] are important investigations of specific
effects that have led to important additions to the theory of
kinetic isotope effects and the factors that affect their
magnitude.


Experimental Section


Preparation of Materials : Tetrabutylammonium cyanide (97%, Aldrich),
chloroethane (98%, Ferak Berlin, Germany), dimethylsulfoxide (99.5%,
Fluka or Caledon Laboratories, anhydrous, distilled in glass grade), and
nickel(��) nitrate hexahydrate (99%, POCh Gliwice, Poland) were used
without further purification. The tetrabutylammonium cyanide was kept in
a vacuum desiccator once it had been opened.


Ethyl chloride : Ethanol (20 mL, ca. 15.8 g, 0.343 mol) was added slowly to a
cold mixture of anhydrous zinc chloride (92 g) and concentrated hydro-
chloric acid (58 mL) in a 100 mL three-necked round-bottom flask. The
flask was cooled in an ice ± salt bath so that the temperature remained
below 8 �C to prevent any loss of hydrogen chloride during the addition to
the zinc chloride. The flask was fitted with a vertical water-cooled five-bulb
reflux condenser attached to a set of four gas traps. The first two gas traps
contained water for absorbing hydrogen chloride and the last two
contained concentrated sulfuric acid for adsorbing any water from the
first gas traps. A vented test tube immersed in an ice ± salt bath was
connected to the final gas trap to collect the ethyl chloride. A slow stream
of nitrogen was applied through one neck of the three-necked reaction
flask to provide a positive pressure in the system. A thermometer was
inserted in the third neck of the flask to measure the temperature of the
reaction mixture.


The reaction mixture was heated slowly to 105 �C, and the ethyl chloride
was distilled. The temperature of the reaction mixture was gradually raised
to 130 �C to increase the yield of ethyl chloride. All the ethyl chloride was


collected between 30 and 45 minutes after the reaction mixture began to
boil. The yield of ethyl chloride was 16 mL (ca. 14.4 g, 65%). An NMR
spectrum was consistent with that for ethyl chloride.


(1,1-2H2)Ethyl chloride : (1,1-2H2)ethanol (10 g, 0.208 mol, Sigma ±Aldrich,
98 atom% D2) was treated with a mixture of zinc chloride (56 g) in
concentrated hydrochloric acid (35 mL) by using the procedure described
above. The yield of (1,1-2H2)ethyl chloride was 3 mL (2.7 g, 20%). An
NMR spectrum indicated that the product was 99.0% deuterated at the
1-position.


(2,2,2-2H3)Ethyl chloride : (2,2,2-2H3)ethanol (10 g, 0.204 mol, Sigma ±Al-
drich, 99 atom% D3) was treated with a mixture of zinc chloride (56 g) in
concentrated hydrochloric acid (35 mL) by using the procedure described
for the synthesis of ethyl chloride. The yield of (2,2,2-2H3)ethyl chloride was
3 mL (2.7 g, 21%). An NMR spectrum indicated that the product was
99.2% deuterated at the 2-position.


[1-11C]Ethyl chloride : [1-11C]Ethanol[102] (1 ± 2 GBq) dissolved in concen-
trated hydrochloric acid (0.4 mL) was added with a syringe to a septum-
covered 3 mL conical glass vial containing anhydrous ZnCl2 (0.7 g). The
mixture was heated to 130 �C for 4 min, and then the [1-11C]ethyl chloride
was distilled by bubbling a slow stream of nitrogen (10 mLmin�1) through
the solution. The gas stream was passed through an aqueous solution of
NaOH (4 mL, 1�) and then through a drying tower containing sicapent.
Finally, the [1-11C]ethyl chloride was trapped in DMSO (0.5 mL) at 20 �C.
The amount of trapped radioactivity reached its maximum after 3 min.
Typically 200 ± 300 MBq of [1-11C]ethyl chloride was obtained.


[1-14C]Ethyl chloride : [1-14C]Ethanol (10 MBq, American Radiolabeled
Chemicals Inc.) dissolved in concentrated hydrochloric acid (0.4 mL) was
added with a syringe to a septum-covered 3 mL conical glass vial containing
anhydrous ZnCl2 (0.7 g). The mixture was then heated to 130 �C under a
slow stream of nitrogen (10 mLmin�1). The gas stream was passed through
an aqueous solution of NaOH (4 mL, 1�) and then through a drying tower
containing siccapent. Finally, the [1-14C]ethyl chloride was trapped in THF
(1 mL) at �40 �C. About 6 MBq of product was obtained.
Determination of the secondary �- and �-deuterium KIEs : A solution of
the cyanide ion (0.25�) was prepared by dissolving tetrabutylammonium
cyanide (1 g) in anhydrous, distilled-in-glass grade DMSO (15 mL, Caledon
Laboratories) under a nitrogen atmosphere in an I2R glove bag. A ethyl
chloride stock solution (0.12�) was prepared by injecting ethyl chloride or
deuterated ethyl chloride (400 �L) from a 500 �L syringe that had been
cooled in a deep freeze and kept in the freezer wrapped in plastic bags to
avoid condensation of water, into a sample vial containing anhydrous
DMSO (15 mL) and sealed with a rubber septum. The free space above the
solvent in the vial was kept to less than 1 mL to reduce the risk of
evaporation of the ethyl chloride. The amount of ethyl chloride added to
the vial was determined by precisely measuring the weights of the vial
before and after the ethyl chloride was added.


Both stock solutions were placed in a constant-temperature bath at
30.000� 0.002 �C for 1 h. Then, the reaction was started by injecting the
ethyl chloride stock solution (5 mL) into the tetrabutylammonium cyanide
solution so that the final concentrations were 0.030 and 0.188� for the ethyl
chloride and the tetrabutylammonium cyanide, respectively. Aliquots
(1 mL) of the reaction mixture were taken at various times throughout
the reaction and injected into nitric acid (30 mL 0.013�); this quenched the
reaction by converting the unreacted cyanide ion into HCN.


The acidic solution was stirred in the fume hood for at least an hour to
completely remove the hydrogen cyanide.


Finally, the chloride ion in the sample was analyzed in a potentiometric
titration by using a standard silver nitrate solution (0.005�).[103]


The KIE was determined by dividing the rate constants measured
separately for the deuterated and undeuterated isotopomers.


Determination of the chlorine KIE : The chlorine KIE was measured by
carrying out the reaction in the same way as the secondary �- and �-
deuteriumKIEs were measured. The reactions were quenched at extents of
reaction varying from 11 to 22% completion by pouring the whole reaction
mixture into nitric acid (30 mL, 0.013�). After the hydrogen cyanide had
been removed (vide supra), the samples were titrated with standard silver
nitrate (0.005�) in a potentiometric titration,[103] and the silver chloride
precipitate was filtered and converted into methyl chloride by using the
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standard procedure.[104] The chlorine KIE was determined from Equa-
tion (4):


k35/k37� ln 	1� f �
ln 
1� 	Ro�Rf�f �


(4)


in which Ro and Rf are the ratios of the chlorine isotopes in the reactant
before reaction and in the product (chloride ion) after a fraction of reaction
f, respectively. The 37Cl/35Cl ratios, Ri (i� 0, f), were calculated from the
�37Cl values obtained from the isotope-ratio mass spectrometric measure-
ments[105] by using Equation (5):


Ri�RST (1 � �i/1000) (5)


here RST is the 37Cl/35Cl ratio found for a standard methyl chloride sample.
The Ro value was obtained by analyzing the chloride ion from the SN2
reaction between ethyl chloride and sodium thiophenoxide in DMSO at
20 �C, a reaction found to go to 100% completion. This was necessary
because the cyanide ion ± ethyl chloride reaction in DMSO could not be
taken to 100% completion, presumably because some of the volatile ethyl
chloride was lost before the slow cyanide-ion reaction reached 100%
completion. Using this faster reaction at a lower temperature for
determining the Ro value corrected the error associated with the failure
to get the ethyl chloride ± cyanide ion reaction to go to 100% completion.


Determination of the nucleophile carbon and nitrogen KIEs : The carbon
and nitrogen nucleophile kinetic isotope effects were measured by using
the ™dead-end∫ conditions for the kinetic runs; that is, a molar excess of
tetrabutylammonium cyanide with respect to the ethyl chloride was used
for each experiment so that a predefined fraction of the cyanide ion had
reacted when all the ethyl chloride had been consumed. Since ethyl
chloride is very volatile, the volume of the solution was chosen so that the
space between the stopper and the surface of the solution was negligible.
These technical constraints caused a slight variation in the concentrations
of the reactants in each run, that is, the ethyl chloride (98%; Ferak Berlin,
Germany) varied from 0.03 to 0.08� and the tetrabutylammonium cyanide
varied from 0.09 to 0.17� in DMSO. The reaction mixtures were shaken at
30 �C for 7 h to ensure that the reaction had gone to completion. Then,
nickel nitrate (300 mg) was added to each sample to precipitate the
unreacted cyanide ion. The solution was separated in a centrifuge, the
solvent was decanted, and the residue was washed with water. This
procedure was repeated three times to remove all the nitrate ion and other
reactants. Then, the nickel cyanide was dried in a desiccator over molecular
sieves. Approximately 10 mg of the nickel cyanide was used for determin-
ing the isotopic ratio of the carbon and nitrogen atoms by isotope-ratio
mass spectrometry on a Finnigan DeltaS mass spectrometer combined in-
line with a Heraeus elemental analyzer. Nickel cyanide was also used to
determine the isotopic composition of the carbon and nitrogen atoms in the
initial cyanide ion. Although the fraction of reaction, f, was calculated from
the concentration of the reactants, the actual fraction of reaction was
confirmed by using a standard colorimetric assay for the chloride ion.[105]


The two methods agreed within �0.1%. The isotope effect k14/k15, was
determined from the isotopic composition of the reactant remaining after
fraction of reaction f from the slope of the linear dependence of ln (1000 �
�f) on ln (1� f):


ln (1000 � �f)�
1


k14�k15


�
� 1


�
ln (1� f) � ln (1000 � �0) (6)


Determination of the 11C/14C �-Carbon KIE : [1-14C]ethyl chloride
(30 MBq) in THF (5 �L,) was added to a solution of [1-11C]ethyl chloride
(100 ± 300 MBq) in DMSO (0.5 mL). After careful mixing, a 30 �L sample
was injected into the HPLC and the reactant fraction tr� 15.4 ± 16.5 min
was collected. The HPLC separation was performed on a Phenomenex
spherisorb 5 ODS(2) 250� 4.6 mm ID C18 column with a Beckman 126
gradient pump in series with a �� flow detector. The mobile phases were
acetonitrile (A) and ammonium formate (0.05�) at pH 3.5 (B). The
gradient used was from 0 to 6 min: 10% A, from 6 to 7 min: the
composition changed from 10 to 35% A, 7 ± 16 min: 35 ± 50% A, 16 ±
17 min: 50 ± 95% A, and 21 ± 22 min: 95 ± 100% A. The flow rate was
1 mLmin�1. Data collection and HPLC control were performed with a
Beckman System Gold chromatograph software package. Sample injection


and fraction collection were performed on a Gilson 231XL sampling
injector that was coupled to a Gilson 401C dilutor.


Then, the rest of the DMSO solution was transferred to a capped vial
containing tetrabutylammonium cyanide (70 mg) and the vial was shaken
to dissolve the latter. The vial was kept at 30 �C in the thermostated sample
rack of the HPLC.At 30 min intervals, 30 �L aliquots were injected into the
HPLC, and the reactant (ethyl chloride) fractions were collected in
scintillation vials containing scintillation liquid. A dummy fraction was
collected just before the reactant fraction to rinse the fraction collector and
to prevent contamination from any radioactivity remaining from a previous
fraction. The total radioactivity (11C � 14C) in the collected reactant
fractions was measured by liquid scintillation counting with a counting time
of 3 ± 5 min per sample. The liquid scintillation counting was performed
with a Beckman LS6000LL liquid scintillation counter in the wide-open
mode by using Zinsser Quicksafe A as the scintillation cocktail in Zinsser
20 mL poly vials.


The amount of radioactivity in the samples varied between 50000 and
300000 counts per minute. When all of the 11C radioactivity had decayed,
usually the next day, the samples were remeasured to give the 14C
radioactivity. The 14C data were corrected for 14C background by analyzing
the reactant fraction for 14C radioactivity when the reaction had gone to
completion. The 14C radioactivity was subtracted from the total radio-
activity to give the 11C radioactivity. The 11C radioactivity was then
corrected for decay and the 14C/11C isotopic ratios, Rf and R0 at the different
reaction points, were calculated. The point KIEs, k11/k14, were calculated by
using Equation (7):


k11


k14
� ln 	1� f �
ln 
	1� f �Rf�R0�


(7)


The fractional conversion f for each point was calculated from the
integrated radio detector peaks of the 11C reactant and product, after
correcting the peak areas for decay due to different retention times.
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Identity Double-Proton Transfer in (3Z)-3-Hydroxy-1,4-di(quinolin-2-yl)-
but-3-en-2-one


Borys Os¬mia¯owski,[a] Erkki Kolehmainen,[b] and Ryszard Gawinecki*[a]


Abstract: Although there is a very fast
(on the NMR timescale) double-proton
transfer in (1Z,3Z)-3-hydroxy-4-quin-
olin-2-yl-1-quinolin-2(1H)-ylidenbut-3-
en-2-one (the product of the condensa-
tion of ethyl oxalate with 2-lithiometh-
ylquinoline), it is the only species pres-
ent in chloroform solution. Comparison
of the product of condensation of ethyl
oxalate with 2-lithiomethyl derivatives
of pyridine (recent studies) and quin-
oline (present studies) shows that ben-
zoannulation considerably affects the


tautomeric equilibrium. The observed
changes are not only quantitative but
also qualitative. Moreover, contrary to
the proton transfer in the pyridine
tautomers, this process is fast in the
quinoline tautomers. Comparison of the
experimental and ab initio/DFT GIAO-
calculated 13C and 15N chemical shifts


for the transition states in the proton-
transfer reactions between (1Z,3Z)-
3-hydroxy-4-quinolin-2-yl-1-quinolin-
2(1H)-ylidenbut-3-en-2-one and its tau-
tomers support the theory that a con-
certed identity reaction takes place be-
tween the enolimine-enaminone and
enaminone-enolimine tautomeric forms.
As a consequence, the most stable
tautomeric form, (1Z,3Z)-1,4-di(quino-
lin-2-yl)buta-1,3-diene-2,3-diol, is not
present in the tautomeric mixture.


Keywords: ab initio calculations ¥
annulation ¥ identity reaction ¥
NMR spectroscopy ¥ tautomerism


Introduction


The formation of strong hydrogen bonds in 3,4-dihydroxy-2,4-
hexadiene-1,6-dione (a) is expected to be responsible for its
stabilization as compared to the respective 1,3,4,6-hexanetet-
raone.[1±3] On the other hand, it is noteworthy that resonance
interactions are not necessary to stabilize enols. Thus, some
dihydroxydiallylamines (b) are known.[4] Although the re-
spective dienaminedione tautomer (c) was found to be
present in solution,[5] additional proofs are needed to distin-
guish it from diiminedienol (d).


Steric hindrance in 1,3,4,6-tetraones, RCOCH2COCOCH2-


COR (R� alkyl or aryl), is believed to be responsible for the
lack of this form in solution.[6] Instead, there is a fast proton
exchange between diketodienediols (a) and 2-hydroxy-2-
acylmethyl-3(2H)-furanone (the minor tautomer).[6] 1,4-Di-
(pyridin-2-yl)-2,3-butanedione is the diimine derivative of the
respective 1,3,4,6-tetraone. These two compounds are iso-
electronic. Recently[7] we found that proton transfer takes
place in 1,4-di(pyridin-2-yl)butane-2,3-dione and that the
highly conjugated dienol, (1Z,3Z)-1,4-di(pyridin-2-yl)buta-
1,3-diene-2,3-diol, predominates over other tautomeric forms


in chloroform. This tautomer is additionally stabilized by two
strong intramolecular hydrogen bonds. It is the only form
present in the crystal.[7] Knowing that benzoannulation may
affect the tautomeric equilibrium both qualitatively and
quantitatively,[8±14] we were very much interested to discover
how it affects the tautomeric preferences of 1,4-di(pyridin-2-
yl)butane-2,3-dione. Its tautomers and rotamers are shown in
Scheme 1.
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Results


Experimental spectral data : An IR spectrum of the product of
the reaction of 2-lithiomethylquinoline with ethyl oxalate in
chloroform shows the broad band of the C�O stretching
vibrations at �1720 cm�1 and three bands in the 3250 ±
3600 cm�1 region (O�H[15] and N�H[16] stretching vibrations).


Complete experimental NMR chemical shifts (�) for 2
(0.1 ± 0.2� solution in CDCl3 at 303 K) are: 1H: 6.45 (1H),
6.96 (1H), 7.26 (1H), 7.5 ± 7.6 (3H), 7.72 (1H), 15.73 (1H); 13C:
90.29, 118.70, 121.66, 123.14, 123.40, 126.68, 130.00, 135.71,
137.91, 154.46, 177.21; 15N: �209.3. No other, even very weak,
signals can be seen in the spectra.


Ab initio calculations : B3LYP/6-311��G** GIAO calcula-
tions on the geometry obtained with the RHF/3-21G level


may help to assign the 15N signals. The calculated chemical
shifts of the different forms are presented in the Discussion.
Those of the transition states between different tautomers are
also included there. The B3LYP/RHF method for different
basis sets was used to calculate the 1H and 13C NMR chemical
shifts (�) for 2OO, 2EE, and 2OE (Table 1).


The relative energies of the different tautomers and
rotamers 2 were calculated at the MP2/6-31G**//RHF/6-
31G** level to see which of them is expected to be present in
the tautomeric mixture (Table 2).


The RHF/6-31G** method was used to calculate the
optimized geometries of the different tautomers 2. The
dihedral angles in their molecules are presented in Table 3.


Calculations at the MP2/6-31G**//RHF/6-31G** level and
PCM model of solvation were used to show the dependence
between the energy of some tautomers and their geometries.
The results are presented in the Discussion.


Scheme 1. The tautomers and rotamers of 1,4-di(pyridin-2-yl)butane-2,3-dione. 1: R�R��H; 2 : R,R�� benzo. The numbering of positions in the molecule
is exemplified for the 2EK form.
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Discussion


Treatment of 2-lithiomethylquinoline with one equivalent of
alkyl benzoate leads to 2-phenacylquinolines, which in
solution are in equilibrium with 1,2-dihydro-2-benzoyl-meth-
ylenequinolines.[11] Diesters, such as oxalate, may react with
two molecules of the lithium derivative. This should result in
formation of the respective �-diketone, 1,4-di(quinolin-2-
yl)butane-2,3-dione, 2KK (Scheme 1). By analogy with the
pyridine derivative,[7] it can be anticipated that in solution this
diketone is predominated by (1Z,3Z)-1,4-di(quinolin-2-yl)-
buta-1,3-diene-2,3-diol (2OO), and (3Z)-3-hydroxy-1,4-di-
(quinolin-2-yl)but-3-en-2-one (2OK, Scheme 1).


The IR spectrum confirms that both enolimine, O, and
enaminone, E, forms are present in solution. Thus, it may
contain a mixture of 2OX and 2EX (X�K, O or E) or 2OE
(Scheme 1).


Table 1. 1H and 13C NMR chemical shifts (�) for 2OO, 2EE, and 2OE
calculated with the B3LYP/RHF method for different basis sets.


Tautomer 6-311G//3-21G 6-311G//6-31G** 6-311G**//6-31G**


2OO C2/C2� 158.15 162.20 163.74
C3/C3� 123.37 128.99 128.17
C4/C4� 135.62 140.85 141.85
C5/C5� 126.50 131.27 131.27
C6/C6� 145.08 149.88 151.87
C7/C7� 100.32 105.18 102.91
C8/C8 161.06 163.50 164.53
H3/H3� 6.47 7.31 7.37
H4/H4� 7.03 7.84 8.09
H9/H9� 11.90 10.72 11.39


2EE C2/C2� 149.18 153.06 155.67
C3/C3� 126.05 132.17 132.23
C4/C4� 134.35 138.98 139.60
C5/C5� 123.37 128.18 128.05
C6/C6� 137.10 142.10 144.02
C7/C7� 89.37 93.76 91.12
C8/C8� 186.37 188.92 188.58
H1/H1� 12.02 11.39 12.22
H3/H3� 5.97 6.72 6.75
H4/H4� 6.43 7.18 7.27


2OE C2 158.49 162.55 164.22
C2� 149.06 152.99 155.63
C3 123.77 129.33 128.60
C3� 125.83 131.79 131.71
C4 135.60 140.70 141.64
C4� 134.64 139.22 139.99
C5 126.59 131.27 131.24
C5� 123.66 128.28 128.15
C6 145.17 149.98 151.97
C6� 137.03 141.97 143.82
C7 99.12 103.96 102.50
C7� 91.58 96.39 93.11
C8 163.39 166.37 167.08
C8� 183.15 185.00 184.71
H3 6.51 7.35 7.43
H3� 5.95 6.72 6.75
H4 7.05 7.84 8.08
H4� 6.48 7.21 7.31
H9 11.75 10.63 11.25
H1� 12.21 11.58 12.46


Table 2. Calculated relative energies [kJmol�1] at the MP2/6-31G**//
RHF/6-31G** level for different tautomers/rotamers 2.


Tautomer in vacuo in chloroform


EE 23.67 20.68
EE� 50.19 43.41
EE�� 55.93 54.64
EK 20.59 16.85
EK� 47.12 38.71
EK�� 58.00 56.69
KK 27.99 24.04
KK� 52.65 44.17
OE 11.43 9.65
OE� 32.27 27.08
OE�� 54.99 48.33
OK 8.97 7.05
OK� 28.31 22.29
OK�� 53.44 47.82
OK��� 85.61 80.86
OO 0.00 0.00
OO� 19.79 17.08
OO�� 61.86 56.40
[a] � 1104.645914 � 1104.646175


[a] Energy [a.u.] of the most stable tautomer.


Table 3. RHF/6-31G** optimized dihedral angles [�] in different tautomers 2 (initial angles in parentheses).[a]


Tautomer N1C2C7C8 C2C7C8O9 O9C8C8�O9� C2�C7�C8�O9� N1�C2�C7�C8�


EE 0.00(0) 0.00(0) 179.91(0) 0.00(0) 0.00(0)
EE� 1.23(0) � 1.84(0) 61.81(0) � 1.84(0) 1.23(0)
EE�� 0.00(0) 179.98(180) 179.91(180) 0.00(0) 0.00(0)
EK 0.27(0) � 0.55(0) � 173.36(180) � 5.45(�15.51) � 112.37(�135.38)
EK� 0.00(0) 0.00(0) 0.18(0) 4.24(0) 117.24(135.38)
EK�� 0.00(0) 180.00(180) 180.00(180.00) � 0.9(0) � 103.63(�86.95)
KK 108.85(106.59) 6.96(115.10) 167.63(150.01) 6.96(115.10) 108.85(106.59)
KK� 112.89(106.6) 13.68(15.77) � 0.86(0) 12.65(14.25) 113.35(106.65)
OE 0.00(0) 0.00(0) 180.0(180) 0.00(0) 0.00(0)
OE� 1.32(0) � 0.58(0) 38.38(0) 1.27(0) 0.79(0)
OE�� � 0.01(0) 0.00(0) � 0.04(0) � 0.01(0) 0.00(0)
OK. � 0.24(0) 0.19(0) 176.27(180) 5.11(9.64) 113.43(133.66)
OK.� 0.11(0) � 0.08(0) 0.39(0) 6.02(9.17) 116.12(133.77)
OK.�� 2.95(0) 0.11(0) � 0.45(0) 6.42(0) 112.62(72.21)
OK.��� 0.00(0) 0.00(0) 179.97(180) � 179.99(�180) 0.04(0)
OO 0.00(0) 0.00(0) 180(180) 0.00(0) 0.00(0)
OO� � 0.29(0) 0.99(0) 43.08(0) 0.99(0) � 0.29(0)
OO�� 0.00(0) 0.00(0) 0.00(0) 0.00(0) � 0.07(0)


[a] In the asymmetric forms, for example EK, the primed positions are these in the latter part of the molecule (K).
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The position of the signal at �� 6.45 is comparable with
that for H7 in the spectrum of (1Z,3Z)-1,4-di(pyridin-2-
yl)buta-1,3-diene-2,3-diol (1OO).[7] The chemical shift of the
acidic proton seen in the 1H NMR spectrum is �� 15.73, but
the positions of the other NMR signals show that the tautomer
present is not of the 2OO type. Both the broad singlet at ��
15.73 in the 1H NMR spectrum and another signal at ��
177.21 in the 13C NMR spectrum show it could be 1,4-di-
[quinolin-2(1H)-ylidene]butane-2,3-dione, 2EE. On the other
hand, the position of the latter signal is different from the
typical chemical shift of the carbonyl carbon atom in the
enaminone form.[11] It is also noteworthy that the value of
177.21 ppm is not a result of the vicinity of the two carbonyl
groups in �-diketones.[17] The 15N chemical shift (�209.3) is
also different from that of enaminones.[11] Indeed, it is
intermediate between the 15N chemical shifts seen in the
NMR spectra of enaminones[11] and enolimines.[8]


The experimental 13C NMR chemical shifts of 2 are also
averaged typical signal positions of the enaminone[11] and
enolimine forms.[8] This shows that, in solution, a fast proton
exchange may take place between two tautomers that contain
the O and E moieties, for example, 2OK� 2EO or 2OE�
2EE. Double-proton transfer is required to transform 2OO
and 2EE into each other. The difference in energy between
2OO and 2EE is equal to 20.68 kJmol�1 (Table 2). On the
other hand, this difference between 2OO and 2OE is only
9.65 kJmol�1. Moreover, interconversion of these two forms
requires only a single-proton transfer. Since this process is
also expected to be fast on the NMR timescale, the observed
chemical shifts for the tautomeric mixture should also be the
average of those for the respective tautomeric forms present
in solution. When comparing different forms 1 and 2, one
should bear in mind that there are at least two tautomeric
forms in their solutions. On the other hand, in contrast with
equilibrium between 1OO and 1OK, the proton exchange
between tautomers 2 is seen to be fast on the NMR timescale.
This explains the significant differences between the NMR
spectra of 1 and 2 : these contains the separate and averaged
signals of each tautomeric form, respectively.


We found recently that B3LYP/6-311��G** GIAO cal-
culations at the geometry obtained with the RHF/3-21G level
gave reliable 15N chemical shifts.[18] For the nitrogen atom in
the conserved (enaminone) part of the molecule in the
transition state of the 2EE� 2OE reaction, it is equal to
�284.1 ppm (NH ¥ ¥ ¥O). On the other hand, such a shift for
another nitrogen atom is �240.5 ppm (N ¥ ¥ ¥H ¥ ¥ ¥O). The 15N
chemical shift for the transition state of the 2EE� 2OO
process (N ¥ ¥ ¥H ¥ ¥ ¥O) is equal to �221.2 ppm (�221.7 ppm).
This value is comparable with the 15N chemical shift of the
nitrogen atom in the nonconserved part of the molecule
during the 2OO� 2OE process (�220.2 ppm). On the other
hand, �(15N) for another nitrogen atom in this transition state
is �134.3 ppm (N ¥ ¥ ¥HO), which is comparable with the 15N
chemical shift in the NMR spectra of enolimines.[7] The
calculated chemical shifts for the transition states during the
2OO� 2OE� 2EE processes (� � 220 ppm) are compara-
ble with the experimental �(15N) value for 2 (�209.3 ppm).
This shows that a fast proton exchange between the 2OO,
2OE, and/or 2EE tautomers may take place or that there is a


permanent transition state between these forms (a similar
phenomenon has been studied earlier[19±21]).


Theoretical calculations at the MP2/6-31G**//RHF/6-
31G** level (Table 3) show that the 2OO� 2OE and
2OE� 2EE transition states are planar. The relative energies
of 2OE and 2EE in a vacuum (referenced to that of 2OO) are
equal to 15.34 and 27.20 kJmol�1, which are further decreased
by the solvent (chloroform) to 14.31 and 24.77 kJmol�1,
respectively. However, it is noteworthy that the energy barrier
(energy of the respective transition state) in the reaction
2OO� 2OK is much lower, that is, 12.35 or 12.29 kJmol�1 in
a vacuum or in solution, respectively. The question arises why
2OK is not present in chloroform. It has to be mentioned that,
following the O�E reaction path, the distance that the
proton jumps is only 96 pm. It is 307.8 pm for O�K, and the
quinolyl moiety is forced to rotate about the C2�C7 single
bond during this process. Thus, that distance is extremely
short for the 2EO� 2OO� 2OE proton transfers (due to
the high energy of 2EE, the option 2EO� 2EE� 2OE was
not considered). Since proton transfer of the N ¥ ¥ ¥H-O�
N-H ¥ ¥ ¥O type is known to be relatively fast,[22] one may
conclude that there is a very fast reversible intramolecular
rearrangement between 2OE and 2EO. Such a doubly
degenerate intramolecular proton transfer has an identity-
reaction character.[23, 24] Both configuration and conformation
of the molecule enables two simultaneous proton transfers
(Scheme 2). The presence of two identical species in the


Scheme 2. Intramolecular proton transfer between 2OE and 2EO. 1: R�
R��H; 2 : R, R�� benzo.


tautomeric mixture (being both the reactant and product)
gives a statistical factor of 2, which increases the entropy of
this species relative to a single tautomer. Comparison of 1 and
2 shows that benzoannulation considerably affects the elec-
tron-density distribution in the molecule during the proton
transfer.


The observed double-proton transfer may be synchronous
by character as it is in the dimers of carboxylic acids.[25] No
kinetic studies have been done by us, but the MP2/6-31G**//
RHF/6-31G** calculations show that the distance that the
proton jumps during the 2EO� 2OE process is exceptionally
short (96 pm), and thus, this proton transfer can be governed
by the tunneling effect. Such processes play a key role in the
catalytic activity of some enzymes.[26] Tunneling-mediated
intramolecular double-proton transfers were found to take
place in 2,5-dihydroxy-1,4-benzoquinone[27] and N,N�-bis-(sal-
icylidene)-p-phenylenediamine, which is very similar to 2.[28] It
was also found to control the concerted multiple-proton
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transfer in the cyclic oligomers of numerous compounds[29±35]


and in the dimers of amidines[36] and carboxylic acids[37] in
their crystalline states. In solution, the intermolecular double-
proton transfer probably also takes place in the dimers of
2-nitrimino-1,2-dihydropyridines, the tautomers of 2-nitrami-
nopyridines.[38±40]


The energetic dependence of
1OO on the O�H bond length
(calculations at the MP2/6-
31G**//RHF/6-31G** level
and PCM model of solvation)
shows that the molecule has the
minimum energy for dOH�
100.3 pm.[7] It is noteworthy
that lengthening of the O�H
bond to 120.0 pm causes a rel-
atively small increase in energy: �E� 39.16 kJmol�1. Such a
correlation between the energy and dOH for 2OO is very
similar to that of 1OO. The minimum is observed at 100.6 pm,
and lengthening of the O�H bond length to 120.0 pm causes a
30.98 kJmol�1 increase in the energy (in chloroform). On the
other hand, an energetic minimum at dNH� 102.5 pm was
found for 2EE in chloroform (Figure 1). It is noteworthy,
however, that for longer N�H bonds the energy increases
(maximum at 114.8 pm) and then decreases. In consequence
E(120.0 pm)�E(114.8 pm).


Figure 1. Energetic dependence of 2EE on the N�H bond length.


Experimental 1H, 13C, and 15 N NMR chemical shifts are
certainly helpful in distinguishing between different tauto-
meric forms.[8] GIAO-RHF/DFT calculations afford addi-
tional support, especially if one is going to see which
conformer predominates in the tautomeric mixture.[41] Such
data for some tautomers 2 are shown in Table 1. It can easily
be seen that the experimental chemical shifts of 90.29, 137.91,
154.46, and 177.21 ppm for 2 are the averaged signal positions
found in the spectra of 2OO and 2EE (2OE) (Table 1). It is
noteworthy that the experimental chemical shifts for two
consecutive single-proton transfers 2OE� 2OO (or 2EE)�
2EO should differ from those averaged for 2OO and 2EE (in
such a case there is an additional statistic contribution from
the symmetrical intermediate). This finally proves that
interconversion between 2OE and 2EO is a result of
simultaneous double-proton transfer.


It is known that 2-phenacyl derivatives of pyridine and
quinoline (K) may equilibrate with 3O [(Z)-2-(2-hydroxy-2-
phenylvinyl)pyridine] and 4E [(Z)-1,2-dihydro-2-benzoyl-
methylene-quinoline] (Scheme 3).[8, 11] Except for 3K (2-
phenacylpyridine), only the O and E forms were detected in


chloroform for R�R��H and R,R�� benzo, respective-
ly.[8, 11] Benzoannulation is responsible for the remarkable
stability of the 4E form.[11] The loss of aromatic character of
4E (as relative to that of 4K) is efficiently compensated for by
the extended conjugation in its molecule.[11] It is also note-
worthy that 4E is additionally stabilized by the strong
intramolecular hydrogen bond. Since the stability of 1OO
[(1Z,3Z)-1,4-di(pyridin-2-yl)buta-1,3-diene-2,3-diol] is much
higher than that of 1OE [(1Z,3Z)-3-hydroxy-4-pyridin-2-yl-1-
pyridin-2(1H)-ylidenbut-3-en-2-one], no 1OE and 1EO tau-
tomers were detected in chloroform.[7] Instead, an insignif-
icant amount of 1OK [(3Z)-3-hydroxy-1,4-di(pyridin-2-yl)-
but-3-en-2-one] is present. One would expect benzoannula-
tion to stabilize the 2EE form;[11] however, this is not the case.


Optimization of the geometries of different tautomers
(Scheme 1) with the ab initio (RHF/6-31G**) method shows
that the diketo form 2KK is significantly twisted around the
C2�C7 bond (Table 3). The O9C8C8�O9�� and C2C7C8O9
dihedral angles in 2KK are not 180�. Twisting around the
C2��C7� and C7��C8� bonds can be also seen in the keto
fragment of asymmetric forms such as 2EK and 2OK. On the
other hand, the E fragments are planar. The initial C8C8�O9H
angle in 2OE�� was set to 0 � in order to enable formation of
the intramolecular �C�O ¥ ¥ ¥H-O- hydrogen bond. Note that
the respective pyridine derivatives have similar geometries.[7]


Strong repulsion between the two carbonyl oxygen atoms in
the s-cis-2EE� rotamers results in a significant twist around
the C8�C8� bond. Energetic preferences also cause twisting
around the C8�C8� bond in 2OE� and 2OO�. Note that
conformation of the quinoline moieties with respect to the
central part of the molecule was also subjected to the
geometry optimization procedure.


Calculations including both electron correlation (MP2/6-
31G**) and solvent effect (PCM model of solvation) show
that the 2OK and especially highly conjugated 2OO forms
are expected to predominate in the tautomeric mixtures both
in chloroform and in vacuo (Figure 2 and Table 2). The
ketimine-enolimine form 2OK��� was found to have the
highest energy. The relative energy of 1EE�� was equal to
96.46 or 89.68 kJmol�1 in a vacuum or in solution, respec-
tively.[7] These values are 55.93 and 54.64 kJmol�1 for 2EE��
(Table 1). Benzoannulation seems to be responsible for the
lower energy of 2EE�� relative to that of 1EE��. The data in


Scheme 3. Equilibrium of the 2-phenacyl quinoline derivative K. 3 : R�R��H; 4 : R, R�� benzo.
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Figure 2. Relative energies of different tautomers/rotamers 2 in vacuo and
in chloroform, calculated with the MP2/6-31G** method at the geometry
obtained with the RHF method and the same basis sets.


Table 1 show that the energy of 2OK is higher in vacuo than in
solution. The energy of 2OK in chloroform is equal to
7.05 kJmol�1 (it was 3.63 kJmol�1 for 1OK[7]). The third
energetically lowest form is 2OE (relative energy 11.43 and
9.65 kJmol�1 in vacuo and in solution, respectively).


Theoretical calculations[7] show that, for solutions in chloro-
form, 1OO has the lowest energy among the different
tautomers 1 and that 1OE and 1EE are less or significantly
less preferred. Tautomer 2OO is also favored among the
different tautomers of 2 (Figure 2 and Table 1) but 2OE and
2EE have energies significantly lower than the respective
tautomers 1 (E1EE � 56.33 kJmol�1 and E2EE� 20.68 kJmol�1).


The presence of (1Z,3Z)-3-hydroxy-4-quinolin-2-yl-1-quin-
olin-2(1H)-ylidenbut-3-en-2-one in chloroform does not au-
thorize anyone to name the solid product. Due to their size,
the crystals obtained cannot be used to identify the species
present there by X-ray experiment. Since the structure of the
solid 2 is not known, no name is used in the Experimental
Section for the product of the condensation of ethyl oxalate
with 2-lithiomethylquinoline.


Conclusion


It has been pointed out that the difficulties met in determining
the structures of the different tautomers under a fast dynamic
exchange can be overcome by modern NMR spectroscopic
and computational approaches. The GIAO-calculated NMR
chemical shifts for the transition states in the proton-transfer
reactions are a very helpful tool in identifying the contributing
tautomers in a fast equilibrium. In chloroform, there is a fast
double-proton transfer in (1Z,3Z)-3-hydroxy-4-quinolin-2-yl-
1-quinolin-2(1H)-ylidenbut-3-en-2-one. Benzoannulation of
the condensation product of ethyl oxalate with 2-lithio-
methylpyridine considerably affects the content of the tauto-
meric mixture. Moreover, contrary to proton transfer in the


respective pyridine tautomers, for the quinoline derivatives
this process is fast on the NMR timescale.


Experimental Section


Compound 2 (m.p. 218 ± 220 �C) was obtained by treating 2-lithiomethyl-
quinoline (two molar excess) with ethyl oxalate. The synthetic procedure
was that used recently.[7, 8] The crude product precipitated from the reaction
mixture was further purified by recrystallization from aqueous ethanol.
Satisfactory analytical data (�0.3% for C, H, and N) were obtained for the
formula C22H16N2O2.
All NMR spectra were recorded for solutions in at CDCl3 (0.1 ± 0.2�) at
303 K with a Bruker AvanceDRX500 FT NMR spectrometer equipped
with an inverse detection 5 mm diameter broad-band probe head and
z-gradient working at 500.13 MHz (1H), 125.76 MHz (13C), or 50.59 MHz
(15N). The 1H NMR chemical shifts are referenced to the (trace) signal of
CHCl3 (�� 7.26 from int. TMS), and the 13C NMR chemical shifts to the
signal of solvent CDCl3 (�� 77.00 from int. TMS). In order to distinguish
the spin systems belonging to different rings and tautomeric forms as well
as to assign the 1H NMR spectra reliably, 2D double-quantum-filtered
(DQF) 1H,1H COSY[42, 43] experiments were run. 2D pulsed-field z-gradient
(PFG) selected 1H,13C HMQC[44, 45] and 1H,13C HMBC[46] experiments were
also run to reliably assign the 13C NMR spectra. In order to determine the
15N NMR chemical shifts, z-PFG 1H,15N HMBC spectra with a 100 ms
evolution delay for spin ± spin couplings were recorded. The 15N NMR
chemical shifts were referenced to an external nitromethane (�� 0.0)
sample in a 1 mm diameter capillary tube inserted coaxially inside the
5 mm NMR sample tube. Other experimental details are available in our
recent paper.[7]


IR spectra were recorded on a Bruker Vector22 FTIR spectrophotometer
with samples at room temperature as solutions in chloroform.
Ab initio calculations were carried out with the GAUSSIAN 98[47] program
by using the 6-31G** basis set at the RHF and MP2 levels. All calculations
were performed with the PCM model of solvation.[48, 49]
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Multimeric Cyclic RGD Peptides as Potential Tools for Tumor Targeting:
Solid-Phase Peptide Synthesis and Chemoselective Oxime Ligation
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Abstract: The �v�3 integrin receptor
plays an important role in human meta-
stasis and tumor-induced angiogenesis.
Targeting this receptor may provide
information about the receptor status
of the tumor and enable specific ther-
apeutic planning. Solid-phase peptide
synthesis of multimeric cyclo(-RGDfE-)-
peptides is described, which offer the


possibility of enhanced integrin target-
ing due to polyvalency effects. These
peptides contain an aminooxy group for
versatile chemoselective oxime ligation.


Conjugation with para-trimethylstannyl-
benzaldehyde results in a precursor for
radioiododestannylation, which would
allow them to be used as potential tools
for targeting and imaging �v�3-express-
ing tumor cells. The conjugates were
obtained in good yield without the need
of a protection strategy and under mild
conditions.


Keywords: chemoselective ligation
¥ integrin ¥ multimer ¥ peptides ¥
tumor targeting


Introduction


Cell ± cell and cell ± matrix interactions are involved in many
physiological processes including embryogenesis, cell differ-
entiation, hemostasis, wound healing, and immune re-
sponse.[1±3] They are also fundamental to tumor invasion and
formation of metastases[4] as well as to tumor-induced angio-
genesis.[5±7] Integrins appear to be the major class of receptors
through which cells attach to the extracellular matrix. In
addition to these adhesive functions, integrins transduce
messages by classical signaling pathways and may influence
proliferation and apoptosis of tumor cells as well as activated
endothelial cells.[5, 6, 8, 9] The tripetide sequence RGD (Arg-
Gly-Asp) is a common cell-recognition motif for a wide
variety of integrin receptors. The conformation of the RGD-
containing loop and its flanking amino acids in proteins are
mainly responsible for their different integrin affinity.[9±12] An
integrin with a well-characterized involvement in angiogen-
esis[13, 14] and tumor invasiveness[15] is �v�3, a vitronectin
receptor. This integrin is found on many cell types including
certain tumor cells, activated endothelial cells and smooth-
muscle cells, epithelial cells, platelets, and osteoclasts.[16]


Cyclic peptides containing a conformationally restrained


RGD sequence have been developed as ligands for the �v�3
integrin.[17] The first synthetic, highly active and selec-
tive antagonist of the �v�3 receptor, cyclo(-RGDfV-) was
developed in our group.[12] Systematic derivatization of
this peptide resulted in the N-alkylated cyclopeptide
cyclo(-RGDf[NMe]V-),[18, 19] which has entered phase II clin-
ical studies as an angiogenesis inhibitor (cilengitide, code
EMD 121974, Merck KGaA). Furthermore, regression of
primary tumors and eradication of micrometastases by
combining a specific antiangiogenic therapy with our cyclo-
peptide and an immunotherapy with a tumor-specific anti-
body ± interleukin 2 fusion protein have been reported.[20] In
addition, the highly active and selective cyclic pentapeptides
can be used for targeting and imaging �v�3-expressing tumor
cells[15] as well as endothelial cells during neovasculariza-
tion[4, 21] in research, diagnostics, and therapy. Since an
exchange of valine in the cyclic pentapeptide for another
amino acid has no significant influence on the activity and
selectivity, this position is valuable for molecular and func-
tional modifications.[22] Cyclo(-RGDfK-), which can easily be
functionalized because of the �-amino group on the lysine side
chain was therefore used for tumor targeting[23] and imaging[24]


as well as for stimulation of cell adhesion.[25, 26]


The aim of our work is to develop improved ligands for
�v�3 integrin targeting. We decided to mimic naturally
occurring examples to enhance the affinity of the receptor
ligand interactions using polyvalency.[27±35] Thus we developed
multimeric compounds in which the RGD sequence is locally
enriched and can bind polyvalently, that is, simultaneously, to
several integrins. The increased affinity of RGD ligands due
to multivalent interactions was shown for example by Kok
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et al.[23] and Maheshwari et al.[36] To adapt the synthesis of our
multimeric compounds to solid-phase peptide synthesis
(SPPS) we used the MAP (multiple-antigen peptide) system
developed by Tam et al.[37, 38] based on lysines as branching
units. Multiple copies of a ligand can be bound to this simple,
immunogenically inert branching core. The result is a large
macromolecule with a unique three-dimensional configura-
tion. For further elucidation of the influence of core on the
immunogenicity of MAPs, Veprek et al.[39, 40] prepared a
symmetrical core with �-Ala-Lys dipeptide as building unit.
However, no significant improvement of immunological
properties was detected.


For targeting it is necessary to use a radio label or a
fluorescence label. We chose oxime ligation, a chemoselective
reaction of an aldehyde group with an hydroxyl amino group.
The high efficiency and selectivity of the aminooxy ± aldehyde
coupling reaction has been demonstrated successfully by
attaching a variety of substances to proteins,[41±45] by chemical
ligation of peptides,[46±50] by conjugation of peptides with
carbohydrates[51±53] or oligonucleotides,[54] and by labeling of
oligonucleotides and RNA.[55] The hydroxylamine function-
ality can easily be implemented as a tert-butyloxycarbonyl-
protected aminooxy-functionalized amino acid building
block. The oxime ligation represents an elegant way to link
totally unprotected aminooxy-functionalized peptidic frag-
ments to any marker molecule. The label can be incorporated
site-specifically, that is, the conjugation does not interfere with
the RGD binding motif. The oxime ligation is compatible with
all standard amino-acid residues, with the exception of N-
terminal cysteine. Moreover, the oxime bond is known to be
reasonably stable both in vitro and in vivo. In order to
introduce radioactivity, we used a trimethylstannyl precursor
instead of a trimethylsilyl precursor, as suggested by Vaidya-
nathan et al.[56] The iododestannylation uses mild but high
yielding conditions. To take advantage of these results, we
decided to synthesize a trimethylstannylbenzaldehyde as the
carbonyl partner for the chemoselective oxime formation.


The spatial arrangement and separations of the RGD
moieties within one multimer for optimal cell targeting is not
known. Thus we introduced aminohexanoic acid and a longer
heptaethylene glycol moiety as spacer molecules. The use of
ethylene glycol spacers is desirable due to the solubility
problems of peptides containing long alkyl spacers.[57] Moreover,
polyethylene glycol spacers are nontoxic and unreactive. The
heptaethylene glycol spacer must be synthesized as a 9-fluo-
renylmethoxycarbonyl (Fmoc) -protected amino acid to make it
available as a building block in SPPS. In order to use SPPS for
coupling the RGD moiety to the branching core, we developed
the pentapeptide cyclo(-Arg[Pbf]GlyAsp[tBu]-�-PheGlu-). In
this work glutaminic acid was chosen as fifth amino acid that
offers a free carboxylic acid group for peptide coupling reactions.


The resulting general structure of our compounds is shown
in Figure 1.


Results and Discussion


Chemistry : A variety of conjugated cyclo(-RGDfE-) mono-
mers and multimers were synthesized for radioiodination in


order to use them as tracers for
tumor targeting. The aminooxy
group for the chemical ligation
was introduced as N-�-(N-tert-
butyloxycarbonylaminooxyacetyl)-
�-diaminopropionic acid, and a
lysine core was used as branching
unit.


In order to prepare these com-
pounds by SPPS we synthesized a
heptaethylene glycol spacer with
an amino acid superstructure, that
is, a compound containing an
Fmoc-protected amino group
and a carboxyl group (Scheme 1).


The Fmoc heptaethylene glycol amino acid 4 was synthesized
in a similar manner to Boumrah et al.[57] in good yield without
the need for purification by chromatography. A report on the


same spacer was recently published by Dekker et al. whose
synthesis is one step longer than ours.[58] Starting from
hexaethylene glycol, we introduced the carboxyl moiety by
treatment with diazoacetic acid tert-butylester in the presence
of boron trifluoride etherate[59] with 82 % yield. The resulting
heptaethylene glycol acid tert-butylester was first activated
with tosylchloride and then treated with sodium azide in dry
DMF. The corresponding amine 3 was obtained by catalytic
hydrogenation. Protection with an Fmoc group and final
deprotection of the tert-butyl ester gave 20-(N-Fmoc)-amino-
3,6,9,12,15,18-hexaoxaeicosanoic acid (Fmoc-Hegas) 4 in an
overall yield of 33 %.


The cyclic pentapeptide cyclo(-Arg[Pbf]GlyAsp[tBu]-�-
PheGlu-) was synthesized according to the method already
developed in our group[22, 60] by a combined solid-phase ± so-
lution methodology. Starting from Gly in order to prevent
racemization during cyclization later on, the linear peptide
was synthesized by SPPS by using an Fmoc strategy[61] on
tritylchloride polystyrene (TCP) resin[62, 63] in N-methyl-2-
pyrrolidinon (NMP). The permanent protecting groups of the
amino acid side chains were 2,2,4,6,7-pentamethyldihydro-
benzofuran-5-sulfonyl (Pbf) for Arg, tert-butyl for Asp, and
benzyl (Bzl) for Glu. Amino acids (2.5 equiv) were coupled
stepwise with 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium tetrafluoroborate (TBTU, 2.5 equiv) andN-hydroxy-
benzotriazole (HOBt, 2.5 equiv) as coupling reagents and
N,N-diisopropylethylamine (DIPEA, 7 equiv) as a base. In
the coupling reaction of Fmoc-�-phenylalanine, collidine
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Figure 1. General structure
of the target molecules.
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Scheme 1. Synthesis of Fmoc heptaethylene glycol amino acid 4. a) Diazo-
acetic acid tert-butylester, BF3 ¥OEt2, DCM; b) TsCl, Et3N; c) NaN3,
DMF; d) H2, Pd/C, EtOH, 34% (4 steps); e) FmocCl, 10 % NaHCO3,
THF; f) 90 % TFA/H2O, 97% (2 steps).
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(25 equiv) was used instead of DIPEA to prevent pyrogluta-
mate formation. Cleavage from the resin occurred with
dichloromethane (DCM)/acetic acid/2,2,2-trifluoroethanol
(TFE) (3:1:1). Under these conditions the side chain protect-
ing groups are not removed. Cyclization of the linear
protected peptide was performed under high dilution in
N,N-dimethylformamide with diphenylphosphoryl azide
(DPPA)[64, 65] and NaHCO3. The final benzyl deprotection of
the Glu side chain by hydrogenation releases a partially
deprotected cyclopeptide bearing a free carboxylic acid
group. This is suitable for fragment coupling in solid-phase
peptide synthesis.


The compounds containing the aminooxy linker for oxime
ligation were synthesized by SPPS[66] by using the TCP
resin[62, 63] and applying the Fmoc strategy[61] starting from the
initiator unit N-�-Fmoc-N-�-(N-tert-butyloxycarbonylamino-
oxyacetyl)-�-diaminopropionic acid (DprAoa[Boc]) 5 as the
site for chemoselective oxime formation.


The monomers 6a ± d (Fig-
ure 2) with varying spacer lengths
and diverse lipophilicity/hydro-
philicity were synthesized in the
same way as the multimeric com-
pounds (Scheme 2) but without
introducing a lysine branching
unit.


Branching and spacer amino
acids were coupled stepwise with
TBTU (2.5 equiv) and HOBt
(2.5 equiv) as coupling reagents
and collidine (25 equiv) as a base.
The cyclic pentapeptide cyclo-
(-Arg[Pbf]GlyAsp[tBu]-�-Phe-
Glu-) is coupled as a fragment to
the aminooxy-lysine spacer core
by using 1.5 equiv cyclopeptide,
1.5 equiv O-(7-azabenzotriazole-
1-yl)-N,N,N�,N�-tetramethyluroni-
um hexafluorophosphate (HA-
TU), 1.5 equiv 1-hydroxy-7-aza-
benzotriazole (HOAt) and
15 equiv collidine. Finally the pep-
tides, except for the tetrameric
RGD moieties, were cleaved from
the resin with simultaneous de-
protection by using a mixture of
trifluoroacetic acid/water/triiso-
propylsilane (95:2.5:2.5). The tetra-
mers were cleaved from the


Dpr Aoa


c(RGDfE)


s
p
a
c
e
r


6a: spacer: none
6b: spacer: Ahx
6c: spacer: Hegas
6d: spacer: (Hegas)2


Figure 2. Monomeric compounds 6a ± d.


resin by using acetic acid and TFE in DCM and were purified
by HPLC prior to deprotection by treatment with trifluoro-
acetic acid (TFA). HPLC chromatography yielded the pure
precursors for oxime linkage.


In addition to the trimethylstannylbenzaldehyde conjugates
12a ±d and 13a ± d for radioiodination, the analogue non-
radioactive 127I ± benzaldehyde conjugates 10a ± d and 11a ± d
were synthesized as a reference in the synthesis of the
radiolabeled compounds and for receptor-affinity assays. The
para-trimethylstannylbenzaldehyde (9) was synthesized by
starting from the corresponding iodobenzaldehyde 8 with
Stille coupling conditions (Scheme 3).


Scheme 2. Synthesis of the multimeric compounds 7a ± d. a) 20 % piperidine in DMF; b) Fmoc-Lys(Fmoc),
HATU, HOAt, collidine, NMP; c) Fmoc spacer amino acid (i.e. Fmoc-Ahx or Fmoc-Hegas), HATU, HOAt,
collidine, NMP; d) c(-RGDfE-)* (i.e. c(-R[Pbf]GD[tBu]fE-)), HATU, HOAt, collidine, NMP; e) 95 % TFA/
H2O, TIPS; f) DCM/HOAc/TFE� 3:1:1; * indicates the protecting groups Pbf for Arg and tert-butyl for Asp.
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Scheme 3. Synthesis of 4-trimethylstannylbenzaldehyde 9.


The 4-iodobenzaldehyde 8 and the 4-trimethylstannylbenz-
aldehyde 9 react chemoselectively and quantitatively with the
aminooxy-functionalized RGD moieties 6a ±d, 7a ±d without
the need of a protection strategy and under mild conditions
(Scheme 4).


Scheme 5 shows an example of a synthesized precursor for
radioiodination, for example with the iodogen method.[67]


Biology : We tested the activities of the multimeric RGD
compounds in inhibiting the interaction of ligands with
isolated immobilized integrins.
The ability of the RGD com-
pounds to inhibit the binding of
vitronectin to the isolated, im-
mobilized �v�3 receptor was
compared with that of the
standard peptides GRGDSPK
and cyclo(-RGDfV-). The re-


sults of the screening assays show the retaining integrin
affinity (Table 1).


The radioiodination and biological evaluation of the radio-
labeled compounds will be done in the Department of
Nuclear Medicine of the Technische Universit‰t M¸nchen.
In preliminary experiments, the in vivo stability of the oxime
bond in our type of compound was evaluated in a tumor nude
mouse model. Detailed studies will be published elsewhere.


We developed versatile compounds containing the amino-
oxy group for general ligation that can be used for fluores-
cence labeling, surface functionalization,[41, 68, 69] and cluster-
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Scheme 5. Tetrameric trimethylstannylbenzaldehyde conjugate with Hegas spacer 13d.


Table 1. Receptor-binding assay of RGD compounds 10a ±d, 11a ± d. The
peptides GRGSPK (IC50 � 1000 n�) and cyclo(-RGDfV-) (IC50 � 2.1 n�)
were used as references.


compound 10a 10b 10c 10d 11a 11b 11c 11d


IC50 [n�] on �v�3 10 10 20 7 0.9 3 5 0.2
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ing studies of integrins.[36, 70] Furthermore, since lysine is
commercially available with orthogonal protecting groups, it
offers the possibility of synthesizing chimeric multimers
containing further ligands besides RGD peptides.


Experimental Section


Chemistry


Materials and methods : All commercially available chemical reagents were
used without further purification. The solvents DMF, DCM, MeOH, and
Et2O were distilled before use. Thin-layer chromatography (TLC) was
performed on aluminium-backed plates Merck silica gel 60 F254. Com-
pounds were visualized by UV absorption at 254 nm, with 5% phospho-
molybdic acid solution in 95% EtOH or with 3% ninhydrin solution in
97% EtOH. Analytical reversed-phase (RP) HPLC was performed on an
Amersham Pharmacia Biotech instrument (system ækta Basic 10F with
autosampler A900, pump P-900, UV detector UV-900, software Unicorn)
by using a YMC ODS-A C18 column (120 ä, 5 �m, 250 mm� 4.6 mm) with
a flow rate of 1 mL min�1. Semipreparative RP-HPLC separations were
performed on a Beckman instrument (system Gold, pump 125, UV
detector 166) by using an YMC ODS-A C18 column (120 ä, 5 �m,
250 mm� 20 mm) with a flow rate of 8 mL min�1. Preparative RP-HPLC
separations were performed on an Amersham Pharmacia Biotech instru-
ment (system ækta Basic 100F with pump P-900, UV detector UV-900,
software Unicorn) by using a YMC ODS-A C18 column The eluent was a
linear gradient from water (0.1 % TFA) to acetonitrile (0.1 % TFA) over
30 min. The retention time (Rt) of the analytical RP-HPLC is given in
minutes with the gradient in percentage of acetonitrile. The detection was
performed at 220 nm. Proton NMR spectra were obtained on a Bruker
AC250 and DMX500 at 300 K. Chemical shifts are reported in ppm on the
� scale relative to the solvent signal used. ESI-MS spectra were performed
on a LCQ Finnnigan and MALDI-TOF spectra on a Bruker Biflex III
instrument.


20-(N-Fmoc)-amino-3,6,9,12,15,18-hexaoxaicosanoic acid : Three drops of
freshly distilled boron trifluoride etherate (BF3 ¥Et2O) were added to a
mixture of hexaethylene glycol (30 g, 106.3 mmol) and ethyl diazoacetic
acid tert-butylester (10 g, 70.3 mmol) in dry DCM (150 mL) under argon.
After 15 min 3 further drops of BF3 ¥Et2O were added, and the resulting
mixture was stirred for 60 min. The reaction mixture was diluted with ethyl
acetate (450 mL) and washed with brine (1� 200 mL and 4� 50 mL), dried
(Na2SO4), filtered, and concentrated to give 2 as orange oil with 18% di-
tert-butyl ester as impurity. 1H NMR (250 MHz, CDCl3): �� 4.02 (s, 2H;
OCH2CO), 3.57 ± 3.75 (m, 24H; CH2 glycol), 1.47 (s, 9H; C(CH3)3); Rf


(CHCl3/MeOH 9:1) (2)� 0.6, (di-tBu ester)� 0.7. The crude product was
used in the next step without further purification.


This crude mixture was coevaporated with toluene (3� 100 mL) and
dissolved in dry DCM (200 mL), then triethylamine (29.4 mL, 210.9 mmol)
and trimethylammonium chloride (1.3 g, 14.1 mmol) were added. Tosyl
chloride (13.4 g, 70.3 mmol) in dry DCM (150 mL) was added dropwise
over a period of 10 min at 0 �C. After removal of the ice bath, the mixture
was stirred for 60 min, washed with H2SO4 (1�, 2� 70 mL), saturated
aqueous NaHCO3 (1� 70 mL), and brine (1� 70 mL), dried (Na2SO4),
filtered, and concentrated to give a dark yellow oil that was used in the next
step without further purification.


The crude material was coevaporated with toluene (3� 100 mL) and
stirred overnight with NaN3 (4.6 g, 70.3 mmol) in dry DMF (100 mL), and
the solvent was removed in vacuo. The residue was taken up in ethyl
acetate (300 mL), washed with brine (3� 100 mL), dried (Na2SO4),
filtered, and concentrated to give a yellow oil that was used in the next
step without further purification. Rf (CHCl3/MeOH 9:1)� 0.3.


This crude oil was dissolved in EtOH/CHCl3 (200:20 mL) and stirred
overnight with 5% Pd/C catalyst (2 g) under a hydrogen atmosphere. The
catalyst was removed by filtration over celite, and the filtrate was
concentrated under reduced pressure. The residue was taken up in ethyl
acetate (70 mL) and extracted with KHSO4 (1�, 1� 100 mL, 2� 50 mL).
The combined aqueous layers were made caustic with Na2CO3 and
extracted with CHCl3 (1� 100 mL, 2� 50 mL), dried (Na2SO4), filtered,
and concentrated to give 20-amino-3,6,9,12,15,18-hexaoxaicosanoic acid


tert-butylester (3) (10.8 g, 27.3 mmol, 39 % over 4 steps) as a yellow oil.
1H NMR (250 MHz, CDCl3): �� 4.01 (s, 2H; OCH2CO), 3.62 ± 3.71 (m,
20H; 10�CH2), 3.51 (t, J� 5.2 Hz, 2 H; OCH2CH2NH2), 2.85 (t, J� 5.2 Hz,
2H; CH2NH2), 1.76 (br s, 2 H; NH2), 1.47 (s, 9H; C(CH3)3); Rf (CHCl3/
MeOH 9:1)� 0.1.


Amine 3 (10.8 g, 27.3 mmol) in THF (100 mL) at 0 �C was treated with
sodium bicarbonate (10 %, 70 mL) and 9-fluorenyl chloroformate (7.4 g,
28.7 mmol) in THF (100 mL), added dropwise over 10 min, and the
resulting suspension was stirred at room temperature for 60 min. Volatiles
were removed, and the residue was dissolved in ethyl acetate (250 mL),
washed with brine, dried (Na2SO4), filtered, and concentrated to give a
crude yellow oil that was used in the next step without further purification.
Rf (CHCl3/MeOH 9:1)� 0.6.


The crude product was treated with 90% TFA for 30 min at room
temperature. After removal of the solvents under reduced pressure, the
residue was taken up in ethyl acetate (300 mL) and washed with brine (2�
70 mL) and saturated aqueous NaHCO3 (6� 70 mL) until the aqueous
layer became caustic. The combined aqueous layers were treated with
KHSO4 (5.4 g), acidified with HCl (6�, approx. 20 mL) under vigorous
stirring, and diluted with a mixture of DCM (150 mL) and Et2O (300 mL).
The whole procedure was repeated starting from washing with saturated
aqueous NaHCO3. Finally the organic phase was dried (Na2SO4), filtered,
and concentrated to give 20-(N-Fmoc)-amino-3,6,9,12,15,18-hexaoxaeico-
sanoic acid (4) (15.0 g, 26.8 mmol, 98% over 2 steps) as a yellow oil.
1H NMR (250 MHz, CDCl3): �� 9.72 (br s, 1H; CO2H), 7.73 (d, J� 7.0 Hz,
2H; Fmoc-H), 7.58 (d, J� 7.0 Hz, 2H; Fmoc-H), 7.17 ± 7.35 (m, 4H; Fmoc-
H), 5.54 (br s, 1 H; NH), 4.34 (d, J� 7.0 Hz, 2H; Fmoc-H), 4.14 (t, J�
7.0 Hz, 1 H; Fmoc-H), 4.13 (s, 2 H; OCH2CO2H), 3.45 ± 3.62 (m, 22H;
11CH2), 3.24 ± 3.37 (m, 2H; CH2NH); 13C NMR (62.9 MHz, CDCl3): ��
172.4, 156.7, 143.9, 141.2, 127.6, 127.0, 125.0, 119.9, 77.2, 71.1, 70.2 ± 70.5, 69.9,
68.7, 66.6, 47.2, 40.8; Rf (CHCl3/MeOH 4:1)� 0.3; Rt � 20.4 min (10� 90);
Mw C29H39NO10 calcd 561.3, found MS (ESI): m/z (%)� 1146.5 (11)
[2M�H�Na]� , 600.2 (22) [M�K]� , 584.3 (50) [M�Na]� , 562.3 (100)
[M�H]� , 340.3 [M�Fmoc�H]� .


4-Trimethylstannylbenzaldehyde : A mixture of p-iodobenzaldehyde
(0.40 g, 1.72 mmol), hexamethyldistannane (0.46 mL, 2.22 mmol), and
tetrakis(triphenylphosphine) palladium (0.20 g, 0.17 mmol) in dry toluene
(15 mL) was heated under reflux for 3 h. After removal of the solvent and
the excess of hexamethyldistannane in vacuo, the residue was purified by
column chromatography (hexane/ethyl acetate 19:1). Aldehyde 9 was
obtained as a colorless oil (0.35 g, 1.29 mmol, 75 %). 1H NMR (250 MHz,
CDCl3): �� 9.95 (s, 1 H; CHO), 7.77 (d, J� 7.9 Hz, 2 H; 3,5-ArH), 7.65 (d,
J� 7.6 Hz, 2 H; 2,6-ArH), 0.31 (s, 9H; Sn(CH3)3 [d, J(117Sn,H)� 53.4 Hz,
117Sn(CH3)3, d, J(119Sn,H)� 55.9 Hz, 119Sn(CH3)3]); 13C NMR (62.9 MHz,
CDCl3): �� 192.40, 152.14 (s, Sn-C [d, J(117Sn,C)� 403.9 Hz, 117Sn�C, d
J(119Sn,C)� 422.5 Hz, 119Sn�C), 136.18 (s, Sn�C [d, J� 35.3 Hz, 117Sn�C,
119Sn�C]), 135.99, 128.42 (s, Sn�C [d, J� 43.6 Hz, 117Sn�C, 119Sn�C]), �9.63
(s, Sn�C [d, J(117Sn,C)� 347.9 Hz, 117Sn�C, d, J(119Sn,C)� 348.1 Hz,
119Sn�C]).


Peptide Synthesis


General procedures for solid phase peptide synthesis


General procedure I: Attachment of N-Fmoc-amino acids to TCP resin :
After swelling with dry DCM (10 mL) for 20 min, the TCP resin (2.00 g,
theoretical 0.96 mmol g�1, 1.92 mmol) was treated with a solution of Fmoc-
protected amino acids (1.2 equiv, 2.3 mmol) in dry DCM (10 mL) and
DIPEA (980 �L, 3 equiv, 5.8 mmol) at room temperature for 2 h. MeOH
(2 mL) and DIPEA (0.4 mL) were added to cap the free sites, and the
reaction mixture was shaken for 15 min. The resin was washed with NMP
(3� 10 mL), DCM (5� 10 mL), and MeOH (3� 10 mL) and dried under
vacuo to give resin-bound N-Fmoc-amino acids.


General procedure II. Fmoc deprotection : The Fmoc-protected resin was
suspended in a solution of 20% piperidine in NMP (2� 20 mL) and
agitated for 5 and 15 min. The resin was washed with NMP (6� 20 mL).


General procedure IIIa. Coupling with TBTU/HOBt : Fmoc-amino acid
(2.5 equiv), TBTU (2.5 equiv), HOBt (2.5 equiv), and DIPEA (7 equiv
(25 equiv sym-collidine instead of DIPEA in the case of Fmoc-�-phenyl-
alanine)) were dissolved in NMP to give a 0.2 mmol L�1 solution which was
added to the resin. The reaction mixture was shaken at room temperature
for 90 min and washed with NMP (6� 20 mL). The end of the coupling was
controlled by the Kaiser test.[71, 72]
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General procedure IIIb. Coupling with HATU/HOAt : Fmoc-amino acid
(1.5 equiv), HATU (1.5 equiv), HOAt (1.5 equiv), and 2,4,6-collidine
(15 equiv) were dissolved in NMP to give a 0.2 mmol L�1 solution, which
was added to the resin. The reaction mixture was shaken at room
temperature for 90 min and washed with NMP (6� 20 mL). The end of the
coupling was controlled by the Kaiser test.[71, 72]


General procedure IVa. Cleavage with acetic acid : The resin was washed
with DCM (4� 20 mL) and treated with a mixture of DCM, acetic acid, and
trifluoroethanol (3:1:1; 20 mL) for 60 min and (2� 20 mL) for 3� 10 min.
After removal of the resin by filtration, the filtrates were combined, and the
solvent was removed in vacuo and lyophilized out of tert-BuOH/H2O to
yield the protected peptide as a yellow powder.


General procedure IVb. Cleavage with trifluoroacetic acid : The resin was
washed with DCM (4� 20 mL) and treated with a solution of TFA, H2O,
and triisopropylsilane (TIPS) (90:4.75:4.75; 20 mL) for 3� 10 min. After
removal of the resin by filtration, the filtrates were combined and stirred
for another 2.5 h. The solvent was removed in vacuo and lyophilized out of
tert-BuOH/H2O to yield the product as a yellow powder.


General procedure V. Cyclization of the linear pentapeptide : The linear
pentapeptide was dissolved in high dilution (c� 5� 10�3�) in DMF. After
addition of DPPA (3 equiv) and NaHCO3 (5 equiv) as solid base, the
suspension was stirred for 48 h at room temperature. The solid base was
removed by filtration and, after the solution had been concentrated in
vacuo, the cyclopeptide was precipitated and washed several times with
H2O.


General procedure VI. Bzl deprotection : The cyclic pentapeptide (1 mmol)
was dissolved in N,N-dimethylacetamide (30 mL) and stirred for 4 h with
5% Pd/C catalyst (0.5 ± 1 g) under a hydrogen atmosphere. After removal
of the solvent in vacuo, the residue was taken up in MeOH (50 mL) and
filtered over celite, and the filtrate was concentrated to precipitate the
peptide with Et2O.


General procedure VII. Pbf and OtBu deprotection with trifluoroacetic acid
(TFA): The protected peptide was dissolved in TFA/H2O (95:5). After 3 h,
the solvent was removed under reduced pressure, and the residue was
lyophilized out of tBuOH/H2O to yield the product as white powder.


General procedure VIII. Conjugation with benzaldehyde : Peptide (1 mmol)
was dissolved in ACN/H2O (1 mL, 90%) and TFA was added until the pH
reached 4. After addition of benzaldehyde (3 mmol) the mixture was
stirred for 2 h, and the solvent was removed in vacuo. The residue was
washed with Et2O (4� 10mL) and lyophilization out of tBuOH/H2O
yielded the product as a white powder.


Cyclo(-R[Pbf]GD[tBu]fE-): The procedure is similar to the general
procedures for I, II, IIIa, IVa, V, and VI (4.22 g, 4.62 mmol, 79 %, white
powder).Rt � 22.2 min (5� 90%),Mw C43H60N8O12S calcd 912.4, found MS
(ESI): m/z (%)� 951.3 (9) [M�K]� , 935.3 (14) [M�Na]� , 913.3 (100)
[M�H]� , 857.4 (32) [M� isobuten�H]� , 476.3 (14) [(M�K�H)/2]2�, 448.4
(15) [(M� isobuten�K�H)/2]2�.


Monomeric compounds without spacer : The monomeric compound 6a was
synthesized in a similar way to the general procedures I, II, IIIb, IVa, and
VII as a white powder (41 mg, 0.05 mmol, 55%) after purification by
semipreparative HPLC (10� 50). 1H NMR (500 MHz, DMSO): �� 8.30
(dd, J� 4.2/7.5 Hz, 1H; HN-Gly), 8.06 ± 8.00 (m, 3H; HN


�-Dpr, HN-Glu,
HN-Asp), 7.96 ± 7.94 (m, 2H; HN-�-Phe, HN


�-Dpr), 7.77 (d, J� 7.9 Hz, 1H;
HN


�-Arg), 7.44 ± 7.43 (m, 1 H;HN
�-Arg), 7.27 ± 7.14 (m, 5H; D�PheC�H), 6.78


(br s, 2 H; NH2�Arg), 4.62 (m, 1H;H�-Asp), 4.48 (q, J� 7.1 Hz, 1H; H�-�-
Phe), 4.33 (m, 1H; H�-Dpr), 4.14 ± 4.03 (m, 5H; H�-Arg, CH2-Aoa, H�-
Gly, H�-Glu), 3.53 ± 3.38 (m, 2H; H�-Dpr), 3.24 (dd, J� 15.5/4.2 Hz, 1H;
H�-Gly), 3.10 ± 3.07 (m, 2H; H�-Arg), 2.96 (dd, J� 13.6/7.1 Hz, 1H; H�-�-
Phe), 2.79 (dd, J� 13.6/6.5 Hz, 1H; H�-�-Phe), 2.68 (dd, J� 16.2/8.6 Hz,
1H; H�-Asp), 2.35 (dd, J� 15.9/5.6 Hz, 1 H; H�-Asp), 2.04 ± 2.01 (m, 2H;
H�-Glu), 1.85 ± 1.72 (m, 2 H;H�-Glu,H�-Arg), 1.70 ± 1.61 (m, 1H;H�-Glu),
1.51 ± 1.32 (m, 3 H; H�-Arg, H�-Arg); Rt � 9.8 min (5� 80%); Mw


C31H45N11O12 calcd 763.3, found MS (ESI):m/z (%)� 764.4 (100) [M�H]� .


The conjugation of 6a (1.5 mg, 1.7� 10�3 mmol) with 4-iodobenzaldehyde
(0.5 mg, 2.1� 10�3 mmol) according to the general procedure VIII yielded
10a as a white powder (1.8 mg, 1.6� 10�3 mmol, 94 %). Rt � 19.0 min (5�
80%), Mw C38H48IN11O12 calcd 977.3, found MS (ESI): m/z (%)� 978.3
(100) [M�H]� .


The conjugation of 6a (3.0 mg, 3.4� 10�3 mmol) with 4-trimethylstannyl-
benzaldehyde (2.7 mg, 10.2� 10�3 mmol) yielded 12a as a white
powder (1.2 mg, 1.1� 10�3 mmol, 83 %). Rt � 22.5 min (5� 80%), Mw


C41H57N11O12Sn calcd 1015.3, found MS (ESI): m/z (%)� 1016.3 (100)
[M�H]� .


Monomeric compounds with aminohexanoic acid spacer : The monomeric
compound 6b was synthesized in a similar manner to the general
procedures I, II, IIIa, IIIb, IVa, and VII and yielded a white powder
(44 mg, 0.04 mmol, 42%) after purification by semipreparative HPLC
(10� 50). 1H NMR (500 MHz, DMSO): �� 8.30 ± 8.28 (m, 1H; HN-Gly),
8.07 ± 7.96 (m, 5 H; HN


�-Dpr, HN-Glu, HN
�-Dpr, HN-�-Phe, HN-Asp), 7.75


(d, J� 8.3 Hz, 1 H; HN
�-Arg), 7.69 (t, J� 5.5 Hz, 1H; HN-Ahx), 7.46 ± 7.45


(m, 1 H; HN
�-Arg), 7.26 ± 7.10 (m, 5 H; D�PheC-H), 6.82 (br s, 2H; NH2-Arg),


4.65 ± 4.60 (m, 1H;H�-Asp), 4.45 (q, J� 7.1 Hz, 1H;H�-�-Phe), 4.36 ± 4.31
(m, 1H; H�-Dpr), 4.16 ± 4.12 (m, 3H; H�-Arg, CH2-Aoa), 4.05 (dd, J�
15.2/7.7 Hz, 1H; H�-Gly), 4.01 ± 3.96 (m, 1 H; H�-Glu), 3.51 ± 3.32 (m, 2H;
H�-Dpr), 3.24 (dd, J� 15.2/3.9 Hz, 1H; H�-Gly), 3.10 ± 3.07 (m, 2H; H�-
Arg), 3.00 ± 2.93 (m, 3H;H�-Ahx,H�-�-Phe), 2.78 (dd, J� 13.4/6.3 Hz, 1H;
H�-�-Phe), 2.69 (dd, J� 15.8/8.5 Hz, 1 H; H�-Asp), 2.35 (dd, J� 15.8/
5.7 Hz, 1H; H�-Asp), 2.10 (t, J� 7.4 Hz, 2 H; H�-Ahx), 2.01 ± 1.90 (m, 2H;
H�-Glu), 1.83 ± 1.62 (m, 3 H; H�-Glu, H�-Arg), 1.51 ± 1.33 (m, 7 H; H�-Arg,
H�-Ahx, H�-Arg, H�-Ahx), 1.26 ± 1.20 (m, 2H; H�-Ahx); Rt � 12.9 min
(5� 60%);Mw C37H56N12O13 calcd 876.4, found MS (ESI):m/z (%)� 877.5
(100) [M�H]� .


The conjugation of 6b (1.9 mg, 1.9� 10�3 mmol) with 4-iodobenzaldehyde
(1.3 mg, 5.7� 10�3 mmol) according to the general procedure VIII yielded
10b as a white powder (1.2 mg, 1.9� 10�3 mmol, 99%). Rt � 18.9 min (5�
80%), Mw C44H59IN12O13 calcd 1090.3, found MS (ESI): m/z (%)� 1091.4
(100) [M�H]� .


The conjugation of 6b (3.7 mg, 3.8� 10�3 mmol) with 4-trimethylstannyl-
benzaldehyde (3.1 mg, 11.4� 10�3 mmol) yielded 12b as a white
powder (1.3 mg, 1.1� 10�3 mmol, 28 %). Rt � 22.4 min (5� 80%), Mw


C47H68N12O13Sn calcd 1128.4, found MS (ESI): m/z (%)� 1129.4 (100)
[M�H]� .


Monomeric compounds with Hegas spacer : The monomeric compound 6c
was synthesized in a similar manner to the general procedures I, II, IIIa,
IIIb, IVa, and VII as a white powder (57 mg, 0.04 mmol, 44%) after
purification by semipreparative HPLC (10� 50). 1H NMR (500 MHz,
DMSO): �� 8.30 (dd, J� 4.2/7.5 Hz, 1H;HN-Gly), 8.06 ± 8.04 (m, 2 H;HN


�-
Dpr, HN-Glu), 8.00 ± 7.97 (m, 2H; HN-�-Phe, HN-Asp), 7.92 (d, J� 7.8 Hz,
1H;HN


�-Dpr), 7.78 ± 7.73 (m, 2H;HN-Hegas,HN
�-Arg), 7.44 ± 7.43 (m, 1H;


HN
�-Arg), 7.26 ± 7.13 (m, 5H; D�PheC-H), 6.78 (br s, 2H; NH2-Arg), 4.64 ±


4.60 (m, 1H; H�-Asp), 4.45 (q, J� 7.2 Hz, 1 H; H�-�-Phe), 4.40 ± 4.36 (m,
1H; H�-Dpr), 4.16 ± 4.11 (m, 1 H; H�-Arg), 4.07 ± 4.02 (m, 3H; CH2-Aoa,
H�-Gly), 4.00 ± 3.96 (m, 1H; H�-Glu), 3.90 (s, 2H; OCH2CO-Hegas),
3.60 ± 3.38 (m, 24H; H�-Dpr, CH2-Hegas), 3.24 (dd, J� 15.2/3.9 Hz, 1H;
H�-Gly), 3.19 ± 3.16 (m, 2H; CH2NH-Hegas), 3.10 ± 3.06 (m, 2 H; H�-Arg),
2.95 (dd, J� 13.4/7.6 Hz, 1 H;H�-�-Phe), 2.79 (dd, J� 13.4/6.3 Hz, 1 H;H�-
�-Phe), 2.69 (dd, J� 16.3/8.7 Hz, 1H; H�-Asp), 2.35 (dd, J� 16.2/5.7 Hz,
1H;H�-Asp), 2.02 ± 1.90 (m, 2 H;H�-Glu), 1.83 ± 1.61 (m, 3 H;H�-Glu,H�-
Arg), 1.51 ± 1.32 (m, 3 H; H�-Arg, H�-Arg); Rt � 14.5 min (5� 60%); Mw


C45H72N12O19 calcd 1084.5, found MS (ESI): m/z (%)� 1085.6 (100)
[M�H]� .


The conjugation of 6c (1.8 mg, 1.5� 10�3 mmol) with 4-iodobenzaldehyde
(1.0 mg, 4.5� 10�3 mmol) according to general procedure VIII yielded 10c
as a white powder (1.5 mg, 1.1� 10�3 mmol, 72 %). Rt � 18.2 min (5�
80%), Mw C52H75IN12O19 calcd 1298.4, found MS (ESI): m/z (%)� 1299.5
(100) [M�H]� .


The conjugation of 6c (3.5 mg, 3.0� 10�3 mmol) with 4-trimethylstannyl-
benzaldehyde (2.4 mg, 9.0� 10�3 mmol) yielded 12c as a white
powder (1.5 mg, 1.0� 10�3 mmol, 35 %). Rt � 22.6 min (5� 80%), Mw


C55H84N12O19Sn calcd 1336.5, found MS (ESI): m/z (%)� 1337.5 (100)
[M�H]� .


Monomeric compounds with (Hegas)2 spacer : The monomeric compound
6d was synthesized in a similar manner to general procedures I, II, IIIa,
IIIb, IVa, and VII as a white powder (45 mg, 0.03 mmol, 27%) after
purification by semipreparative HPLC (20� 50). 1H NMR (500 MHz,
DMSO): �� 8.30 (dd, J� 3.8/7.4 Hz, 1H;HN-Gly), 8.10 ± 8.09 (m, 1 H;HN


�-
Dpr), 8.05 (d, J� 7.2 Hz, 1H; HN-Glu), 8.00 ± 7.97 (m, 2 H; HN-�-Phe, HN-
Asp), 7.92 (d, J� 7.9 Hz, 1H;HN


�-Dpr), 7.78 ± 7.73 (m, 2H;HN-Hegas,HN
�-
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Arg), 7.64 ± 7.62 (m, 1 H; HN-Hegas), 7.44 ± 7.42 (m, 1 H; HN
�-Arg), 7.26 ±


7.13 (m, 5 H; D�PheC-H), 6.77 (br s, 2 H; NH2-Arg), 4.65 ± 4.60 (m, 1H; H�-
Asp), 4.45 (q, J� 7.2 Hz, 1H; H�-�-Phe), 4.41 ± 4.37 (m, 1H; H�-Dpr),
4.16 ± 4.12 (m, 3 H; H�-Arg, CH2-Aoa), 4.05 (dd, J� 15.2/7.7 Hz, 1H; H�-
Gly), 4.00 ± 3.96 (m, 1 H; H�-Glu), 3.90 (s, 2 H; OCH2CO-Hegas), 3.86 (s,
2H; OCH2CO-Hegas), 3.59 ± 3.37 (m, 46 H; H�-Dpr, CH2-Hegas), 3.27 ±
3.22 (m, 3H; CH2NH-Hegas,H�-Gly), 3.19 ± 3.15 (m, 2 H; CH2NH-Hegas),
3.10 ± 3.06 (m, 2H; H�-Arg), 2.95 (dd, J� 13.4/7.7 Hz, 1H; H�-�-Phe), 2.79
(dd, J� 13.4/6.3 Hz, 1H; H�-�-Phe), 2.69 (dd, J� 16.2/8.6 Hz, 1H; H�-
Asp), 2.38 ± 2.33 (m, 1 H; H�-Asp), 2.02 ± 1.90 (m, 2H; H�-Glu), 1.85 ± 1.61
(m, 3H; H�-Glu, H�-Arg), 1.51 ± 1.32 (m, 3 H; H�-Arg, H�-Arg); Rt �
16.2 min (5� 60%); Mw C59H99N13O26 calcd 1405.7, found MS (ESI): m/z
(%)� 1406.8 (100) [M�H]� .


The conjugation of 6d (3.0 mg, 2.0� 10�3 mmol) with 4-iodobenzaldehyde
(1.4 mg, 6.0 mmol) according to general procedure VIII yielded 10d as a
white powder (1.8 mg, 1.0� 10�3 mmol, 53 %). Rt � 18.7 min (5� 80%),
Mw C66H102IN13O26 calcd 1619.6, found MS (ESI): m/z (%)� 1620.6 (100)
[M�H]� .


The conjugation of 6d (6.0 mg, 3.9� 10�3 mmol) with 4-trimethylstannyl-
benzaldehyde (3.1 mg, 11.7� 10�3 mmol) yielded 12d as a white
powder (5.0 mg, 2.8� 10�3 mmol, 71%). Rt � 22.5 min (5� 80 %), Mw


C69H111N13O26Sn calcd 1657.7, found MS (ESI): m/z (%)� 1658.7 (100)
[M�H]� .


Dimeric compounds with aminohexanoic acid spacer : The dimeric com-
pound 7a was synthesized in a similar manner to the general procedures I,
II, IIIa, IIIb, IVa, and VII as a white powder (66 mg, 0.04 mmol, 31 %) after
purification by semipreparative HPLC (20� 50). 1H NMR (500 MHz,
DMSO): �� 8.31 ± 8.29 (m, 2 H;HN-Gly), 8.16 (d, J� 5.7 Hz, 1 H;HN


�-Lys)
8.07 ± 8.05 (m, 3 H; HN


�-Dpr, HN-Glu), 8.00 ± 7.97 (m, 4H; HN-�-Phe, HN-
Asp), 7.90 ± 7.89 (m, 1H; HN


�-Dpr), 7.74 ± 7.69 (m, 5 H; HN
�-Arg, HN-Ahx,


HN
�-Lys), 7.46 ± 7.45 (m, 2H; HN


�-Arg), 7.25 ± 7.14 (m, 10H; D�PheC-H), 6.81
(br s, 4H; NH2-Arg), 4.63 ± 4.60 (m, 2 H; H�-Asp), 4.46 ± 4.41 (m, 2H; H�-
�-Phe), 4.32 ± 4.29 (m, 2 H; H�-Lys, H �-Lys), 4.21 ± 3.97 (m, 9H; H�-Dpr,
H�-Arg, CH2-Aoa, H�-Gly, H�-Glu), 3.51 ± 3.38 (m, 2H; H�-Dpr), 3.24 (d,
2H; J� 14.6 Hz, H�-Gly), 3.09 ± 2.94 (m, 11 H; H�-Lys, H�-Arg, H�-Ahx,
H�-�-Phe), 2.80 ± 2.77 (m, 2H; H�-�-Phe), 2.71 ± 2.66 (m, 2H; H�-Asp),
2.38 ± 2.34 (m, 2 H; H�-Asp), 2.11 ± 2.10 (m, 4 H; H�-Ahx), 2.02 ± 1.93 (m,
6H; H�-Glu, H�-Lys), 1.78 ± 1.62 (m, 6 H; H�-Glu, H�-Arg), 1.46 ± 1.21 (m,
22H; H�-Arg, H�-Ahx, H�-Arg, H�-Ahx, H�-Lys, H�-Ahx, H�-Lys); Rt �
12.3 min (5� 90 %); Mw C75H113N23O23 calcd 1703.8, found MS (ESI): m/z
(%)� 1704.8 (22) [M�H]� , 853.4 (100) [(M�2 H)/2]2�.


The conjugation of 7a (1.0 mg, 0.6� 10�3 mmol) with 4-iodobenzaldehyde
(0.4 mg, 1.8� 10�3 mmol) according to the general procedure VIII yielded
11a as a white powder (1.1 mg, 0.6� 10�3 mmol, 97%). Rt � 16.5 min (5�
90%), Mw C82H116IN23O23 calcd 1917.8, found MS (ESI): m/z (%)� 1918.7
(5) [M�H]� , 960.5 (100) [(M�2H)/2]2�.


The conjugation of 7a (1.7 mg, 1.0� 10�3 mmol) with 4-trimethylstannyl-
benzaldehyde (0.8 mg, 3.0� 10�3 mmol) yielded 13a as a white
powder (1.6 mg, 0.8� 10�3 mmol, 83 %). Rt � 18.8 min (5� 90 %), Mw


C85H125N23O23Sn calcd 1955.8, found MS (ESI): m/z (%)� 1956.9 (6)
[M�H]� , 979.2 (100) [(M�2H)/2]2�.


Dimeric compounds with Hegas spacer : The dimeric compound 7b was
synthesized in a similar manner to the general procedures I, II, IIIa, IIIb,
IVb as a white powder (53.3 mg, 0.03 mmol, 23%) after purification by
semipreparative HPLC (20� 50). Rt � 12.9 min (5� 90%); Mw


C91H145N23O35 calcd 2120.0, found MS (ESI): m/z (%)� 1061.5 (100)
[(M�2 H)/2]2� ; MS (MALDI-TOF): m/z� 2120.7 [M�H]� .


The conjugation of 7b (1.0 mg, 0.5� 10�3 mmol) with 4-iodobenzaldehyde
(0.3 mg, 1.4� 10�3 mmol) according to general procedure VIII yielded 11b
as a white powder (1.1 mg, 0.5� 10�3 mmol, 96%). 1H NMR (500 MHz,
DMSO): �� 8.31 ± 8.29 (m, 3H;HN-Gly,HN


�-Lys) 8.08 ± 8.04 (m, 3H;HN
�-


Dpr, HN-Glu), 8.00 ± 7.97 (m, 4 H; HN-�-Phe, HN-Asp), 7.90 ± 7.89 (m, 1H;
HN


�-Dpr), 7.77 ± 7.73 (m, 3 H;HN-Hegas,HN
�-Arg), 7.64 ± 7.60 (m, 2H;HN


�-
Lys HN-Hegas), 7.45 ± 7.44 (m, 2H; HN


�-Arg), 7.25 ± 7.13 (m, 10 H; D�PheC-
H), 6.79 (br s, 4H; NH2-Arg), 4.65 ± 4.60 (m, 2 H; H�-Asp), 4.47 ± 4.43 (m,
2H; H�-�-Phe), 4.34 ± 4.28 (m, 3 H; H�-Lys, H�-Lys, H�-Dpr), 4.16 ± 4.12
(m, 2H; H�-Arg) 4.07 ± 3.96 (m, 6H; CH2-Aoa, H�-Gly, H�-Glu), 3.91 (s,
2H; OCH2CO-Hegas), 3.84 (s, 2 H; OCH2CO-Hegas), 3.55 ± 3.49 (m, 46H;
H�-Dpr, CH2-Hegas), 3.39 ± 3.37 (m, 2 H; CH2NH-Hegas), 3.27 ± 3.22 (m,
2H; H�-Gly), 3.18 ± 3.16 (m, 2 H; CH2NH-Hegas), 3.09 ± 3.04 (m, 5 H; H�-


Arg, H�-Lys), 2.95 (dd, J� 14.4/7.1 Hz, 2 H; H�-�-Phe), 2.79 (dd, J� 13.7/
6.4 Hz, 2H; H�-�-Phe), 2.69 (dd, J� 16.3/8.7 Hz, 2H; H�-Asp), 2.35 (dd,
J� 16.3/5.4 Hz, 2H; H�-Asp), 2.02 ± 1.90 (m, 4H; H�-Glu), 1.83 ± 1.63 (m,
7H; H�-Glu, H�-Arg, H�-Lys), 1.57 ± 1.36 (m, 9H; H�-Lys, H�-Arg, H�-
Arg, H�-Lys), 1.26 ± 1.22 (m, 2 H; H�-Lys); Rt � 16.9 min (5� 90%); Mw


C98H148IN23O35 calcd 2334.0, found MS (ESI): m/z (%)� 1179.0 (8)
[(M�Na�H)/2]2�, 1168.7 (100) [(M�2H)/2]2�, 792.2 (13) [(M�2Na�H)/
3]3�, 786.9 (10) [(M�Na�2 H)/3]3�, 779.5 (7) [(M�3H)/3]3�.


The conjugation of 7b (2.0 mg, 0.9� 10�3 mmol) with 4-trimethylstannyl-
benzaldehyde (0.8 mg, 2.8� 10�3 mmol) according to the general proce-
dure VIII yielded 13b as a white powder (2.2 mg, 0.9� 10�3 mmol, 99%).
Rt � 19.0 min (5� 90%); Mw C101H157N23O35Sn calcd 2372.0, found MS
(ESI):m/z (%)� 1197.6 (12) [(M�Na�H)/2]2�, 1187.2 (100) [(M�2 H)/2]2�,
804.7 (18) [(M�2Na�H)/3]3�, 799.2 (17) [(M�Na�2 H)/3]3�.


Tetrameric compounds with amino hexanoic acid spacer : The tetrameric
compound 7c was synthesized in a similar manner to the general
procedures I, II, IIIa, IIIb, IVb, and VII with additional preparative HPLC
(60� 100) purification between steps IVb and VII. After purification by
semipreparative HPLC, (20� 50) 7c was yielded as a white powder
(73 mg, 0.02 mmol, 18%). 1H NMR (500 MHz, DMSO): �� 8.32 ± 8.30 (m,
4H; HN-Gly), 8.12 (d, J� 7.1 Hz, 3H; HN


�-Lys), 8.07 ± 8.05 (m, 5H; HN
�-


Dpr, HN-Glu), 8.00 ± 7.98 (m, 8 H; HN-�-Phe, HN-Asp), 7.88 ± 7.80 (m, 4H;
HN


�-Dpr, HN
�-Lys), 7.73 ± 7.68 (m, 8H; HN


�-Arg, HN-Ahx), 7.45 ± 7.44 (m,
4H; HN


�-Arg), 7.25 ± 7.13 (m, 20H; D�PheC-H), 6.81 (br s, 8H; NH2-Arg),
4.62 (dd, J� 8.6 Hz, 4 H; H�-Asp), 4.45 (dd, J� 7.2 Hz, 4 H; H�-�-Phe),
4.33 ± 4.29 (m, 3 H; H�-Lys), 4.23 ± 3.97 (m, 8H; H �-Lys, H�-Dpr, H�-Arg)
4.07 ± 3.96 (m, 10H; H�-Gly, CH2-Aoa, H�-Glu), 3.51 ± 3.39 (m, 2 H; H�-
Dpr), 3.25 (dd, J� 15.0/3.6 Hz, 4 H; H�-Gly), 3.08 (m, 8H; H�-Arg),2.98 ±
2.93 (m, 15 H; H�-Ahx, H �-Lys, H�-�-Phe), 2.79 (dd, J� 6.4 Hz, 4 H; H�-�-
Phe), 2.69 (dd, J� 8.2 Hz, 4H; H�-Asp), 2.38 ± 2.34 (m, 4H; H�-Asp),
2.13 ± 1.89 (m, 22 H; H�-Ahx, H�-Glu, H�-Lys), 1.83 ± 1.62 (m, 12H; H�-
Glu, H�-Arg), 1.47 ± 1.35 (m, 34 H;H�-Arg, H�-Ahx, H�-Arg,H�-Ahx, H�-
Lys), 1.22 ± 1.20 (m, 14H; H�-Ahx, H�-Lys); Rt � 13.0 min (5� 90%); Mw


C151H227N45O43 calcd 3358.7, found MS (ESI): m/z (%)� 1680.7 (11)
[(M�2 H)/2]2�, 1121.2 (56) [(M�3 H)/3]3�, 841.4 (100) [(M�4 H)/]4� ; MS
(MALDI-TOF): m/z� 3359.5 [M�H]� .


The conjugation of 7c (1.0 mg, 0.3� 10�3 mmol) with 4-iodobenzaldehyde
(0.2 mg, 0.9� 10�3 mmol) according to general procedure VIII yielded 11c
as a white powder (0.8 mg, 0.2� 10�3 mmol, 77 %). Rt � 15.5 min (5�
90%); Mw C158H230IN45O43 calcd 3572.6, found MS (ESI): m/z (%)�
1205.0 (5) [(M�2Na�H)/3]3�, 1192.5 (14) [(M�3H)/]3�, 904.2 (12)
[(M�2 Na�2H)/4]4�, 894.9 (100) [(M�4 H)/4]4�, 723.7 (8)
[(M�2 Na�3H)/5]5�.


The conjugation of 7c (3.3 mg, 1.0� 10�3 mmol) with 4-trimethylstannyl-
benzaldehyde (0.8 mg, 3.0� 10�3 mmol) according to general procedure
VIII yielded 13c as a white powder (3.2 mg, 0.9� 10�3 mmol, 90%). Rt �
17.0 min (5� 90%); Mw C161H239N45O43Sn calcd 3610.7, found MS (ESI):
m/z (%)� 1205.0 (7) [(M�3 H)/3]3�, 913.5 (9) [(M�2Na�2H)/4]4�, 904.0
(100) [(M�4 H)/4]4�, 730.7 (8) [(M�2Na�3H)/5]5�.


Tetrameric compounds with Hegas spacer : The tetrameric compound 7d
was synthesized in a similar manner to the general procedures I, II, IIIa,
IIIb, IVb, and VII with additional preparative HPLC (60� 100) purifica-
tion between steps IVb and VII (Protected: 117 mg, 17%, pale yellow
powder, Rt � 22.6 min (30� 100 %)). After final purification by semi-
preparative HPLC (20� 50) 7d was yielded as a white powder (43 mg,
0.01 mmol, 8 %). 1H NMR (500 MHz, DMSO): �� 8.31 ± 8.30 (m, 4 H;HN-
Gly), 8.14 (d, 3 H; J� 8.3 Hz, HN


�-Lys), 8.08 ± 8.06 (m, 5 H; HN
�-Dpr, HN-


Glu), 7.99 ± 7.98 (m, 8H;HN-�-Phe,HN-Asp), 7.90 ± 7.89 (m, 1 H;HN
�-Dpr),


7.82 ± 7.73 (m, 6 H; HN-Hegas, HN
�-Arg), 7.65 ± 7.59 (m, 5 H; HN


�-Lys HN-
Hegas), 7.54 ± 7.49 (m, 4H; HN


�-Arg), 7.25 ± 7.13 (m, 20H; D�PheC-H), 6.89
(br s, 8H; NH2-Arg), 4.65 ± 4.60 (m, 4 H; H�-Asp), 4.47 ± 4.43 (m, 4H; H�-
�-Phe), 4.33 ± 4.12 (m, 11 H; H�-Lys, H�-Dpr, H�-Lys, H�-Arg), 4.07 ± 3.96
(m, 10H; CH2-Aoa, H�-Gly, H�-Glu), 3.91 (s, 4H; OCH2CO-Hegas), 3.84
(s, 4H; OCH2CO-Hegas), 3.54 ± 3.39 (m, 94H; H�-Dpr, CH2-Hegas,
CH2NH-Hegas), 3.25 (d, 4 H; J� 13.5 Hz, H�-Gly), 3.18 ± 3.17 (m, 4H;
CH2NH-Hegas), 3.09 ± 3.04 (m, 11H; H�-Arg, H�-Lys), 3.00 ± 2.92 (m, 4H;
H�-�-Phe), 2.80 ± 2.76 (m, 4 H; H�-�-Phe), 2.69 (dd, 4H; J� 16.2/8.9 Hz,
H�-Asp), 2.35 (dd, 4H; J� 16.2/5.7 Hz, H�-Asp), 2.00 ± 1.90 (m, 8H; H�-
Glu), 1.82 ± 1.72 (m, 8H;H�-Glu,H�-Arg), 1.67 ± 1.64 (m, 8 H;H�-Glu,H�-
Lys), 1.48 ± 1.22 (m, 32H; H�-Lys, H�-Arg, H�-Arg, H�-Lys, H�-Lys); Rt �
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13.4 min (5� 90 %); Mw C183H291N45O67 calcd 4191.1, MS (MALDI-TOF):
m/z� 4191.9 [M�H]� .


The conjugation of 7d (1.1 mg, 0.3� 10�3 mmol) with 4-iodobenzaldehyde
(0.2 mg, 0.8� 10�3 mmol) according to general procedure VIII yielded 11d
as a white powder (1.1 mg, 0.3� 10�3 mmol, 99%). Rt � 14.9 min (5�
90%); Mw C190H294IN45O67 calcd 4405.0, found MS (ESI): m/z (%)�
1470.0 (12) [(M�3H)/3]3�, 1113.6 (7) [(M�2Na�2H)/4]4�, 1103.1
(100) [(M�4H)/4]4�, 894.9 (14) [(M�3 Na�2H)/5]5�, 890.3 (14)
[(M�2 Na�3H)/5]5�.


The conjugation of 7d (3.8 mg, 0.9� 10�3 mmol) with 4-trimethylstannyl-
benzaldehyde (0.7 mg, 2.7� 10�3 mmol) according to general procedure
VIII yielded 13d as a white powder (3.9 mg, 0.9� 10�3 mmol, 95%). Rt �
17.3 min (5� 90%); Mw C193H303N45O67Sn calcd 4443.1, found MS (ESI):
m/z (%)� 1482.7 (15) [(M�3 H)/3]3�, 1121.9 (11) [(M�2Na�2 H)/4]4�,
1118.0 (7) [(M�Na�3 H)/4]4�, 1112.4 (100) [(M�4 H)/4]4�, 897.5 (18)
[(M�2 Na�3H)/5]5�, 894.4 (8) [(M�Na�4 H)/5]5�.


Biology


Isolated integrin ± ligand binding assays : The production of recombinant
human �v�3 has been described elsewhere.[73] The inhibitory activity of the
compounds described here was tested in ligand binding inhibition assays,[19]


by using immobilized integrin as the target, and biotinylated human serum
vitronectin as ligand. Purified vitronectin (1 mg mL�1; pH 8.2) was
biotinylated with N-hydroxysuccinimidobiotin (100 �g mL�1; 1 h, 20 �C)
before dialysis into phosphate buffer saline. In brief, 96-well ELISA plates
were coated with 1 �g mL�1 integrin. After blocking residual sites on the
plate with bovine serum albumin, biotinylated ligands (1 �g mL�1) were
added in the presence or absence of serial dilutions of inhibitor, and after
incubation and washing, bound biotin was detected with a peroxidase-
coupled antibiotin antibody and N,N,N�,N�-tetramethylbenzene substrate.
IC50, the concentration of inhibitor needed to inhibit ligand binding in the
absence of inhibitor by 50%, was established by curve fitting, and the
values presented are usually the mean of three or more such independent
determinations. External standards of linear GRGDSPK and cyclo-
(-RGDfV-) were routinely included to monitor the dynamic range and
the stability of the assay. Intra-assay variation, the relationship between
IC50 values of standard inhibitors and the test substances, was typically less
than �5%, and interassay variation in absolute IC50 was typically a factor
of less than �2.
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Formation of MoS2 Inorganic Fullerenes (IFs) by the Reaction of
MoO3 Nanobelts and S


Xiao Lin Li and Ya Dong Li*[a]


Abstract: The reaction of MoO3 and S at temperatures higher than 300 �C in an
argon atmosphere provides a convenient and effective method for the synthesis of
MoS2 nanocrystalline substances. MoS2 nanotubes and fullerene-like nanoparticles
have been obtained by the reaction at 850 �C under well-controlled conditions. The
influences of reaction temperature and duration were carefully investigated in this
paper. All of the nanostructures were characterized by X-ray powder diffraction
(XRD), transmission electron microscopy (TEM), and high-resolution transmission
electron microscopy (HRTEM). A stepwise reaction model and rolling mechanism
were proposed based on the experimental results.


Keywords: fullerenes ¥ inorganic
fullerenes ¥ molybdenum ¥ rolling
mechanism


Introduction


The discovery of carbon fullerenes and nanotubes, their
outstanding properties, and their potential applications has
generated intense experimental and theoretical interest.[1±3] .
In the search for two-dimensional lamellar structures that are
between pure carbon structures and inorganic materials,
various layered compounds, such as BN, MoS2, WS2, NiCl2,
and VOx, have been found that crystallize in fullerene-like
hollow-cage nanostructures and nanotubes under certain
experimental conditions.[4±7] . Due to the unique physicochem-
ical properties and numerous potential applications of in-
organic fullerenes (IFs), more effort has been devoted to
the synthesis of nanoscale one-dimensional structures, espe-
cially nanotubes. Up to now, various synthetic strategies have
been developed, and many new IFs, including K4Nb6O17,
MoSe2, WSe2, NbS2, ReS2, ZrS2, and HfS2 have been
obtained.[8±12] .


Among these IFs, MoS2 and WS2, which were first reported
by Tenne et al.,[5] attracted most of the interest for their
interesting properties and important applications as solid
lubricants, solid-state secondary lithium battery cathodes, and
industrial catalysts for hydrodesulfurization of crude oil.[13±15]


Recently the excellent performances of MoS2 nanotubes in
hydrogen storage, host ± guest compounds, and scanning
tunneling microscope (STM) tips have been reported.[16±18]


Quite a few methods have been developed for the synthesis of


MoS2 fullerenes. For example, Tenne and co-workers reported
the production of MoS2 IF by the gas-phase reaction between
MoO3 and H2S in a reducing atmosphere at high temper-
ature.[5, 19] By using a relatively low temperature of about
400 �C for the decomposition of ammonium thiomolybdate
within alumina template, Dorhout et al. obtained MoS2


nanotubes, but with poor crystallinity.[20] Rao et al. employed
a high-temperature (�1300 �C) annealing process, and ob-
tained nanotubes of better crystallinity.[21] However develop-
ing new synthetic strategies and further understanding of the
formation mechanism of MoS2 nanotubes, fullerene-like
nanoparticles are still challenges for scientists. Remskar met
the challenge and developed a catalyzed transport method for
the self-assembly preparation of single-walled MoS2 nano-
tubes.[22] By simply heating MoS2 powder, Walton et al.
developed an alternate route for the synthesis of MoS2


nanotubes.[23] In this manuscript we first report the synthesis
of MoS2 IF by the reaction of MoO3 nanobelts and S in an
argon atmosphere at high temperature. A possible reaction
model and the morphology formation mechanism are pro-
posed on the basis of the experimental facts. Using sulfur as
the reactant, instead of the toxic, hazardous, and corrosive
H2S (or mixed gas of H2S and H2), our approach is a simple
and environmental benign method. This synthetic strategy
may offer an opportunity for further investigation on MoS2,
and will serve as a general method for the synthesis of
transitional metal dichalcogenides.


Experimental Section


Materials : Molybdenum trioxide (MoO3) nanobelts, which were synthe-
sized by us through the solution-phase reaction of sodium molybdate
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(Na2MoO4) and perchloric acid (HClO4), were used as the starting
material.[24] All chemicals used in this manuscript were analytical grade
reagents.


Synthesis of MoS2 IF : The preparation of molybdenum disulfide (MoS2)
inorganic fullerenes was carried out in a conventional tube furnace at
850 �Cwith the argon flow rate of about 20 sccm (standard cubic centimeter
per minute). Pre-synthesized 0.4 g molybdenum trioxide (MoO3) nanobelts
and excess sulfur (about 2 g) were loaded in two individual quartz boats
and quickly pushed into the hot zone of the furnace, the furnace
temperature of which should be stable at about 850 �C. Molybdenum
trioxide (MoO3) nanobelts and sulfur were placed in the middle (�850 �C)
and upstream side (�400 �C) of the quartz tube, respectively. After
calcination at 850 �C for 2 h, the system was cooled to room temperature
under argon, and black molybdenum disulfide (MoS2) was obtained in the
yield of almost 100%.


Characterization : Powder X-ray diffraction (XRD) was performed on a
Bruker D8-Advance X-ray diffractometer with CuK� radiation (��
1.54178 ä). The 2� range used in the measurement was 1.5 ± 70� in steps
of 0.02� with a count time of 1 s. The size and morphology of as-synthesized
samples were determined by using a Hitachi model H-800 transmission
electron microscope (TEM), with a tungsten filament at an accelerating
voltage of 200 kV. The structure and composition of the products were
characterized by means fo a high-resolution transmission electron micro-
scope (HRTEM, JEOL-2010F) and energy dispersive X-ray spectroscopy
(EDS). The surface area of the sample was measured with nitrogen
adsorption at �196 �C on a Chemsorb-3000 instrument.


Results and Discussion


Figure 1 shows the XRD pattern of the as-synthesized MoS2


IF, for which all the reflections have been indexed to the pure
hexagonal MoS2 with lattice constants a� 3.160, c� 12.29 ä
(JCPDS card No: 77 ± 1716). The prominence of the (002)
peak indicates the presence of a well-stacked layered


Figure 1. XRD pattern of as-synthesized MoS2 inorganic fullerenes.


structure. The shift of the (002) peak in the XRD pattern,
which is usually regarded as a key mechanism for strain relief
of the folded structure,[5, 19] was also observed in our further
investigation. The shift of the (002) peak was calculated to be
about 0.8%, which was smaller than that (about 2%) reported
by Tenne et al.[5, 19]


A series of TEM images of MoS2 nanotubes are shown in
Figure 2a ± f. On the basis of TEM measurements, most of the
nanotubes obtained by our method have sealed ends and the
diameters change from one tube to the next. In Figure 2a ± c
representative MoS2 nanotubes with the diameters of about
30, 150, and 330 nm, respectively, are shown. Further obser-


vation showed that the MoS2 nanotube depicted in Figure 2a
had a collapsed end; this might indicate some relationship
between nanotubes and nanorods. HRTEM patterns (Fig-
ure 2d ± f) provide further insight into the structure of
individual MoS2 nanotubes. In all HRTEM images, the
distance between the two lattice fringes is 0.62 nm. The
selected area electron diffraction (SAED) pattern taken on an
individual nanotube is shown in the inset of Figure 2f. The
prolonged diffraction points of the ED pattern indicated the
orientation.


Figure 3a,b depict typical TEM images of fullerene-like
MoS2 nanoparticles. As shown in the images, these particles
synthesized by our method usually have a large diameter and
elongated shape, and can be regarded as short nanotubes with
both ends closed. Defects could be found in the wall of those
hollow-cage nanostructures.


The energy dispersive X-ray spectra (EDS) have been
recorded for individual MoS2 nanotubes and fullerene-like
nanoparticles; they confirmed that sulfur and molybdenum
atoms were in the molar ratio of about 2:1 (spectra were not
shown).


MoS2 samples were dehydrated with a flow of dry nitrogen
at 180 �C for 5 h before the adsorption measurement. The
surface area, determined by the Brunauer ±Emmet ±Teller
(BET) gas adsorption isothermals, was found to be about
50 m2g�1. With this large surface area, as-synthesized MoS2


IFs are expected to have excellent performance in catalysis,
catalysts carriers, and hydrogen storage, etc.


Influences of the reaction temperature and duration : A series
of experiments have been conducted for a better under-
standing of the reaction between MoO3 nanobelts and sulfur.


The influence of temperature was investigated from 200 ±
900 �C. The results showed that MoS2 IFs could only be
obtained at about 850 �C, although the reaction ofMoO3 and S
happened at a rather low temperature. Figure 4 shows typical
XRD patterns of the samples obtained at 300 �C, 400 �C,
500 �C, and 900 �C. As can be seen, the reaction was not
complete even after two hours reaction at 300 �C, and MoS2


and MoO3 were found to coexist. However, when the
temperature was higher than 400 �C, pure hexagonal MoS2


was the only product. TEM images of the corresponding
samples obtained at 400 �C, 500 �C, and 900 �C are shown in
Figure 5a ± c, respectively, in which MoS2 folded layers (Fig-
ure 5a and b) and large blocks (Figure 5c) are observed.


To investigate the detail of the reaction processes of MoO3


with S, we took samples at different reactions times. The
corresponding samples were examined by XRD, and typical
results at 500 �C and 850 �C are provided in Figure 6. Figure 6a
shows the XRD patterns of samples measured A) after
30 min, 500 �C and B) after 2 h, 500 �C. Figure 6b shows the
XRD patterns of samples measured A) after 10 min, 850 �C;
B) after 30 min, 850 �C; and C) after 2 h, 850 �C. In addition to
the fact that a signal due toMoO3 was observed in the reaction
product of the sample taken after a short time at the lower
temperature (Figure 6a (A)), an important fact was found that
no matter at what temperature the reaction was carried out, a
short reaction time leads to the coexistence of MoO2 and
MoS2. It was believed that MoO2 is an intermediate product.
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Figure 3. HRTEM images of as-synthesized fullerene-like MoS2 nano-
particles. The distance between the lattice fringes is 0.62 nm.


Reaction mechanism : Reported strategies in the synthesis of
MoS2, especially the gas-phase reaction of MoO3 with H2S in
the reducing atmosphere of H2, give us much inspiration
towards understanding the reaction mechanism of MoO3 with
S.[5, 19, 25] Niemantsverdriet et al. investigated the basic reac-
tion steps in the sulfurization of MoO3 by in situ spectra
detection, and provided strong evidence for the existence of
intermediate products, such as MoO2 and MoOS2.[26] Tenne
et al. have studied the kinetic process of the reaction of MoO3


with H2S, and proposed a synergetic substitution ± reduction
model for the reaction process.[5, 19] It was believed that MoS2


Figure 4. XRD patterns of the final products obtained at different
temperatures: a) 300 �C, b) 400 �C, c) 500 �C, and d) 900 �C. (*: MoS2 peaks,
#: MoO3 peaks).


formed as the result of the stepwise reaction of substitution
and reduction, which happened first at the terminal oxygen
(Mo�Ot) of MoO3.[5, 19, 26]


The well-known reaction of MoO3 with H2S in an H2


atmosphere are given in Equations (1) and (2).[5, 19]:


MoO3� xH2 � MoO3�x� xH2O (1)


MoO3�x� (1� x)H2� 2H2S � MoS2� (3� x)H2O (2)


Figure 2. Representative TEM images of MoS2 nanotubes with different diameters: a ± c) low-magnification TEM images and d ± f) HRTEM images of
MoS2 nanotubes. a) Nanotube with diameter of about 30 nm. b) Nanotube with diameter of about 150 nm. c) Nanotube with diameter of about 330 nm. The
distance between two fringes is 0.62 nm. The insets in f) are of an enlarged pattern of the tube wall and a SAED pattern taken on the individual nanotube.
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Figure 5. TEM images showing the typical morphology of MoS2 samples
obtained at different temperatures: a) 400 �C, b) 500 �C, and c) 900 �C.


Figure 6. XRD patterns obtained for different reaction duration at the
temperatures of 500 �C and 850 �C: a) 500 �C; A) 30 min, B) 2 h; b) 850 �C;
A) 10 min, B) 30 min, C) 2 h. (*: signal of MoO2, #: signal of MoO3.)


In our strategy, sulfur instead of H2S and H2 served as the
reductant and sulfurization agent at the same time. The
reaction between MoO3 and S is given in Equation (3).


2MoO3� 7S � 2MoS2� 3SO2 (3)


Although the exact reaction processes of MoO3 with S has
not been completely resolved at this stage, analogy can be
drawn between the reaction of MoO3 with H2S and our
method. We too found MoO2 as the intermediate product in
our method (Figure 6). Taking reports in the literature[5, 19, 26]


into account together with our experiment results, we
postulate that the reaction model for MoO3 and S might also
involve the stepwise reduction and sulfurization. A possible


stepwise reaction process of MoO3 and S is given in
Equations (4) and (5).


MoO3� x/2S � MoO3�x� x/2SO2 (4)


MoO3�x� (7� x)/2S � MoS2� (3� x)/2SO2 (5)


When the reaction duration is short, the sulfurization
process is not complete and intermediate products can be
obtained. MoO2, as one of the most stable oxides of
molybdenum, is the most common intermediate product
(Figure 6).


By substituting x� 1 in Equation (4), MoO2 becemes the
reaction product [Eq. (6)].


MoO3� 1³2 S � MoO2� 1³2 SO2 (6)


An immediate application for this kind of reaction has been
found. By using MoO3 nanobelts and Se as the reactants, we
have obtained MoSe2. WS2 was also obtained by the reaction
of WO3 and S. Synthesis of other transition metal dichalco-
genides are still under investigation.


Mechanism for the formation of MoS2 IF : Many techniques
have been developed for the synthesis of inorganic full-
erenes,[5±12, 19±23, 27] and a number of studies have been focused
on the formation mechanism of those novel nanostructures.
On account of the bending of graphite sheets under high
temperature or electron beam irradiation[28] and rolling
phenomena in the synthesis of many nanotubes,[29±36] curling
of the moleculars layers followed by adhesion was proposed
to be responsible for the tube-formation process. In the
synthesis of Bi and WS2 nanotubes and W nanowires, we have
found that one-dimensional nanostructures can be obtained
through the rolling of either a natural or an artificial lamellar
structure.[30±32] Remskar and co-workers obtained direct
evidence for the derivation of tubules from the bending of
platelets.[33] Mallouk and Domen also provided clear evidence
of chemical transformation of lamellar oxides into tubular
structures, and interpreted the layering of structures as a
rolling process.[8, 34] We postulate that the formation mecha-
nism of MoS2 nanotubes and fullerene-like nanoparticles
synthesized by our approach might also involve rolling from
its quasi-layered structure.


TEM images shown in Figure 7a ± e provide evidence of the
fact that MoS2 nanotubes are formed by the rolling process.
Figure 7a shows the HRTEM image of a nanotube with a
closed end. The defective structure of the closed end is an
indication that it was formed by the bending or rolling of the
tube wall. This observation provides clues for the rolling
mechanism in explaining the formation of nanotubes that
have closed ends. Some inner broken layers were noticed in
the nanotube shown in Figure 7b. The formation of those
broken layers was ascribed to the interruption during the
rolling process to form a closed-end tube. Samples at different
stages of rolling are observed in the regions marked A, B, and
C in Figure 7c. Following the rolling sequence of A � B � C,
nanotubes and nanorods are believed to form. Moreover,
although we believe that a sheet might begin to roll at both
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Figure 7. TEM images showing the evidence of rolling process in the
formation of fullerene-like MoS2 nanoparticles, nanotubes and nanorods.
a) Nanotube with closed end, formed by rolling. b) Nanotube with some
inner layers broken during the rolling process to form a closed end. c) MoS2


layers at different rolling stages A�B�C showing the transition from a
plate-like structure to a tubular structure. d) Half-tube and half-plate
nanostructure. e) Half-rod and half-plate nanostructure.


edges, this was the first time that we observed this phenom-
enon. More direct evidence for the rolling mechanism is found
in the half-tube/half-rod and half-plate structure, as shown in
Figure 7d ± e. Figure 7d shows the coexistence of both nano-
tubes and rolling sheets in the same structure. The half-rod
and rolling sheet structure shown in Figure 7e indicates that
one-dimensional nanorods might be formed by the rolling
mechanism. Fullerene-like MoS2 nanoparticles obtained by
our method usually have an elongated shape and a large
diameter, and can be regarded as short nanotubes with both
ends closed. Analogously to the nanotube shown in
Figure 7a, the defective wall of fullerene-like MoS2 nano-
particles (Figure 3) indicates that they were formed by
the rolling of MoS2 layers. With a rather large diameter, as-
synthesized fullerene-like nanoparticles, as well as the nano-
tubes, could not be formed by other processes such as surface
sulfurization of MoO3, because it is hard to imagine that
the inner core could be consumed completely, leaving a just
thin shell.


Recently Yada et al. reported the formation of tubular
structures through the folding of flexible aluminium-based
layers.[35] SiGe nanotubes have also been synthesized by
rolling from a thin layer of SiGe.[36] It is foreseeable that the
rolling mechanism may become a general method for the
growth of IF and nanorods.


In contrast to the analogous IFs of WS2, which can be
formed from solid WO3 nanoparticles, so far the formation of
MoS2 IFs from pre-prepared MoO3 was not possible, for the
simple reason that MoO3 nanoparticles are very volatile
above 650 �C. Therefore, although synthesis of fullerene-like
MoS2 nanoparticles has been achieved by evaporation ± con-
densation and sulfurization of MoO3,[19] MoS2 nanotubes are
not easily synthesized. In our strategy, however, we overcame
the volatilization of MoO3 and obtained MoS2 IF by placing
MoO3 nanobelts and S into the hot zone of the furnace after
the furnace temperature had stabilized at about 850 �C. At
850 �C the reaction of MoO3 and S was very fast and MoO3


sublimation was not instantaneous. So the immediate forma-
tion of MoS2 thin layers restrains the sublimation of MoO3


nanobelts. In addition, the formation of MoO3�x or MoO2


cores decreased the volatilization of the MoO3 nanobelts.
Hence, in our synthesis, MoO3 nanobelts were not volatile.
MoO3 and S reacted on the surface of the nanobelts, and
immediately formed an MoS2 thin film, which is indispensable
in the rolling mechanism. Under appropriate controlled
conditions, including the flow speed of argon, the interaction
between neighboring layers could be reduced at the edges of
the layer, while keeping the interactions of in-layer atoms or
molecules; thus a newly formed MoS2 thin film can wrap up
and folded back on itself to form a tubular structure. The
rolling process may begin at one or both edges of the MoS2


layers. If the scroll-like tubular structure is maintained
throughout the reaction, MoS2 nanotubes with open ends
are obtained. Further bending, rolling, collapse, and restack-
ing at the ends of the tubular structures may cause the
formation of IFs with closed ends.


It was worth noting that in agreement with previous reports
in the literature[19] the initial size and morphology of the
precursor influences the formation of nanotubes. In control
experiments with commercial MoO3 as the starting material,
MoS2 nanoparticles were obtained instead of nanotubes
(Figure 8).


Conclusion


In summary, we have developed a new method for the
synthesis of MoS2 nanocrystals and obtained MoS2 IFs under
well-controlled conditions by the reaction of MoO3 with S. A
stepwise reaction model was proposed on the basis of the
previous reports and our experimental results. The rolling
mechanism was further developed and applied in the for-
mation of MoS2 nanotubes and fullerene-like nanoparticles.
This strategy provides a low cost, large-scale method for the
synthesis of MoS2, and may become a general method for the
synthesis of transition metal dichalcogenides.
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Figure 8. TEM image showing the MoS2 nanoparticles obtained in control
experiments with commercial MoO3 as the starting material.
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The Synthesis of Carboracycles Derived from B,B�-Bis(aryl) Derivatives of
Icosahedral ortho-Carborane


Michael J. Bayer, Axel Herzog, Martin Diaz, George A. Harakas, Hans Lee,
Carolyn B. Knobler, and M. Frederick Hawthorne*[a]


Abstract: Reactions of both closo-9,12-
I2-1,2-C2B10H10 and closo-9,10-I2-1,7-
C2B10H10 with an excess of aryl magne-
sium bromide in the presence of
[PdCl2(PPh3)2] afford the corresponding
closo-9,12-(4-R-C6H4)2-1,2-C2B10H10


[R�H (1), Me (2), OMe (3), SMe (4),
N(CH3)2 (5), Cl (6)] and closo-9,10-(4-
R�-C6H4)2-1,7-C2B10H10 [R��Me (7),
OMe (8), N(CH3)2 (9), Cl (10), and
-C[(OCH2)2]CH3 (11)] compounds in
high yields. The anisole derivatives 3
and 8 were deprotected to yield the
corresponding bis-phenols 12 and 13,
respectively. Structural analyses of com-
pounds 1, 3, 6, and 12 are reported. Re-
etherification of compound 12 by using
�-bromotriethyleneglycol methyl ether
provided 14 (R� (CH2CH2O)3CH3).
Oxidation of 4 with ceric(��) ammonium


nitrate (CAN) generated the bis-sulfox-
ide 15 (R� S(O)Me). Deprotection of
compound 11 led to the corresponding
acetyl derivative 18 (R��C(O)Me). Bis-
anisole 3 was tethered with 1,3-dibro-
mopropane, 1,6-dibromohexane, 1,8-di-
bromooctane, 4,4�-bis(iodomethyl)-1,1�-
biphenyl, and �,��-dibromo-2,6-lutidine
to afford the dimers 20b, 21b, 22b, 23b,
and 24b, respectively. The tetrameric
carboracycles 27a and 30a, as well as the
dimeric 29c were obtained through
repetitive coupling of the dimeric com-
pounds 20b, 24b, and 22b with 1,3-
dibromopropane, �,��-dibromo-2,6-luti-


dine, and 1,8-dibromooctane, respective-
ly. The tetrameric carboracycle 28a was
obtained upon consecutive reactions of
1 with 1,4-dibromobutane. Hexameric
carboracycle 28b was identified as a
byproduct. Exhaustive ether cleavage of
27a generated octaphenol 31a. Re-
etherification of 31a with trimethylene-
sultone provided the octasulfonate 32a,
the first example of a water-soluble
carboracycle. Linkage of dimer 23b with
�,��-dibromolutidine yielded the cyclic
tetrameric tetrapyridyl derivative 30a in
low yield. The structures of the carbora-
cycles 27a, 28a, 28b, and 30a have been
confirmed by X-ray crystallography. In
addition, the compounds 28a,b are the
first reported carboracycles that interact
with solvent molecules in a host ± guest
fashion.


Keywords: boron ¥ carboracycles ¥
carboranes ¥ host ± guest chemistry
¥ macrocycles


Introduction


Due to their rigid near-spherical geometry and their chemical
and thermal stabilities the icosahedral carboranes (C2B10H12)
can serve as chemical building blocks for several specialized
applications in the field of biomedical and material scien-
ces.[1±8] The design and synthesis of macromolecular architec-
tures which employ icosahedral carborane cages as integral
modules has only recently been explored.[8b, 9±16] Assemblies
such as mercuracarborands,[12] carboracycles[13, 14] and carbora-
rods[15] are tailored to exploit the versatile chemistry of the
carborane C�H and B�H vertices along with the rigid three-
dimensional nature of the three isomeric icosahedral closo-
carborane cages (1,2-, 1,7- and 1,12-). However, frameworks


composed of carboranes that bear substituents at both the C
and B vertices are rare,[17] since these scaffolds are commonly
constructed utilizing the carbon vertices of the parent
carboranes. However, cage substituents such as alkyl are
typically placed at the boron vertices to improve the solubility
of the macromolecule in organic solvents. Seldom do they
play a role in a multifunctional construct.[3a, 18]


To date, the reaction of B-iodinated polyhedral boranes
with a Grignard reagent under Kumada coupling conditions[19]


can be considered to be the most reliable route to B�C-
substituted species[20] and a library of B-alkylated, -ethyn-
ylated, and -arylated carborane derivatives was obtained by
this method. However, the vast majority of these coupling
reactions afford carborane derivatives with B-hydrocarbon
residues, and only in the case of B-arylation has the direct
introduction of functionalized hydrocarbon residues been
achieved.
Here we have extended the family of icosahedral B,B�-


bis(diaryl) closo-1,2- and closo-1,7- icosahedral carboranes to
those compounds bearing functional groups in the 4-position
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of their substituted phenyl groups. In addition, we describe
their incorporation into cyclic macromolecular arrays; this in
turn allows their derivatization, which results in such unusual
properties such as water-solubility.[21] Related structure deter-
minations, including that of the first hexameric carboracycle,
are reported.


Results and Discussion


Synthesis and reactivity of icosahedral closo-B,B�-bis(aryl)
carboranes : Following previously applied protocols, closo-
9,12-I2-1,2-C2B10H10


[20a] and closo-9,10-I2-1,7-C2B10H10
[20a] were


first deprotonated with one equivalent of methyl magnesium
bromide (which was used to neutralize one of the two acidic
carborane C�H vertex protons) and thereafter arylated using
3.5 equivalents of freshly prepared aryl magnesium bromide
in the presence of [PdCl2(PPh3)2] (3 mol%) (Scheme 1). The
yields of the coupled products were all good to excellent.


Scheme 1. B-Arylation of 1,2- and 1,7-carborane: a) ICl, AlCl3, CH2Cl2;
b) 1. MeMgBr 2. R�MgBr (R�� 4-R-aryl), PdCl2(PPh3)2; c) BBr3;
d) K2CO3, Br(CH2CH2O)3CH3; e) (NH4)2Ce(NO3)6, (nBu)4NBr; f) m-
chloroperbenzoic acid; g) (Ac)2O; h) HCl (10%).


The bis-4-methoxyphenyl derivatives 3 and 8 were effi-
ciently deprotected regiospecifically by using BBr3 to furnish
the phenol derivatives closo-9,12-(4-C6H4OH)2-1,2-C2B10H10


(12) and closo-9,10-(4-C6H4OH)2-1,7-C2B10H10 (13), respec-
tively, in quantitative yields.[22] In the solid state, the diols
contain one molecule of polar solvent such as diethyl ether
(vide infra), acetone, or THF, even after drying at elevated
temperatures in vacuo. Diol 12 was further reacted to give the
bis-monomethyltriethylene glycolether derivative 14
(Scheme 1). The etherification was conducted under standard
conditions[23] by using 2-bromoethylene di(ethyleneglycol)


methyl ether[24] under mild basic conditions (K2CO3)
(Scheme 1). The product formed in only 75% yield due to
incomplete alkylation; degradation of the carborane cage was
not observed. Compound 14 was insoluble in water.
The selective oxidation of 4 proved difficult. While the


reaction of 4 with two equivalents of urea-hydrogen peroxide
adduct in acetone did not occur at all, oxidation of 4 with m-
CPBA[25] or MnO2


[25] resulted in the formation of the desired
bis-sulfoxide 15 only in low yield accompanied by the
generation of the bis-sulfone derivative 16. Almost quantita-
tive yield of 15 was obtained upon the reaction of 4 with four
equivalents of CAN[26] under phase-transfer conditions
(Scheme 1).
The quarternization and protonation of both 5 and 9 were


attempted, but their reactions with methyl iodide and
trifluoromethyl sulfonic acid, respectively, did not generate
the corresponding ammonium species.
Both the reactions of bis-phenol 13 with �-1,2,3,4-tetraace-


tyl-6-tosyl-�-glucose[27] and �-1,2,3,4-tetraacetyl-6-iodo-�-glu-
cose,[27] respectively, in the presence of K2CO3 (acetone) or
nBuLi (THF) resulted in transesterification affording the
diacetate 17 (74%). The same reactions carried out in CH3CN
(K2CO3) resulted in the degradation of 17, based on 11B NMR
spectroscopy and FAB mass spectrometry data. However,
isolation of this nido-species was not attempted. Compound
17was obtained in quantitative yield by treating 13with acetic
anhydride in the presence of triethylamine.
The reaction of ketal 11 with 10% HCl resulted in the


formation of 18 (Scheme 1).


Structural characterizations : Compounds 1, 3, 6, and 12 were
structurally characterized (Table 1). Their X-ray crystal
structures (Figures 1 ± 4) indicate that infinite polymeric
chains are formed in the solid state; in all cases they are
imposed by weak non-classical carborane C�H ¥ ¥ ¥� hydrogen
bonding as observed previously.[20c, 28] Each polarized carbor-
ane C�H is directed towards the centroid of an aromatic ring
of an adjoining molecule by interaction with the �-electrons of
the aromatic ring.
In the structure of 1 (Figure 1) the C ¥ ¥ ¥� centroid


separations are 3.35 and 3.74 ä and the C�H ¥ ¥ ¥� angles are
171 and 173�, respectively. The � ¥ ¥ ¥C1�C2 ¥ ¥ ¥� dihedral angle
for 1 measures 0�, suggesting that the molecule packs in the
crystal lattice without any apparent distortions to the icosa-
hedral carborane cage.
In the crystal structure of 3 (Figure 2) C ¥ ¥ ¥� centroid


separations are 3.31 and 3.33 ä and C�H ¥ ¥ ¥� angles are 167.7
and 167.9�, respectively. The � ¥ ¥ ¥C1�C2 ¥ ¥ ¥� dihedral angle of
2.5� indicates almost distortion-free crystal packing of com-
pound 3.
The crystal structure of compound 6 (Figure 3) reveals C ¥ ¥ ¥


� centroid separations of 3.55 (C1A ¥ ¥ ¥�), 3.53 (C2A ¥ ¥ ¥�),
3.49 (C1B ¥ ¥ ¥�), and 3.52 ä (C2B ¥ ¥ ¥�) and C�H ¥ ¥ ¥� angles of
166.5, 174.3, 170.2, and 170.1�, respectively. The dihedral
angles of 9.1 (� ¥ ¥ ¥C1A�C2A ¥ ¥ ¥�) and 10.7� (� ¥ ¥ ¥C1B�C2B
¥ ¥ ¥�) indicate a significant distortion of the icosahedron.
In the crystal structure of 12 (Figure 4), which contains one


molecule of diethyl ether per carborane unit, the C ¥ ¥ ¥�
centroid separations are 3.40 and 3.49 ä and C�H ¥ ¥ ¥� angles
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Figure 1. ORTEP representation showing the molecular structure of 1.


Figure 2. ORTEP representation showing the molecular structure of 3.


are 172.9 and 167.9�, respectively. The � ¥ ¥ ¥C1�C2 ¥ ¥ ¥� dihe-
dral angle of 2.5� is identical to that of 3, indicating only a
slight dihedral angle distortion. The crystal packing of 12 is


Figure 3. ORTEP representation showing the molecular structure of 6.


also affected by classical intermolecular O�H ¥ ¥ ¥O hydrogen-
bonding interactions between the phenyl hydroxyl groups. In
addition, hydrogen bridges are formed between the solvent
oxygen atoms and hydroxyl groups.
The carborane C�H ¥ ¥ ¥� interactions in the solid-state


structures of 1, 3, 6, and 12 are also reflected in their IR
spectra. The stretching frequencies for the carboranyl C�H
bonds of 1 (3069 cm�1), 3 (3069 and 3065 cm�1), 6 (3067 cm�1),
and 12 (3064 cm�1) are shifted to lower wavenumbers relative
to those of ortho-carborane (3071 cm�1). This phenomenon is
consistent with previous observations.[20c, 28a, 29] In addition, the
infrared spectrum of 12 displays two distinct O�H stretching
modes at 3497 and 3383 cm�1 in agreement with its two
different types of bridging OH-substituents (vide supra).


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2732 ± 27442734


Table 1. Crystallographic data and details of the structure determinations of compounds 1, 3, 6, and 12.


1 3 6 12


formula C14H20B10 C32H48B20O4 C56H72B40Cl8 C36H60B20O6


Mr 296.40 712.90 1461.14 805.04
T [K] 293(2) 293(2) 293(2) 293(2)
crystal system monoclinic monoclinic monoclinic monoclinic
space group C2/c P21/n C2/c P21/c
a [ä] 18.096(16) 6.938(4) 27.402(8) 11.168(11)
b [ä] 7.711(6) 14.917(8) 16.451(5) 15.732(17)
c [ä] 14.229(12) 19.560(10) 21.671(7) 13.563(15)
� [�] 90 90 90 90
� [�] 122.68(2) 90.89(2) 128.190(7) 96.75(3)
� [�] 90 90 90 90
V [ä3] 1671(2) 2024.0(2) 7678(4) 2366(4)
Z 4 2 16 4
�calcd [g cm�3] 1.178 1.170 1.264 1.130
� [mm�1] 0.404 0.065 0.332 0.501
F(000) 616 744 2976 848
crystal size [mm] 0.20� 0.22� 0.40 0.22� 0.28� 0.40 0.38� 0.20� 0.18 0.45� 0.15� 0.10
�max [�] 57.50 30.00 27.50 57.47
index ranges 0/19, 0/8, �15/13 0/9, 0/19, �27/27 0/35, 0/19, �25/20 0/12, 0/17, �14/14
unique reflections 1141 4923 7138 3231
reflections observed [I� 2�(I)] 966 1918 2952 1595
parameters 115 266 370 245
R1 [I� 2�(I)] 0.0460 0.0628 0.0603 0.0780
wR2 0.1229 0.2010 0.1895 0.2477
largest diff. peak/hole [eä�3] � 0.198/� 0.161 � 0.274/� 0.191 � 0.304/� 0.245 � 0.235/� 0.246
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Figure 4. Crystal structure of 12 illustrating the carborane C�H ¥ ¥ ¥�
interactions and the O4PA ¥ ¥ ¥O3SA separation of 2.66 ä, the O4PA ¥ ¥ ¥
O10P separation of 2.78 ä; the O4PA�H ¥ ¥ ¥O3SA angle of 161.2�, and
the O4PA ¥ ¥ ¥H�O10P angle of 177.0�.


Synthesis of multifunctional carboracycles : Bis-anisole 3 was
chosen for the syntheses of the functionalized carboracycles.
In the first step, a linkage between two substituted closo-1,2-
carborane molecules was established by protecting regiose-
lectively one of the two C�H vertices of the carborane with a
tert-butyldimethylsilyl group,[30] followed by deprotonation of
the second C�H vertex and subsequent reaction with an
appropriate dihalide (Scheme 2).[13] The employment of 1,3-
dibromopropane, 1,6-dibromohexane, 1,8-dibromooctane,
4,4�-bis(iodomethyl)-1,1�-biphenyl, and �,��-dibromo-2,6-luti-
dine, respectively, afforded the bis-protected dimeric building
blocks 20a, 21a, 22a, 23a, and 24a in 80 ± 90% yields.
Desilylation of the dimers was achieved with tetrabutylam-
monium fluoride to provide the compounds 20b ± 24b in
quantitative yields (Scheme 2).
The tetrameric carboracycle 27a was obtained upon bis-


lithiation of 20b with n-butyllithium and subsequent reaction
with 1,3-dibromopropane (Scheme 2).[13] Due to the 4-meth-
oxy phenyl substituents, compound 27a exhibits enhanced
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Scheme 2. Synthesis of various carboracycles: a) 1. nBuLi, 2. TBDMSCl; b) 1. nBuLi, 2. HalCH2R1CH2Hal; c) (nBu)4NF; d) 1. nBuLi, 2. HalCH2R1CH2Hal.
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solubility in common organic solvents compared to the
corresponding unsubstituted species.[13] Thus 27a could be
characterized unambiguously by NMR mspectroscopy. Com-
pared to the 11B NMR spectrum of 20a, in which four distinct
peaks in the ratio of 1:1:2:6 were observed, the spectrum of
27a exhibits two broad signals in the ratio of 1:4, a character-
istic pattern found for a carboracycle containing 1,2-carbor-
ane.[13] Mass spectrometric analysis of 27a displayed the
parent peak (m/z� 1586.4) by applying FAB (positive mode).
However, the mass spectra of samples of the crude reaction
mixture, as well as the solid residues of impure 27a retained
from multiple recrystallizations, consistently exhibit a peak
with an intensity of 30% at m/z� 2379.8. Both its mass range
and isotope pattern were consistent with that expected for the
hexameric carboracycle 27b. Unfortunately, species 27b
could be isolated neither by recrystallization nor by column
chromatography.
Crystals of compound 27a suitable for X-ray structure


analysis (Table 2) were grown from a solution in 1,3-dimeth-
oxybenzene. The centrosymmetric structure of 27a is depicted
in Figure 5. The macrocycle possesses a chair conformation.
Four carborane cages and two opposing trimethylene linkers
describe a plane, while the remaining two linkers lie above
and below the plane of the cyclic tetramer, respectively.
Comparable to the synthesis of 27a, the analogous prep-


aration of tetrameric carboracycle 28a from 1 and 1,4-
dibromobutane (Scheme 2) was also accompanied by the
formation of the corresponding hexameric species 28b
(Scheme 2), based on 11B NMR data. Separation of 28a from
28b was achieved by fractional crystallization from 1,3-
dimethoxybenzene to give pure 28a in 79% yield. The
product was characterized by NMR spectroscopy, mass
spectrometry, and X-ray analysis (Table 2). The hexameric


Figure 5. ORTEP representation showing the molecular structure of 27a.


carboracycle 28b, which, like 27b, formed only in minor
amounts, was identified by mass spectrometry. Additionally,
the X-ray analysis of 28b could be performed with single
crystals obtained by multiple recrystallization of the mixture
of 28a and 28b in 1,3-dimethoxybenzene and final manual
separation based on morphological features.
Colorless crystals of 28a suitable for an X-ray diffraction


study were obtained from a solution of 1,4-dioxane. The
structure is shown in Figure 6. The carborane cages of the
macrocycle share a common plane, while the four tetra-
methylene linkers are alternately bent above and below the
plane of the molecule; the macrocycle has S4 symmetry. The
crystal contains six molecules of 1,4-dioxane per cyclic
tetramer; two of them are severely disordered while the
remaining four are disordered at the oxygen atoms. Remark-
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Table 2. Crystallographic data and details of the structure determinations of compounds 27a, 28a, 28b, and 30a.


27a ¥ 2 (CH3O)2C6H4 28a ¥ 6 (C2H4O2)2 28b ¥ 8 (CH3O)2C6H4 30a ¥ 4C4H8O2 ¥ 2H2O


formula C92H132B40O10 C107H132B40O10 C172H236B60O16 C107H116B40N4O17


Mr 1830.38 2010.53 3208.21 2162.44
T [K] 100(2) 293(2) 105(2) 293(2)
crystal system triclinic tetragonal monoclinic triclinic
space group P1≈ I4≈ P21/c P1≈


a [ä] 11.643(5) 18.215(9) 15.088(1) 17.775(2)
b [ä] 14.614(7) 18.215(9) 33.929(3) 18.118(2)
c [ä] 16.493(8) 17.719(10) 18.498(2) 21.104(3)
� [�] 84.694(9) 90 90 103.588(2)
� [�] 76.814(8) 90 103.880(2) 103.881(2)
� [�] 86.499(9) 90 90 96.716(2)
V [ä3] 2718(2) 5879(5) 9193.1(1) 6304.2(13)
Z 1 2 2 2
�calcd [g cm�3] 1.118 1.136 1.159 1.139
� [mm�1] 0.064 0.490 0.066 0.070
F(000) 964 2108 3392 2244
crystal size [mm] 0.02� 0.20� 0.40 0.35� 0.35� 0.35 0.20� 0.50� 0.50 0.10� 0.10� 0.35
�max [�] 28.42 57.47 28.31 23.30
index ranges � 15/15, �17/19, �21/19 0/19, 0/19, 0/19 � 20/19, �38/44, �23/24 � 14/19, �20/17, �23/22
unique reflections 17720 2234 21917 17897
reflections observed [I� 2�(I)] 3792 1258 8188 7703
parameters 444 340 1149 897
R1 [I� 2�(I)] 0.1553 0.0776 0.0632 0.1631
wR2 0.4559 0.2543 0.1461 0.4767
largest diff. peak/hole [eä�3] � 0.686/� 0.392 � 0.188/� 0.160 � 0.298/� 0.221 � 1.249/� 0.656
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Figure 6. ORTEP representation showing the molecular structure of 28a.


ably, two dioxane molecules are found in close proximity
above and below the center of the cavity (Figure 6).
The molecular structure of 28b, the first known hexameric


carboracycle, is depicted in Figure 7. The centrosymmetric


Figure 7. Top: ORTEP representation of hexameric octaphenyl cycle 28b,
sideview. The macrocycle describes the crownlike structure capturing two
of the six 1,3-dimethoxybenzene molecules. Bottom: Top view of 28b, cage-
B vertices omitted for clarity; the representation displays the 32-membered
ring of carbon atoms containing two solvent molecules.


molecule crystallized in a pseudo-chair conformation together
with eight solvent molecules of 1,3-dimethoxybenzene. Their
closest contacts with 28b all involve interactions of oxygen
atoms to hydrogen atoms of B�H vertices, methylene
moieties, and aryl carbon atoms of the cage-bound phenyl
groups. The shortest interaction observed is a CH2 ¥ ¥ ¥O
distance of 2.51 ä, within the range of van der Waals separa-
tions.[31] Comparable to the tetramer 28a, the molecular
structure of 28b also shows 1,3-dimethoxybenzene molecules
positioned above and below the center of the cavity.
The observation that, unlike compound 27a, the cycles 28a


and 28b display host ± guest type chemistry suggested the
synthesis of carboracycles with larger cavity sizes by deploy-
ing longer linker moieties. However, the reaction of 22b-Li2
with one equivalent of 1,8-dibromooctane afforded cyclic
tetramer 29a in only 9% yield, while the principal product
and cyclic dimer 29c was formed in 71% yield (Scheme 3). It


Scheme 3. Dimeric carboracycle forms in 71% yield: a) 1. nBuLi, 2.
Br(CH2)8Br.


is apparent that the longer the bridging hydrocarbon unit the
more the formation of a dimeric cycle is favored. This
observation is supported by the previous discovery that
dimeric and tetrameric cycles form in a ratio of 1:2,
respectively, upon linking 1,2-carborane via m-xylenylidene
units.[13]


Previous attempts to assemble four 1,2-carborane cages in a
cyclic manner via 2,6-lutidylidene tethers unexpectedly
failed.[13] In revisiting this goal, the bis-lithiated tetraanisole
derivative 24b was treated with 1 molar equivalent of �,��-
dibromo-2,6-lutidine[32] to afford cyclic tetramer 30a in low
yield accompanied by starting material and unidentified
material (Scheme 2). Compound 30a was isolated by multiple
fractional crystallizations in 10% yield. It was characterized
by NMR spectroscopy, mass spectrometry and X-ray crystal-
lography (Table 2).
A suitable crystal for the X-ray diffraction study was grown


from a solution of 30a in dichloromethane/tetrahydrofuran.
The molecular structure of 30a (Figure 8) shows that two
opposite pyridine rings are approximately parallel with a
deviation of 21.3�. The distance between the centroids of these
two rings is 3.77 ä, suggesting �-stacking involvement. The
remaining two pyridine rings are tilted 69.3� with respect to
each other and their centroids are separated by 9.43 ä.
Compound 30a is potentially useful as a complexing


reagent for metal ions. However, no evidence of Cu2�


complexation was found upon treatment of 30a with cop-
per(��) triflate. Futhermore, quarternization and protonation
of the pyridyl nitrogen centers with methyl triflate and triflic
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Figure 8. ORTEP representation showing the molecular structure of 30a.


acid, respectively, did not take place. A comparably poor
nucleophilicity of lutidylidene moieties connecting two car-
borane cages had been previously observed in a dimeric
carboracycle containing 1,7-carborane.[13]


To transform the macrocycle 28a into a water soluble
species it was sulfonated at the phenyl residues using
chlorosulfonic acid followed by hydrolysis. Electrophoresis
and HPLC analysis of the water soluble product, however,
proved it to be an inseparable mixture of regioisomers;
furthermore, mass spectrometric analysis of the mixture
indicated that more than eight sulfonate groups were attached
to some cycles. Alternatively, the reaction of the cyclic
tetramer 27a with BBr3 in dichloromethane provided the
octa-4-hydroxyphenyl-substituted cycle 31a in 80% yield
(Scheme 4).[33] Both 1H and 13C NMR spectra confirmed the
purity of 31a by the absence of the signal for the protons of
the remaining methoxy groups. Further reaction of 31a with
methyl sulfoxide methanide (CH3SOCH2


�) in DMSO, pro-
duced in situ from n-butyllithium and DMSO,[34] followed by


treatment with 1,3-propane sultone generated the water-
soluble octasulfonate 32a through a ring-opening reaction.
The product mixture was purified by HPLC to recover pure
32a-Li8 in 35% yield.
Compound 32a exhibits excellent water solubility, and,


unlike sulfonated 28a, particle size analysis for ultrasonicated
aqueous solutions of 32a gave rise to the formation of longer
aggregates such as micelles. Further investigation of these
properties are under way.


Conclusion


We have described the syntheses of both the 1,2- and 1,7-
isomers of novel para-phenyl-substituted icosahedral B,B�-
diaryl closo-carboranes by reacting the parent B,B�-diiodides
with aryl Grignard reagents under Kumada coupling condi-
tions. Furthermore selected bis(aryl)-1,2-carboranes were
used as synthons in the formation of macrocycles with an
organic linker. As demonstrated, the size and geometry of the
cycles, the nature of the functional groups in the para-position
of the phenyl substituents, as well as the nature of the linking
moiety can be tuned in a controlled fashion to give a variety of
novel structures. Interestingly, the formation of dimeric cycles
is preferred with increasing chain length of the organic tether.
However, butylidene-linked compound 28b has been struc-
turally identified and represents the first hexameric carbora-
cycle to date. The observed molecular interaction in the
crystal structures of tetrameric 28a and 28b between the
cavity center and solvent molecules (dioxane in 28a and 1,3-
dimethoxybenzene in 28b) suggests a basis for further
exploration of carboracycles in host ± guest chemistry. More-
over, compound 32a, with eight sulfonate substituents,
exemplifies the first water-soluble carboracycle. Alternatively,
the attachment of long hydrocarbon chains at the hydroxyl
groups of deprotected 30a could lead to discotic liquid crystal
carboracycles upon metal cation complexation.[35] The devel-
opment of new supramolecular chemistry and its use in
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Scheme 4. Synthesis of a water soluble carboracycle: a) BBr3; b) 1. DMSO, nBuLi, 2. 1,3-trimethylene sultone.
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molecular recognition in solvent systems that range from
organic to aqueous represent future applications of these
novel functionalizable carboracycles.


Experimental Section


General considerations : Standard Schlenk and vacuum line techniques
were employed when appropriate. All solvents used were reagent grade.
The solvents CH2Cl2, CH3CN, and NEt3 were distilled from calcium
hydride prior to their use. THF was distilled from sodium benzophenone
ketyl. Acetone (Fisher Scientific) was used without further purification.
The reagents 4-bromoanisole, 4-bromothioanisole, 4-bromo-N,N-dimeth-
ylaniline, 4-bromophenylethyleneketal, acetic anhydride, 4-chlorophenyl-
magnesium bromide (Et2O), phenylmagnesium bromide (THF), methyl-
magnesium bromide (THF), [PdCl2(PPh3)2], KO2, (CH3)3SiCl, (NH4)2[Ce-
(NO2)6], (Aldrich) were used as purchased. The reagents
Br(CH2CH2O)3CH3,[23] and 4,4�-bis(iodomethyl)-1,1�-biphenyl[36] were pre-
pared as previously described. Infrared spectra were recorded on a
Nicolet 470 FTIR spectrophotometer. The 1H, 13C, and 11B NMR spectra
were recorded on Bruker AM400 and AM500 spectrometers. Chemical
shifts for 1H and 13C NMR spectra were referenced to signals of residual 1H
and 13C present in deuteriated solvents. Chemical shifts values for 11B NMR
spectra were referenced relative to external BF3 ¥OEt2 (�� 0.0 ppm with
negative values upfield). Mass spectra were obtained using a VG ZAB-SE
(FAB), a VG Autospec (EI), and a Perkin Elmer Sciex API III triple
quadrupole (ESI) mass spectrometer.


closo-9,12-(4-CH3OC6H4)2-1,2-C2B10H10 (3): A solution of methyl magne-
sium bromide in THF (33 mL, 0.1 mol, 3�) was added to a solution of
closo-9,12-I2-1,2-C2B10H10 (39.6 g, 0.1 mol) in THF (100 mL) at 0 �C. The
reaction mixture was stirred for 3 h at ambient temperature. A freshly
prepared Grignard solution of 4-bromoanisole (50 mL, 0.4 mol) in THF
(300 mL) was added followed by the addition of a single portion of
[PdCl2(PPh3)2] (2.1 g, 3.0 mmol). The reaction mixture was refluxed for
48 h, and upon completion of the reaction (11B NMR) the solvent was
removed under reduced pressure. The residue was treated with dilute HCl
(5%, 300 mL) at 0 �C to destroy excess Grignard reagent. The aqueous
mixture was extracted with CH2Cl2 (3� 100 mL). The combined organic
phases were reduced in volume (100 mL) under reduced pressure, dried
over magnesium sulfate, and filtered through Al2O3 using CH2Cl2. The
solvent of the eluate was removed, and the resulting solid was recrystallized
from acetone to yield 3 as colorless crystals (21.4 g, 60%). The supernant
solution was dried and the residue was purified by chromatography on
Al2O3 using CH2Cl2/hexanes to yield additional 7.1 g (20%) of 3. M.p. 176 ±
178 �C; 1H NMR (500 MHz, CDCl3): �� 1.9 ± 3.0 (br, 8H; BH), 3.59 (s, 2H;
CH), 3.73 (s, 6H; CH3), 6.69 (d, 3J(H,H)� 8.2 Hz, 4H; C6H4), 7.14 (d,
3J(H,H)� 8.2 Hz, 4H; C6H4); 13C{1H} NMR (126 MHz, (CD3)2CO): ��
50.0 (Ccarboranyl), 54.1 (CH3), 112.5, 133.7, 158.9 ppm (C6H4); 11B{1H}
(160 MHz, (CD3)2CO): ���15.0 (2B), �12.7 (4B), �8.4 (2B), 8.9 ppm
(2B); HRMS (EI): calcd for 12C16


1H24
11B10


16O2: 356.2779; found: m/z :
356.2778 [M�] (�� 0.1 mmu); IR (KBr pellet): 	
 � 3069, 3064 cm�1 (CH).


closo-9,10-(4-CH3O-C6H4)2-1,7-C2B10H10 (8): Compound 8 was prepared in
78% yield by following the procedure described for the synthesis of 3. M.p.
156 ± 158 �C; 1H NMR (500 MHz, (CD3)2CO): �� 1.8 ± 3.2 (br, 8H; BH),
3.67 (s, 2H; CH), 3.69 (s, 6H; CH3), 6.70 (d, 3J(H,H)� 8.2 Hz, 4H; C6H4),
7.24 ppm (d, 3J(H,H)� 8.2 Hz, 4H; C6H4); 13C{1H} NMR (126 MHz,
(CD3)2CO): �� 52.6 (Ccarboranyl), 55.1 (CH3), 113.8, 135.1, 160.2 ppm
(C6H4); 11B{1H} NMR (160 MHz, (CD3)2CO): ���19.5 (2B), �12.7
(4B), �7.0 (2B), 1.0 (2B); HRMS (EI): calcd for 12C16


1H24
11B10


16O2:
356.2779; found: m/z : 356.2780 [M�] (�� 0.1 mmu).


closo-9,12-(4-HOC6H4)2-1,2-C2B10H10 (12): A solution of BBr3 in CH2Cl2
(1.12 mL, 1.12 mmol, 1�) was added dropwise to a solution of compound 3
(0.500 g, 1.40 mmol) dissolved in CH2Cl2 (30 mL) at 0 �C. The mixture was
stirred for 12 h at ambient temperature. The reaction mixture was dried in
vacuo and then quenched slowly using water (30 mL), while maintaining
vigorous stirring. The aqueous phase was extracted with ethyl acetate and
the organic layer was flashed through a bed of silica gel using ethyl acetate.
The filtrate was freed of solvent and recrystallized from diethyl ether to
yield 12 as a colorless solid (0.424 g, 94%). M.p. 224 ± 226 �C; 1H NMR


(500 MHz, (CD3)2CO): �� 1.9 ± 2.9 (br, 8H; BH), 4.55 (s, 2H; CH), 6.56 (d,
3J(H,H)� 8.1 Hz, 4H; C6H4), 7.02 (d, 3J(H,H)� 8.1 Hz, 4H; C6H4),
7.96 ppm (s, 2H; OH); 13C{1H} NMR (126 MHz, (CH3)2CO): �� 50.7
(Ccarboranyl), 114.9, 134.8, 157.4 ppm (C6H4); 11B{1H} NMR (160 MHz,
(CD3)2CO): ���15.0 (2B), �12.7 (4B), �8.4 (2B), 8.8 ppm (2B);
HRMS (EI): calcd for 12C14


1H20
11B10


16O2: 328.2466; found: m/z : 328.2474
[M�] (�� 0.8 mmu); IR (KBr pellet): 	
 � 3064 cm�1 (CH).


closo-9,10-(4-HOC6H4)2-1,7-C2B10H10 (13): Compound 13 was prepared by
following the procedure described for the synthesis of 12 to yield 0.425 g
(90%) as a colorless crystalline solid after recrystallization from diethyl
ether. M.p. 193 ± 195 �C; 1H NMR (500 MHz, (CD3)2CO): �� 1.8 ± 3.2 (br,
8H; BH), 3.64 (s, 2H; CH), 6.61 (d, 3J(H,H)� 8.4 Hz, 4H; C6H4), 7.15 (d,
3J(H,H)� 8.4 Hz, 4H; C6H4), 8.05 ppm (s, 2H; OH); 13C{1H} NMR
(126 MHz, (CD3)2CO): �� 52.4 (Ccarboranyl), 115.2, 135.2, 157.7 ppm
(C6H4); 11B{1H} NMR (160 MHz, (CD3)2CO): ���19.4 (2B), �12.6
(4B), �6.9 (2B), 1.3 ppm (2B); HRMS (EI): calcd for 12C14


1H20
11B10


16O2:
328.2466; found: m/z : 328.2465 [M�] (�� 0.1 mmu).


closo-9,12-(4-CH3(OCH2CH2)3OC6H4)2-1,2-C2B10H10 (14): A suspension of
12 (0.647 g, 1.97 mmol) and potassium carbonate (1.50 g, 10.86 mmol) in
acetone (20 mL) was stirred for 1 h, and then Br(CH2CH2O)3CH3 (2.46 g
10.86 mmol) was added. The reaction mixture was then refluxed for 48 h.
The solvent was removed under reduced pressure and the resulting residue
was neutralized with aqueous HCl (10%). The aqueous layer was extracted
with diethyl ether (8� 50 mL). The combined organic phases were dried
over anhydrous magnesium sulfate and filtered. After removal of the
solvent, the remaining residue was purified by chromatography on silica gel
with diethyl ether and pentane (3:1) to yield 14 as a clear liquid (0.909 g,
74.5%); 1H NMR (400 MHz, (CD3)2CO): �� 1.9 ± 2.9 (br, 8H; BH), 3.26
(s, 6H; CH3), 3.45, 3.56, 3.57, 3.61, 3.75, 4.02 (t, 3J(H,H)� 6.0 Hz, 4H; CH2),
4.59 (s, 2H; CH), 6.67 (d, 3J(H,H)� 8.3 Hz, 4H; C6H4), 7.09 ppm (d,
3J(H,H)� 8.3 Hz, 4H; C6H4); 13C{1H} NMR (100 MHz, (CH3)2CO): ��
51.1 (Ccarboranyl), 58.9 (CH3), 67.9, 70.3, 71.0, 71.2, 71.3, 72.6 (CH2), 114.2,
134.7, 159.2 ppm (C6H4); 11B{1H} NMR (160 MHz, (CH3)2CO): ���15.5
(2B), �13.0 (4B), �8.2 (2B), 9.4 (2B); MS (EI): calcd for
12C28


1H48
11B10


16O8: 620.4352; found: m/z : 620.4335 [M�] (�� 1.7 mmu).


closo-9,12-(C6H5)2-1,2-C2B10H10 (1): Compound 1 was prepared by follow-
ing the procedure described for the synthesis of 3, but omitting the
preliminary deprotonation with MeMgBr and by using closo-9,12-I2-1,2-
C2B10H10 (7.33 g, 18.51 mmol), phenylmagnesium bromide (92.5 mL, 1� in
THF), and [PdCl2(PPh3)2] (0.52 g, 0.714 mmol). Subsequent extractions of
the crude product, flash chromatography on Al2O3, as well as final
recrystallization were performed with diethyl ether to afford 1 as an off-
white solid (3.95 g, 72%). M.p. 288 ± 289 �C; 1H NMR (500 MHz,
[D8]THF): �� 1.9 ± 3.1 (br, 8H; BH), 4.47 (s, 2H; CH), 6.99, 7.14 ppm
(m, 10H; C6H5); 13C{1H} NMR (126 MHz, [D8]THF): �� 51.5 (Ccarboranyl),
127.5, 127.8, 133.8 ppm (C6H4); 11B{1H} NMR (160 MHz, [D8]THF): ��
�16.4 (2B), �14.1 (4B), �9.6 (2B), 7.2 ppm (2B); HRMS (EI): calcd for
12C14


1H20
11B10: 296.2550; found: m/z : 296.2566 [M�] (�� 1.6 mmu); IR


(KBr pellet): 	
 � 3069 cm�1 (CH).


closo-9,12-(4-CH3SC6H4)2-1,2-C2B10H10 (4): Compound 4 was prepared by
following the procedure described for the synthesis of 3 with closo-9,12-I2-
1,2-C2B10H10 (2.0 g, 5.0 mmol), methyl magnesium bromide (1.7 mL,
5.0 mmol, 3� in THF), freshly prepared Grignard of 4-bromothioanisole
(10.0 g, 49.2 mmol), and [PdCl2(PPh3)2] (0.142 g, 0.2 mmol). Subsequent
extractions of the crude product and flash chromatography on silica gel
were conducted with diethyl ether. Final purification was achieved by
chromatography on silica gel with CH2Cl2 and hexanes (1:1). Recrystalli-
zation from the same solvent mixture provided 4 as colorless crystals
(1.32 g, 73%); M.p. 193 ± 195 �C; 1H NMR (500 MHz, CDCl3): �� 1.8 ± 3.1
(br, 8H; BH), 2.42 (s, 6H; CH3), 3.64 (s, 2H; CH), 7.02 (d, 3J(H,H)�
8.2 Hz, 4H; C6H4), 7.13 ppm (d, 3J(H,H)� 8.2 Hz, 4H; C6H4); 13C{1H}
NMR (126 MHz, CDCl3): �� 15.7 (CH3), 49.3 (Ccarboranyl), 125.6, 133.5,
137 ppm (C6H4); 11B{1H} NMR (160 MHz, (CH3)2CO): ���14.9 (2B),
�12.7 (4B), �8.5 (2B), 8.3 (2B); HRMS (EI): calcd for 12C16


1H24
11B10


32S2:
388.2332; found: m/z : 388.2326 [M�] (�� 0.6 mmu).


closo-9,12-[4-CH3S(O)C6H4)]2-1,2-C2B10H10 (15): A solution of CAN
(2.93 g, 5.35 mmol) in water (20 mL) was added to a solution of bis-
thioether 4 (0.50 g, 1.29 mmol) and [(nBu)4N]Br (33 mg, 0.10 mmol) in
CH2Cl2 (50 mL) at room temperature, and the reaction mixture was stirred
until the yellow color disappeared (6 to 8 h). The organic layer was
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separated, and the aqueous layer was washed with CH2Cl2 (2� 20 mL). The
combined organic phases were dried under reduced pressure. The solid
residue was redissolved in Et2O and washed thoroughly with water (4�
25 mL). The ethereal phase was dried to yield 15 as a waxy solid (0.50 g,
92%). M.p. 78 ± 79 �C; 1H NMR (400 MHz, CDCl3): �� 1.7 ± 3.2 (br, 8H;
BH), 2.56 (s, 6H; CH3), 3.87 (s, 2H; Ccarboranyl-H), 7.28 ppm (m, 8H; C6H4);
13C{1H} NMR (100 MHz, CDCl3): �� 43.6 (CH3), 50.7 (Ccarboranyl), 122.4,
133.8, 144.0 ppm (C6H4); 11B{1H} NMR (160 MHz, (CH3)2CO): ���13.8
(brm, 6B), �8.6 (2B), 6.8 ppm (2B); HRMS (EI): calcd for
12C16


1H24
11B10


32S216O2: 420.2230; found: m/z : 420.2228 [M�] (�� 0.2 mmu).


closo-9,12-[4-CH3S(O)2C6H4)]2-1,2-C2B10H10 (16): Reactions of 4 with two
equivalents of m-chloroperbenzoic acid and manganese dioxide, respec-
tively, carried out in accordance with published procedures,[25] generated
mixtures of 15 and 16. Pure 16 was obtained by chromatography on silica
(hexanes/ethyl acetate 1:1) in 10 and 20% yield, respectively. M.p. 252 �C;
1H NMR (400 MHz, CDCl3): �� 1.7 ± 3.2 (br, 8H; BH), 2.97 (s, 6H; CH3),
3.81 (s, 2H; Ccarboranyl-H), 7.37 (d, 3J(H,H)� 7.9 Hz, 4H; C6H4), 7.66 ppm (d,
3J(H,H)� 7.9 Hz, 4H; C6H4); 13C{1H} NMR (100 MHz, CDCl3): �� 44.6
(CH3), 51.0 (Ccarboranyl), 126.2, 133.8, 139.8 ppm (C6H4); 11B{1H} NMR
(160 MHz, (CH3)2CO): ���15.6 (br, 2B), �13.7 (br, 4B), �9.2 (s, 2B),
7.0 ppm (s, 2B); HRMS (EI): calcd for 12C16


1H24
11B10


32S216O4: 453.2098;
found: m/z : 453.2095 [M�] (�� 0.3 mmu).


closo-9,12-(4-(CH3)2NC6H4)2-1,2-C2B10H10 (5): Compound 5 was prepared
following the procedure described for the synthesis of 3 by using closo-9,12-
I2-1,2-C2B10H10 (11.0 g, 27.8 mmol), methyl magnesium bromide (9.2 mL,
27.9 mmol, 3� in THF), freshly prepared Grignard of 4-bromo-N,N-
dimethylaniline (25.0 g, 124.9 mmol), and [PdCl2(PPh3)2] (0.11 g,
0.156 mmol). Subsequent extractions of the crude product, flash chroma-
tography on Al2O3, as well as final recrystallization were performed with
ethyl acetate to afford 5 as an off white solid (8.09 g 76%). M.p. 280 �C
(decomp); 1H NMR (500 MHz, CD3OD): �� 1.8 ± 3.1 (br, 8H; BH), 4.71
(s, 2H; CH), 4.85 (s, 12H; CH3), 7.40 ppm (m, 8H; C6H4); 13C{1H} NMR
(126 MHz, CD3OD): �� 47.4 (CH3), 53.6 (Ccarboranyl), 120.4, 136.0,
143.2 ppm (C6H4); 11B{1H} NMR (160 MHz, CD3OD): ���13.4 (br,
6B), �9.4 (2B), 6.4 ppm (2B); HRMS (EI): calcd for 12C18


1H30
11B10


14N2:
382.3421; found: m/z : 382.3415 [M�] (�� 0.6 mmu).


closo-9,10-(4-(CH3)2NC6H4)2-1,7-C2B10H10 (9): Compound 9 was prepared
and purified by following the procedure described for the synthesis of 5 to
afford colorless crystals (82%). M.p. 195 ± 196 �C; 1H NMR (400 MHz,
(CD3)2CO): �� 1.8 ± 3.1 (br, 8H; BH), 2.84 (s, 12H; CH3), 3.58 (s, 2H;
CH), 6.83 ppm (m, 8H; C6H4); 13C{1H} NMR (126 MHz, (CD3)2CO): ��
40.4 (CH3), 51.9 (Ccarboranyl), 112.7, 134.8, 150.9 ppm (C6H4); 11B{1H} NMR
(160 MHz, (CD3)2CO): ���19.5 (2B), �12.4 (4B), �6.7 (2B), 1.8 ppm
(2B); HRMS (FAB, positive mode): calcd for 12C18


1H30
11B10


14N2: 382.3421;
found: m/z : 382.3421 [M�] (�� 0.0 mmu).


closo-9,12-(4-ClC6H4)2-1,2-C2B10H10 (6): Compound 6 was prepared by
following the procedure described for the synthesis of 3 with closo-9,12-I2-
1,2-C2B10H10 (0.20 g, 0.51 mmol), methyl magnesium bromide (0.17 mL,
0.51 mmol, 3� in THF), 4-chloro-phenylmagnesium bromide (4.0 mL, 1�
in diethyl ether), and [PdCl2(PPh3)2] (0.01 g, 0.014 mmol). After standard
workup, the crude product was flashed through a bed of basic aluminum
oxide, with toluene as the eluting solvent, followed by silica gel
chromatography, with pentane and diethyl ether (5:1) eluting solvent, to
yield 6 as a colorless solid (0.146 g, 81%). M.p. 140 ± 143 �C; 1H NMR
(400 MHz, (CD3)2CO): �� 1.8 ± 3.1 (br, 8H; BH), 4.74 (s, 2H; CH),
7.1 ppm (m, 8H; C6H4); 13C{1H} NMR (100 MHz, CDCl3): �� 49.7
(Ccarboranyl), 127.7, 133.7, 134.3 ppm (C6H4); 11B{1H} NMR (160 MHz,
CDCl3): ���16.8 (2B), �14.4 (4B), �9.7 (2B), 6.8 ppm (2B); HRMS
(FAB, positive mode): calcd for 12C14


1H18
11B10


35Cl2: 365.1752; found: m/z :
365.1760 [M�] (�� 0.8 mmu); IR (KBr pellet): 	
 � 3067 (CH), 2820 cm�1


(BH).


closo-9,10-(4-ClC6H4)2-1,7-C2B10H10 (10): Compound 10 was prepared and
purified by following the procedure described for the synthesis of 6 to yield
10 as a white solid (yield 88%). M.p. 152 ± 153 �C; 1H NMR (400 MHz,
(CD3)2CO): �� 1.8 ± 3.1 (br, 8H; BH), 3.82 (s, 2H; CH), 7.2 ppm (m, 8H;
C6H4); 13C{1H} NMR (100 MHz, (CD3)2CO): �� 53.4 (Ccarboranyl), 128.3,
134.1, 135.5 ppm (C6H4); 11B{1H} NMR (160 MHz, THF): ���18.5 (2B),
�12.2 (4B), �6.5 (2B), 0.8 ppm (2B); HRMS (FAB, positive mode): calcd
for 12C14


1H18
11B10


35Cl2: 365.1752; found: m/z : 365.1765 [M�] (�� 1.3 mmu).


closo-9,12-(4-CH3C6H4)2-1,2-C2B10H10 (2): Compound 2 was prepared by
following the procedure described for the synthesis of 3, but omitting the
preliminary deprotonation, with MeMgBr Closo-9,12-I2-1,2-C2B10H10


(7.33 g, 18.51 mmol), tolylmagnesium bromide (92.5 mL, 1� in THF), and
[PdCl2(PPh3)2] (0.519 g, 0.714 mmol). Subsequent extractions of the crude
product, flash chromatography on Al2O3, as well as final recrystallization
from a toluene/pentane mixture afforded 2 as colorless crystals (4.56 g,
76%). M.p. 280 �C; 1H NMR (400 MHz, (CD3)2CO): �� 1.8 ± 3.1 (br, 8H;
BH), 2.17 (s, 6H; CH3), 4.62 (s, 2H; CH), 6.88 (d, 3J(H,H)� 7.8 Hz, 4H;
C6H4), 7.09 ppm (d, 3J(H,H)� 7.8 Hz, 4H; C6H4); 13C{1H} NMR (100 MHz,
(CD3)2CO): �� 21.1 (CH3), 51.4 (Ccarboranyl), 128.7, 133.6, 36.9 ppm (C6H4);
11B{1H} NMR (160 MHz, (CD3)2CO): ���15.2 (2B), �12.6 (4B), �8.0
(2B), 9.2 (2B); HRMS (EI): calcd for 12C16


1H24
11B10: 324.2889; found: m/z :


324.2888 [M�] (�� 0.1 mmu).


closo-9,10-(4-CH3C6H4)2-1,7-C2B10H10 (7): Compound 7 was prepared and
purified by following the procedure described for the synthesis of 2 to
afford colorless crystals (25 mg, 78%). M.p. 158 �C; 1H NMR (400 MHz,
(CD3)2CO): �� 1.9 ± 3.2 (br, 8H; BH), 2.19 (s, 6H; CH3), 3.70 (s, 2H; CH),
6.93 (d, 3J(H,H)� 7.9 Hz, 4H; C6H4), 7.23 ppm (d, 3J(H,H)� 7.9 Hz, 4H;
C6H4); 13C{1H} NMR (100 MHz, (CD3)2CO): �� 21.1 (CH3), 52.8 (Ccarbor-


anyl), 128.9, 113.9, 137.2 ppm (C6H4); 11B{1H} NMR (160 MHz, (CD3)2CO):
���19.1 (2B), �12.2 (4B), �6.4 (2B), 1.8 ppm (2B); HRMS (FAB,
positive mode): calcd for 12C16


1H24
11B10: 324.2881; found: m/z : 324.2865


[M�] (�� 1.6 mmu).


closo-9,10-(4-CH3C[(OCH2)2]C6H4)2-1,7-C2B10H10 (11): Compound 11 was
prepared by following the procedure described for the synthesis of 3 with
closo-9,12-I2-1,2-C2B10H10 (200 mg, 0.50 mmol), methyl magnesium bro-
mide (0.17 mL, 0.50 mmol, 3� in THF), freshly prepared Grignard of
4-bromoacetophenone ethylene ketal (1.12 g, 4.61 mmol),[14] and
[PdCl2(PPh3)2] (10 mg, 0.014 mmol). The reaction mixture was quenched
with aqueous NaHCO3 solution. The organic phase was separated from the
mixture, and the aqueous layer was extracted with diethyl ether (3�
20 mL). The combined organic phase was dried over magnesium sulfate
and filtered. The solvent was removed, and the residue was filtered through
a bed of basic Al2O3 with toluene as the eluting solvent and subsequently
purified by chromatography on basic Al2O3 with pentane and diethyl ether
(4:1) to yield 11 as a white solid (150 mg, 63%). M.p. 148 ± 150 �C; 1H NMR
(400 MHz, (CD3)2CO): �� 1.48 (s, 6H; CH3), 1.9 ± 3.2 (br, 8H; BH), 3.65
(m, 4H; CH2), 3.78 (s, 2H; CH), 3.94 (m, 4H; CH2), 7.21 (d, 3J(H,H)�
8.0 Hz, 4H; C6H4), 7.32 ppm (d, 3J(H,H)� 8.0 Hz, 4H; C6H4); 13C{1H}
NMR (100 MHz, (CD3)2CO): �� 27.8 (CH3), 53.2 (Ccarboranyl), 64.9 (CH2),
109.2 (OCO), 125.0, 133.8, 143.4 ppm (C6H4); 11B{1H} NMR (160 MHz,
(CD3)2CO): ���19.3 (2B),�12.9 (4B),�7.2 (2B), 0.4 (2B); HRMS (EI):
calcd for 12C22


1H32
11B10


16O4: 468.3315; found: m/z : 468.3257 [M�] (��
5.8 mmu).


closo-9,10-(4-CH3CO-C6H4)2-1,7-C2B10H10 (18): 20% HCl (10 mL) was
added to a solution of 11 (100 mg, 0.213 mmol) in THF (20 mL), and the
mixture was stirred at ambient temperature for 4 h. Water (20 mL) and
diethyl ether (20 mL) were added with stirring. The organic phase was
separated from the mixture, and the aqueous layer was extracted with
diethyl ether (3� 10 mL). The combined organic extracts were dried over
magnesium sulfate and filtered. The solvent was removed, and the resulting
residue was triturated with diethyl ether to give 18 as a white solid (72 mg,
89%). M.p. 176 �C; 1H NMR (400 MHz, (CD3)2CO): �� 1.9 ± 3.2 (br, 8H;
BH), 2.48 (s, 6H; CH3), 3.89 (s, 2H; CH), 7.48 (d, 3J(H,H)� 8.2 Hz, 4H;
C6H4), 7.74 ppm (d, 3J(H,H)� 8.2 Hz, 4H; C6H4); 13C{1H} NMR (100 MHz,
(CD3)2CO): �� 25.7 (CH3), 52.8 (Ccarboranyl), 127.1, 133.2, 136.2 (C6H4),
196.9 ppm (CO); 11B{1H} NMR (160 MHz, (CD3)2CO): ���17.7 (2B),
�11.6 (4B), �6.2 (2B), 1.1 ppm (2B); HRMS (EI): calcd for
12C18


1H24
11B10


16O2: 380.2789: found: m/z : 380.2784 [M�] (�� 0.5 mmu);
IR (KBr pellet) 	
 � 3064 (CH), 1688, 1675 cm�1 (C�O).


closo-9,10-(4-CH3COOC6H4)2-1,7-C2B10H10 (17): Neat acetic anhydride
(0.10 mL, 1.08 mmol) was added to a suspension of 13 (52 mg, 0.158 mmol)
in THF (30 mL) and NEt3 (0.21 mL, 1.50 mmol) at 0 �C. The mixture was
stirred for 2 h at room temperature, and afterwards all volatiles were
removed in vacuo. The resulting residue was redissolved in CH2Cl2. The
organic layer was washed three times with water and dried, and the residue
was recrystallized from diethyl ether to yield 17 as a white solid (48 mg,
74%). M.p. 273 ± 275 �C; 1H NMR (400 MHz, CDCl3): �� 1.9 ± 3.2 (br, 8H;
BH), 2.24 (s, 6H; CH3), 3.65 (s, 2H; CH), 6.83 (d, 3J(H,H)� 8.4 Hz, 4H;
C6H4), 7.19 ppm (d, 3J(H,H)� 8.4 Hz, 4H; C6H4); 13C{1H} NMR (100 MHz,
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CDCl3): �� 21.2 (CH3), 49.3 (Ccarboranyl), 129.2, 133.9, 150.1 (C6H4),
169.5 ppm (CO); 11B NMR (160 MHz, CDCl3): ���16.2 (2B), �13.9
(4B), �9.2 (2B), 7.4 ppm (2B); HRMS (EI): calcd for 12C18


1H24
11B10


16O4:
412.2687; found: m/z : 412.2694 [M�] (�� 0.7 mmu).


1-(tert-Butyldimethylsilyl)-9,12-di(4-methoxyphenyl)-1,2-carborane (19):
n-Butyllithium (6.8 mL, 16.44 mmol, 2.5� in hexane) was added dropwise
to a solution of 3 (5.86 g, 16.44 mmol) in THF (100 mL) at 0 �C. After
stirring for 4 h at room temperature tert-butyldimethylsilyl chloride (2.97 g,
19.73 mmol) was added, and the reaction mixture was stirred for a further
8 h. The solution was quenched with brine and extracted with diethyl ether
(3� 50 mL). The combined organic layers were dried over magnesium
sulfate, the solvent was removed under vacuum, and the residue was
subjected to flash silica gel chromatography with CH2Cl2 and pentane (1:1)
as the eluting solvent to yield 19 (7.54 g, 97.5%) as a waxy white solid. M.p.
131 ± 134 �C; 1H NMR (400 MHz, CDCl3): �� 0.29 (s, 6H; SiCH3), 1.06 (s,
9H; CCH3), 1.9 ± 3.0 (br, 8H; BH), 3.52 (s, 1H; CH), 3.73, 3.74 (s, 3H;
OCH3), 6.68, 6.69 (d, 3J(H,H)� 8.6 Hz, 2H; C6H4), 7.13, 7.16 ppm (d,
3J(H,H)� 8.6 Hz, 2H; C6H4); 13C{1H} NMR (100 MHz, CDCl3): ���4.4
(SiCH3), 19.4 (SiC), 27.0 (CCH3), 54.6 (CCcarboranyl), 54.9 (CH3), 58.6
(SiCcarboranyl), 112.8, 133.8, 133.9, 158.8 ppm (C6H4); 11B{1H} NMR
(160 MHz, (CH3)2CO): ���13.1 (2B), �10.5 (2B), �9.5 (2B), �5.8
(2B), 9.9 (1B), 11.9 ppm (1B), HRMS (EI): calcd for 12C22


1H38
11B10


16O2
28Si:


470.3657; found: m/z : 470.3640 [M�] (�� 1.7 mmu).


1,3-Bis(2�-(tert-butyldimethylsilyl)-9�,12�-di(4-methoxyphenyl)-1�,2�-carbor-
anyl)propane (20a): n-Butyllithium (6.08 mL, 15.21 mmol, 2.5� in hexane)
was added dropwise to a solution of 19 (7.17 g, 15.21 mmol) in THF
(100 mL) at 0 �C. After stirring for 4 h at room temperature 1,3-
dibromopropane (0.78 mL, 7.68 mmol) was added. The reaction mixture
was refluxed for 12 h and washed with brine, and the aqueous layer was
extracted with diethyl ether (3� 50 mL). The combined organic layers were
dried over magnesium sulfate, the solvent was removed under vacuum, and
the residue was subjected to flash silica gel chromatography with CH2Cl2/
pentane (3:1) as the eluting solvent to yield 20a (4.32 g, 57.8%) as a waxy
white solid and starting material (2.27 g, 4.81 mmol). Compound 20a was
recovered in an adjusted 84.4% yield. 1H NMR (400 MHz, (CD3)2CO): ��
0.42 (s, 12H; SiCH3), 1.12 (s, 18H; CCH3), 1.9 ± 3.0 (br, 16H; BH), 1.97 (m,
2H; CH2), 2.53 (t, 3J(H,H)� 8.2 Hz, 4H; CCH2), 3.67, 3.68 (s, 6H; CH3),
6.64, 6.66 (d, 3J(H,H)� 8.6 Hz, 4H; C6H4), 7.10, 7.11 ppm (d, 3J(H,H)�
8.6 Hz, 4H; C6H4); 13C{1H} NMR (126 MHz, (CD3)2CO): ���1.6 (SiCH3),
21.6 (SiC), 28.5 (CCH3), 32.8 (CH2), 37.1 (CCH2), 55.66, 55.68 (CH3), 70.2
(SiCcarboranyl), 76.9 (CCcarboranyl), 114.15, 114.2, 135.1, 135.4, 160.5, 160.6 ppm
(C6H4); 11B NMR (160 MHz, (CH3)2CO): ���9.3 (12B), �6.6 (4B), 7.9
(2B), 11.5 ppm (2B); MS (negative ion FAB): calcd for C47H80B20O4Si2:
981.49; found: m/z : 980.84 [M�H�].


1,3-Bis(9�,12�-di(4-methoxyphenyl)-1�,2�-carboranyl)propane (20b): Com-
pound 20a (3.54 g, 3.61 mmol) was dissolved in THF (50 mL) and cooled to
�78 �C. A 1.0� solution of tetrabutylammonium fluoride (7.57 mL,
7.57 mmol) was added dropwise, and the reaction mixture was warmed to
room temperature over 30 min. Brine (50 mL) and diethyl ether (30 mL)
were added; the aqueous layer was separated and washed with diethyl
ether (2� 50 mL). Then the combined organic layers were dried over
magnesium sulfate, and the solvent was removed. The residue was
subjected to flash silica gel chromatography with CH2Cl2/pentane (3:1) as
the eluting solvent to yield 20b (2.17 g, 80.1%) as a white solid. M.p. 106 ±
109 �C; 1H (500 MHz, (CD3)2CO): �� 1.90 (m, 2H; CH3), 1.9 ± 2.9 (br,
16H; BH), 2.54 (t, 4H; 3J(H,H)� 8.5 Hz, CCH2), 3.67, 3.68 (s, 6H; CH3),
4.76 (s, 2H; CH), 6.64, 6.66 (d, 4H; 3J(H,H)� 8.7 Hz, C6H4) 7.07, 7.10 ppm
(d, 4H; 3J(H,H)� 8.7 Hz, C6H4); 13C{1H} NMR (126 MHz, (CD3)2CO): ��
29.4 (CH2), 36.4 (CCH2), 55.1 (CH3), 55.9 (HCcarboranyl), 68.2 (CCcarboranyl),
113.0, 113.1, 134.1, 134.3, 159.1, 159.2 ppm (C6H4); 11B{1H} NMR (160 MHz,
(CH3)2CO): ���13.2 (12B), �9.2 (4B), 5.2 (2B), 8.0 ppm (2B); HRMS
(EI): calcd for 12C35


1H52
11B20


16O4: 753.5863; found:m/z : 753.5876 [M�] (��
1.3 mmu).


Synthesis of cyclic tetramer 27a and cyclic hexamer 27b : n-Butyllithium
(2.65 mL, 6.64 mmol, 2.5� in hexane) was added dropwise to a solution of
20b (2.38 g, 3.16 mmol) in THF (50 mL) at 0 �C. After stirring for 4 h, 1,3-
dibromopropane (0.32 mL, 3.16 mmol) was added, and the solution was
refluxed for 12 h. The solvent was removed in vacuo, the residue was
dissolved in CH2Cl2 (50 mL) and washed with water (100 mL). The aqueous
layer was extracted with CH2Cl2 (3� 20 mL) and the combined organic
phase was washed with water and dried over magnesium sulfate. Removal


of the solvent afforded a slightly yellow solid, which was purified by
crystallization from acetone yielding 27a (1.73 g, 69%) and traces of the
cyclic hexamer 27b.


27a : M.p. �300 �C; 1H NMR (500 MHz, (CD3)2CO): �� 1.92 (br, 8H;
CH2), 2.0 ± 2.9 (br, 32H; BH), 2.60 (br, 16H; CCH2), 3.67 (s, 24H; CH3),
6.63 (d, 3J(H,H)� 8.7 Hz, 16H; C6H4), 7.07 ppm (d, 3J(H,H)� 8.7 Hz, 16H;
C6H4); 13C NMR (100 MHz, (CD3)2CO): �� 31.7 (CH2), 33.8 (CCH2), 55.2
(CH3), 74.1 (Ccarboranyl), 113.7, 134.9, 160.1 ppm (C6H4); 11B{1H} NMR
(160 MHz (CH3)2CO): ���9.7 (32B), 7.2 ppm (8B); MS (positive ion
FAB): calcd for C114H168B60O12: 1586.1; found: m/z : 1586.4 [M�].


27b : MS (positive ion FAB): calcd for C114H168B60O12: 2379.8; found: m/z :
2379.81 [M�].


Synthesis of octahydroxy cyclic tetramer 31a : BBr3 (17.55 mL, 17.55 mmol,
1� in CH2C12) was added dropwise to a solution of 27a (1.16 g, 0.73 mmol)
in CH2Cl2 (30 mL) at 0 �C. After stirring for 12 h the solvent was removed,
the residue was quenched slowly with water (10 mL), and the mixture was
stirred vigorously for 20 min. The resulting solid was then filtered, washed
with water (3� 15 mL), and finally crystallized from acetone to yield 31a
(0.86 g, 80%) as a colorless crystalline solid. M.p. �300 �C; 1H (500 MHz,
(CD3)2CO): �� 1.91(br, 8H; CH2), 1.9 ± 2.9 (br, 32H; BH), 2.53 (br, 16H;
CCH2), 6.56 (d, 3J(H,H)� 8.4 Hz, 16H; C6H4), 7.00 (d, 3J(H,H)� 8.4 Hz,
16H; C6H4), 8.15 ppm (s, 8H; OH); 13C{1H} NMR (126 MHz, (CD3)2CO):
�� 31.9 (CH2), 33.8 (CCH2), 74.2 (Ccarboranyl), 115.0, 134.9, 157.4 ppm
(C6H4); 11B{1H} NMR (160 MHz, (CH3)2CO): ���9.0 (32B), 8.0 ppm
(8B); MS (positive ion FAB): calcd for C68H96B40O8: 1474.1; found: m/z :
1473.9 [M�],.


Synthesis of water-soluble cyclic tetramer 32a : n-Butyllithium (0.337 mL,
0.842 mmol, 2.5� in hexane) was added dropwise to a solution of 31a
(0.146 g, 0.099 mmol) in DMSO (20 mL) at 0 �C. After stirring this mixture
for 12 h, 1,3-sultone (0.074 mL, 0.842 mmol) was added, and the mixture
was stirred for an additional 2 days. The solvent was then removed, and the
residue was triturated with acetone to give a yellowish solid, which was
subjected to RP-HPLC (Beckman System Gold, 168 detector, 126 pump;
C18-Dynamax-150a) under a H2O/CH3CN solvent gradient to recover 32a
(0.091 g, 37%) as a white solid. M.p. �300 �C; 1H NMR (500 MHz,
CD3OD): �� 1.8 (br, 8H; CH2), 1.9 ± 2.9 (br, 32H; BH), 2.18 (m, 16H;
CH2CH2SO3Li), 2.4 (br, 16H; CCH2), 2.94 (t, 3J(H,H)� 7.7 Hz, 16H;
CH2SO3Li), 4.01 (t, 3J(H,H)� 6.2 Hz, 16H; CH2CH2CH2SO3Li), 6.64,
7.05 ppm (d, 3J(H,H)� 8.4 Hz, 16H; C6H4); 13C{1H} NMR (126 MHz,
(CD3OD): �� 26.5 (CH2CH2SO3Li), 32.3 (CH2), 34.1 (CCH2), 62.0
(CH2SO3Li), 67.5 (OCH2CH2CH2SO3Li), 74.4 (Ccarboranyl), 114.6, 135.4,
159.8 ppm (C6H4); 11B{1H} NMR (160 MHz, D2O): ���10.3 (32B),
6.1 ppm (8B). MS (negative mode electrospray, CH3CN/H2O 1:1): calcd
for C92H144B40O22S8:[37] 611.8, 815.8; found: m/z : 611.9 [M�4H]4�, 815.9
[M�3H�]5�.


1-(tert-butyldimethylsilyl)-9,12-diphenyl-1,2-carborane (25): Compound 25
was prepared by following the procedure described for the synthesis of 19
to yield 6.79 g (98%) as a waxy white solid. 1H (400 MHz, CDCl3): �� 0.33
(s, 6H; SiCH3), 1.11 (s, 9H; CCH3), 1.9 ± 3.2 (br, 8H; BH), 3.58 (s, 1H; CH),
7.17 (m, 6H; C6H5), 7.29 ppm (m, 4H; C6H5); 13C{1H} NMR (126 MHz,
CDCl3): ���4.4 (SiCH3), 19.3 (SiC), 27.0 (CCH3), 55.2 (HCcarboranyl), 59.3
(SiCcarboranyl), 126.81, 126.84, 127.1, 132.7, 132.8 ppm (C6H5); 11B{1H} NMR
(160 MHz, CDCl3): ���14.6 (2B), �12.3 (2B), �10.7 (2B), �6.8 (2B),
8.6 (1B), 10.5 ppm (1B); HRMS (EI): calcd for 12C20


1H34
11B10


28Si: 410.3444;
found: m/z : 410.3447 [M�] (�� 0.3 mmu).


1,4-Bis(2�-[tert-butyldimethylsilyl]-9�,12�-diphenyl-1�,2�-carboranyl)butane
(26a): Compound 26a was prepared by following the procedure described
for the synthesis of 20a to yield 5.71 g (82%) as a waxy white solid. 1HNMR
(500 MHz, (CD3)2CO): �� 0.44 (s, 12H; SiCH3), 1.13 (s, 18H; CCH3), 1.9 ±
3.0 (br, 16H; BH), 1.69 (m, 4H; CH2), 2.51 (m, 4H; CCH2), 7.04 ± 7.08 (m,
12H; C6H5), 7.19 ppm (m, 6H; C6H5); 13C{1H} NMR (126 MHz,
(CD3)2CO): �� 2.2 (SiCH3), 21.0 (SiC), 27.9 (CCH3), 30.8 (CH2), 37.3
(CCH2), 70.7 (SiCcarboranyl), 77.7 (CCcarboranyl), 127.5, 127.6, 127.8, 127.9, 133.4,
133.7 ppm (C6H4); 11B{1H} NMR (160 MHz, (CH3)2CO): �� (10.1 (12B),
7.2 (4B), 6.8 (2B), 10.3 ppm (2B); HRMS (negative ion FAB): calcd for
12C44


1H74
11B20


28Si2: 875.7335; found: m/z : 875.7330 [M�], (�� 0.5 mmu).


1,4-Bis(9�,12�-diphenyl-1�,2�-carboranyl)butane (26b): Compound 26b was
prepared by following the procedure described for the synthesis of 20b to
yield 3.34 g (98%) as a waxy white solid. 1H NMR (500 MHz, (CD3)2CO):
�� 1.65 (m, 4H; CH2), 1.9 ± 3.0 (br, 16H; BH), 2.51 (m, 4H; CCH2), 7.05
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(m, 6H; C6H5), 7.16 ppm (m, 4H; C6H5); 13C{1H} NMR (126 MHz,
(CD3)2CO): �� 29.8 (CH2), 37.3 (CCH2), 57.9 (HCcarboranyl), 71.2 (CCcarbor-


anyl), 127.47, 127.50, 127.7, 133.6, 133.9 ppm (C6H5); 11B{1H} NMR (160 MHz,
(CH3)2CO): ���12.3 (8B), �10.7 (4B), �8.6 (4B), 5.7 (2B), 8.5 ppm
(2B); HRMS (EI): calcd for 12C32


1H46
11B20: 647.5594; found: m/z : 647.5576


[M�] (�� 1.8 mmu).


Synthesis of cyclic tetramer 28a and cyclic hexamer 28b : n-Butyllithium
(3.09 mL, 7.72 mmol, 2.5� in hexane was added dropwise to a solution of
26b (2.38 g, 3.67 mmol) in THF (50 mL) at 0 �C. After stirring for 4 h at
room temperature, 1,4-dibromobutane (0.44 mL, 3.67 mmol) was added,
and the solution was refluxed for 2 days. The reaction mixture was then
washed with brine, the aqueous layer was extracted with diethyl ether (3�
50 mL), and the combined organic layers were dried over anhydrous
magnesium sulfate. The solvent was removed under vacuum providing a
slightly yellow solid which was recrystallized in acetone to give 2.03 g
(79%) of crystalline 28a and traces of 28b.


28a : M.p. �300 �C; 1H NMR (500 MHz, CDCl3): �� 1.92 (m, 8H; CH2),
2.0 ± 2.9 (br, 32H; BH), 2.24 (br, t, 3J(H,H)� 8.7 Hz, 16H; CCH2), 3.67 (s,
24H; CH3), 7.12 (m, 24H; C6H4), 7.20 ppm (m, 16H; C6H4); 13C NMR
(100 MHz, CDCl3): �� 30.3 (CH2), 34.2 (CCH2), 72.2 (Ccarboranyl), 127.4,
127.5, 133.1 ppm (C6H5); 11B{1H} NMR (160 MHz, (CH3)2CO): ���10.5
(32B), 6.4 ppm (8B); MS (positive ion FAB): calcd for C72H104B40: 1402.1;
found: m/z : 1403.1 [M��H].


28b : MS (positive ion FAB): calcd for C108H156B60: 2103.1; found: m/z :
2104.1 [M��H],.


1,6-Bis(2�-(tert-butyldimethylsilyl)-9�,12�-di(4-methoxyphenyl)-1�,2�-carbor-
anyl)hexane (21a): n-Butyllithium (0.92 mL, 2.29 mmol, 2.5� in hexane)
was added dropwise to a solution of 19 (1.03 g, 2.18 mmol) in THF
(100 mL) at 0 �C. The mixture was allowed to warm to room temperature
and was stirred for 4 h, after which 1,6-dibromohexane (0.18 mL,
1.13 mmol) was added. After refluxing for 8 h, the solution was washed
with brine, the aqueous layer was extracted with diethyl ether (3� 50 mL),
and the combined organic layers were dried over magnesium sulfate. The
solvent was removed under vacuum and the residue was subjected to flash
silica gel chromatography with CH2Cl2/pentane (3:1) as the eluting solvent
to yield 21a as a white solid (0.91 g, 81%). M.p. 218 ± 220 �C; 1H NMR
(500 MHz, (CDCl3): �� 0.36 (s, 12H; SiCH3), 1.09 (s, 18H; CCH3), 1.25 (br,
4H; CH2), 1.55 (br, 4H; CH2), 2.26 (t, 3J(H,H)� 8.4 Hz, 4H; CCH2), 1.9 ±
3.0 (br, 16H; BH), 3.72, 3.73 (s, 3H; CH3), 6.67, 6.68 (d, 4H; 3J(H,H)�
8.7 Hz, C6H4), 7.13, 7.14 ppm (d, 4H; 3J(H,H)� 8.7 Hz, C6H4); 13C{1H}
NMR (126 MHz, CDCl3): ���2.1 (SiCH3), 20.6 (SiC), 27.8 (CCH3), 29.3,
30.5 (CH2), 37.2 (CCH2), 55.1, 55.12 (CH3), 68.7(SiCcarboranyl), 75.7 (CCcarbor-


anyl), 113.01, 113.02, 133.9, 134.3, 158.9, 159.0 ppm (C6H4); 11B{1H} NMR
(160 MHz, CDCl3): ���10.2 (12B), �7.2 (4B), 6.7 (2B), 10.3 (2B); MS
(positive ion FAB): calcd for C50H86B20O4Si2 1023.6; found: m/z : 1024.0
[M�].


1,6-Bis(9�,12�-di(4-methoxyphenyl)-1�,2�-carboranyl)hexane (21b): Com-
pound 21b was prepared by following the procedure described for the
synthesis of 20b to yield 0.26 g (90%) as a white solid. 1H (500 MHz,
CDCl3): �� 1.29 (m, 4H; CH2), 1.52 (m, 4H; CH2), 2.28 (t, 3J(H,H)�
8.6 Hz, 4H; CCH2), 1.9 ± 3.0 (br, 16H; BH), 3.60 (s, 2H; CH), 3.72, 3.73 (s,
3H; CH3), 6.67, 6.69 (d, 3J(H,H)� 8.7 Hz, 4H; C6H4), 7.12, 7.14 ppm (d,
3J(H,H)� 8.7 Hz, 4H; C6H4); 13C{1H} NMR (126 MHz, CDCl3): �� 28.8,
29.5 (CH2), 37.5 (CCH2), 55.12, 55.13 (CH3), 55.8 (HCcarboranyl), 69.5
(CCcarboranyl), 113.07, 113.08, 134.17, 134.39, 159.10, 159.12 ppm (C6H4);
11B{1H} NMR (160 MHz, CDCl3): ���12.9 (12B), �9.0 (4B), 5.2 (2B),
8.1 ppm (2B); HRMS (EI): calcd for 12C38


1H58
11B20


16O4: 795.6335; found:
m/z : 795.6331 [M�] (�� 0.4 mmu).


1,8-Bis(2�-(tert-butyldimethylsilyl)-9�,12�-di(4-methoxyphenyl)-1�,2�-carbor-
anyl)octane (22a): Compound 22a was prepared by following the
procedure described for the synthesis of 21a to yield 1.01 g (90%) as a
white solid; M.p. 238 ± 240 �C; 1H NMR (500 MHz, (CDCl3): �� 0.36 (s,
12H; SiCH3), 1.09 (s, 18H; CCH3), 1.25 (br, 8H; CH2), 1.53 (br, 4H; CH2),
1.9 ± 3.0 (br, 16H; BH), 2.26 (t, 3J(H,H)� 8.5 Hz, 4H; CCH2), 3.72, 3.73 (s,
6H; CH3), 6.68, 6.71 (d, 3J(H,H)� 8.6 Hz, 4H; C6H4), 7.13 ppm (d,
3J(H,H)� 8.6 Hz, 8H; C6H4); 13C{1H} NMR (126 MHz, CDCl3): ���2.1
(SiCH3), 20.6 (SiC), 27.8 (CCH3), 29.2, 29.4, 30.5 (CH2), 37.3 (CCH2), 55.1,
55.12 (CH3), 68.8(SiCcarboranyl), 76.0 (CCcarboranyl), 113.0, 113.02, 133.9, 134.3,
158.9, 159.0 ppm (C6H4); 11B{1H} NMR (160 MHz, CDCl3): ���10.3


(12B), �7.3 (4B), 6.6 (2B), 10.2 ppm (2B); MS (positive ion FAB): calcd
for C52H90B20O4Si2: 1051.6; found: m/z : 1053.1 [M��H].


Synthesis of 1,8-Bis(9�,12�-di(4-methoxyphenyl)1�,2�-carboranyl)octane
(22b): Compound 22b was prepared following the procedure described
for the synthesis of 20b to yield 0.65 g (87%) as a white solid. M.p. 196 ±
198 �C; 1H NMR (400 MHz, (CDCl3): �� 1.28 (br, 8H; CH2), 1.5 (br, 4H;
CH2), 1.9 ± 3.0 (br, 16H; BH), 2.28 (t, 3J(H,H)� 8.6 Hz, 4H; CCH2), 3.60 (s,
2H; CH), 3.73, 3.74 (s, 6H; CH3), 6.68, 6.70 (d, 3J(H,H)� 8.6 Hz, 4H;
C6H4), 7.13, 7.15 ppm (d, 3J(H,H)� 8.6 Hz, 4H; C6H4); 13C{1H} NMR
(100 MHz, CDCl3): �� 29.0, 29.1, 29.5 (CH2), 37.5 (CCH2), 55.1, 55.12
(CH3), 55.7 (HCcarboranyl), 69.7 (CCcarboranyl), 113.0, 134.2, 134.4, 159.06,
159.08 ppm (C6H4); 11B{1H} NMR (160 MHz, CDCl3): ���13.1 (12B),
�9.1 (4B), 5.1 (2B), 8.1 ppm (2B).


Synthesis of cyclic dimer 29c and cyclic tetramer 29a : n-Butyllithium
(0.51 mL, 1.17 mmol, 2.3� in hexane) was added dropwise to a solution of
22b (0.459 g, 0.558 mmol) in THF (30 mL) at 0 �C. After stirring for 4 h at
room temperature 1,8-dibromooctane (0.32 mL, 3.16 mmol) was added,
and the solution was refluxed for 2 days. Then the reaction mixture was
washed with brine, the aqueous layer was extracted with diethyl ether (3�
50 mL), and the combined organic layers were dried over anhydrous
magnesium sulfate. The solvent was removed under vacuum providing a
white solid which was recrystallized in acetone to give 185 mg (71%) of 29c
and 47 mg (9%) of 29a.


29c : 1H (500 MHz, CDCl3): �� 1.34 (m, 16H; CH2), 1.58 (m, 8H; CH2),
1.9 ± 3.1 (br, 16H; BH), 2.25 (t, 3J(H,H)� 8.6 Hz, 8H; CCH2), 3.73 (s, 12H;
CH3), 6.68 (d, 3J(H,H)� 8.6 Hz, 8H; C6H4), 7.14 ppm (d, 3J(H,H)� 8.6 Hz,
8H; C6H4); 13C{1H} NMR (126 MHz, CDCl3): �� 28.2, 28.9, 29.4 (CH2),
34.4 (CCH2), 55.1 (CH3), 73.9 (Ccarboranyl), 113.0, 134.3, 159.0 ppm (C6H4);
11B{1H} NMR (160 MHz, CDCl3): ���10.0 (16B), 5.9 ppm (4B); MS
(positive ion FAB): calcd for C48H76B20O4: 933.35; found:m/z : 933.24 [M�].


29a : 1H (500 MHz, CDCl3): �� 1.31 (br, 32H; CH2), 1.56 (br, 16H; CH2),
1.9 ± 3.1 (br, 32H; BH), 2.20 (t, 3J(H,H)� 8.6 Hz, 16H; CCH2), 3.72 (s,
24H; CH3), 6.68 (d, 3J(H,H)� 8.6 Hz, 16H; C6H4), 7.13 ppm (d, 3J(H,H)�
8.6 Hz, 16H; C6H4); 13C{1H} NMR (126 MHz, CDCl3): �� 29.2, 29.4, 30.0
(CH2), 34.6 (CCH2), 55.1 (CH3), 73.8 (Ccarboranyl), 113.1, 134.3, 159.1 ppm
(C6H4); 11B{1H} NMR (160 MHz, CDCl3): ���10.1 (16B), 6.1 ppm (4B);
MS (positive ion FAB): calcd for C96H152B40O8: 1866.70; found: m/z :
1867.85 [M��H].


4,4�-Bis[(2�-(tert-butyldimethylsilyl)-9�,12�-di(4-methoxyphenyl)-1�,2�-car-
boranyl)methyl]-4,4�-biphenylene (23a): Compound 23a was prepared by
following the procedure described for the synthesis of 21a. Final
purification was achieved by chromatography on silica gel with CH2Cl2/
pentane (3:2) as the eluting solvent to yield 23a as a white solid (58 mg,
80%). 1H NMR (500 MHz, CDCl3): �� 0.51 (s, 12H; SiCH3), 1.21 (s, 18H;
CCH3), 1.9 ± 3.0 (br, 16H; BH), 3.61 (s, 4H; CCH2), 3.69, 3.73 (s, 6H; CH3),
6.62, 6.67 (d, 3J(H,H)� 8.6 Hz, 4H; BC6H4), 7.03, 7.12 (d, 3J(H,H)� 8.6 Hz,
4H; BC6H4), 7.26, 7.53 ppm (d, 3J(H,H)� 8.6 Hz, 4H; CH2C6H4); 13C{1H}
NMR (126 MHz, CDCl3): ���1.8 (SiCH3), 20.8 (SiC), 27.9 (CCH3), 42.7
(CH2), 55.04, 55.07 (CH3), 67.9 (SiCcarboranyl), 75.8 (CCcarboranyl), 112.9, 112.96,
133.9, 134.3, 158.92, 158.95 (BC6H4), 127.5, 130.5, 135.3, 140.2 ppm
(CH2C6H4); 11B NMR (160 MHz, CDCl3): ���10.4 (12B), �7.5 (4B),
6.8 (2B), 10.3 ppm (2B); MS (positive ion FAB): calcd for C58H86B20O4Si2:
1119.8; found: m/z : 1119.6 [M�].


4,4�-Bis[(9�,12�-di(4-methoxyphenyl)-1�,2�-carboranyl)methyl]-4,4�-biphe-
nylene (23b): Compound 23b was prepared by following the procedure
described for the synthesis of 20b to yield 1.52 g (91%) as a white solid.
M.p. 293 ± 295 �C; 1H NMR (400 MHz, CDCl3): �� 1.9 ± 3.0 (br, 16H; BH),
3.35 (s, 2H; CH), 3.67 (s, 4H; CCH2), 3.71, 3.73 (s, 6H; CH3), 6.66, 6.69 (d,
3J(H,H)� 8.7 Hz, 4H; BC6H4), 7.10, 7.13 (d, 3J(H,H)� 8.7 Hz, 4H; BC6H4),
7.28, 7.61 ppm (d, 3J(H,H)� 8.7 Hz, 4H; CH2C6H4); 13C{1H} NMR
(100 MHz, CDCl3): �� 42.7 (CH2), 55.11, 55.13 (CH3), 54.2 (HCcarboranyl),
77.4 (CCcarboranyl), 113.06, 113.08, 134.2, 134.4, 159.1, 159.13 (BC6H4), 127.8,
130.6, 135.9, 140.4 ppm (CH2C6H4); 11B{1H} NMR (160 MHz, CDCl3): ��
�10.4 (12B), �7.5 (4B), 6.8 (2B), 10.3 ppm (2B); HRMS (EI): calcd for
12C46


1H58
11B20


16O4: 891.6340; found: m/z : 891.6328 [M�] (�� 1.2 mmu).


�,��-Bis(2�-(tert-butyldimethylsilyl)-9�,12�-di(4-methoxyphenyl)-1�,2�-car-
boraniyl)lutidine (24a): Compound 24a was prepared by following the
procedure described for the synthesis of 21a with the exception that the
time at reflux was extended to 2 days. Purification by chromatography on
silica gel with toluene/CH2Cl2 (3:1) as the eluting solvent led to 24a as a
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white solid (0.90 g, 81%). M.p. 246 ± 247 �C; 1H NMR (400 MHz,
(CD3)2CO): �� 0.58 (s, 12H; SiCH3), 1.25 (s, 18H; CCH3), 1.9 ± 3.1 (br,
16H; BH), 3.64, 3.67 (s, 6H; CH3), 3.91 (s, 4H; CH2), 6.57, 6.64 (d,
3J(H,H)� 8.7 Hz, 4H; C6H4), 6.99, 7.10 (d, 43J(H,H)� 8.6 Hz, H; C6H4),
7.31 (d, 2H; 3J(H,H)� 7.7 Hz, C5H3N), 7.71 ppm (t, 3J(H,H)� 7.7 Hz, 1H;
C5H3N); 13C{1H} NMR (100 MHz, (CD3)2CO): ���1.83 (SiCH3), 21.2
(SiC), 28.2 (CCH3), 45.0 (CH2), 55.0 (CH3), 68.9 (SiCcarboranyl), 75.7
(CCcarboranyl), 113.51, 113.53, 134.5, 134.8, 159.8, 159.9 (C6H4), 124.8, 138.7,
156.9 ppm (C5H3N); 11B{1H} NMR (160 MHz, THF): ���10.6 (12B),
�7.8 (4B), 6.6 (2B), 9.9 ppm (2B); MS (positive ion FAB): calcd for
C51H81B20NO4Si2: 1044.89; found: m/z : 1044.6 [M�].


�,��-Bis(9�,12�-di(4-methoxyphenyl)-1�,2�-carboraniyl)lutidine (24b): Com-
pound 24b was prepared by following the procedure described for the
synthesis of 20b. Purification by chromatography on silica gel with CH2Cl2
as the eluting solvent led to 24b as a white solid (683 mg, 99%). 1H NMR
(400 MHz, (CD3)2CO): �� 1.9 ± 3.0 (br, 18H; BH), 3.66, 3.67 (s, 6H; CH3),
3.94 (s, 4H; CH2), 4.79 (s, 2H; CH), 6.63, 6.64 (d, 3J(H,H)� 8.7 Hz, 4H;
C6H4), 7.06, 7.07 (d, 3J(H,H)� 8.4 Hz, 4H; C6H4), 7.44 (d, 3J(H,H)� 7.7 Hz,
2H; C5H3N), 7.88 ppm (t, 3J(H,H)� 7.7 Hz, 1H; C5H3N); 13C{1H} NMR
(100 MHz, (CD3)2CO): �� 44.7 (CH2), 55.1 (CH3), 56.1 (HCcarboranyl), 69.5
(CCcarboranyl), 113.55, 113.57, 134.7, 134.9, 159.98, 160.0 (C6H4), 124.9, 139.3,
156.7 ppm (C5H3N); 11B{1H} NMR (160 MHz, (CH3)2CO): ���11.4
(12B), �8.9 (4B), 6.6 (2B), 9.4 ppm (2B); HRMS (EI): calcd for
12C39


1H53
11B20


14N1
16O4: 815.6004; found:m/z : 815.5965 [M�] (�� 3.9 mmu).


Synthesis of cyclic tetramer 30a : n-Butyllithium (0.237 mL, 0.592 mmol,
2.5� in hexane) was added dropwise to a solution of 24b (230 mg,
0.28 mmol) in THF (30 mL) at 0 �C. After stirring for 4 h at room
temperature, �,��-dibromo-2,6-lutidine (73 mg, 0.28 mmol) was added, and
the solution was refluxed for 2 days. Then the reaction mixture was washed
with brine, the aqueous layer was extracted with diethyl ether (3� 50 mL),
and the combined organic layers were dried over anhydrous magnesium
sulfate. The solvent was removed under vacuum providing a white solid,
which was recrystallized in CH2Cl2/THF to give 52 mg (10%) of 30a ;
1H NMR (400 MHz, (CD3)2CO): �� 3.65 (s, 24H; CH3), 6.66, 7.04 (d,
3J(H,H)� 8.1 Hz, 32H; C6H4), 7.25, 7.77 ppm (br, 12H; C5H3N); 13C{1H}
NMR (100 MHz, (CD3)2CO): �� 43.1 (CH2), 55.2 (CH3), 113.7, 134.8, 160.1
(C6H4), 125.0, 139.0, 157.0 ppm (C5H3N); 11B{1H} NMR (160 MHz,
(CH3)2CO): ���9.2 (32B), 7.0 ppm (8B); MS (positive ion FAB): calcd
for C92H116B40N4O8: 1838.28; found: m/z : 1838.28 [M�].


X-ray crystallography. A summary of the crystallographic data and details
of the structure determinations is given in Tables 1 and 2. Data were
collected on a Bruker Smart CCD diffractometer (27a, 28b, 30a) (MoK�


radiation, �� 0.71073 ä, �� 2� scans), a Syntex-P1≈ diffractometer (1, 12,
28a) (CuK� radiation, �� 1.5418 ä, �� 2� scans), and a Huber Crystal
Logic (3, 6) diffractometer (MoK� radiation, �� 2� scans). Data were
corrected for Lorentz and polarization effects, and for secondary extinc-
tion. The structures were solved by direct methods and refined by full-
matrix least-squares methods based on F 2 (SHELX93 and 86). In all
structures atoms were located by use of direct methods. Scattering factors
for H were obtained from Stewart et al.[38] and for other atoms were taken
from ref. [39] CCDC-202913 (1), CCDC-202914 (3), CCDC-202915 (6),
CCDC-202916 (12), CCDC-202917 (27a), CCDC-202918 (28a), CCDC-
202919 (28b), CCDC-202920 (30a) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.ac.uk).
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The Carbon Skeleton of the Belt Region of Fullerene C84 (D2)


Wolf Dietrich Neudorff,*[a] Dieter Lentz,[b] Maribel Anibarro,[b] and A. Dieter Schl¸ter*[a]


Abstract: The synthesis and structural
characterization of the double-stranded
carbon skeleton in the belt region of a
C84 fullerene has been achieved. The
synthetic methodology used is based on
cyclic dimerization of diastereomeric
AB-type monomers 18 by a non-diaste-
reospecific Diels ±Alder reaction with
isobenzofuran and acenaphthylene
groups as reactive termini. Four dia-
steromeric monomer precursors 17 were
prepared for the first time by the use of
dihydropyracylene (12) in a multistep


synthesis. The synthesis of dihydropyr-
acylene itself has been optimized to the
degree that it is now available on the
10 g scale. The belt-shaped macrocycle
19, obtained from dimerization of the
monomers 17, could be partly aromat-
ized by an acid-catalyzed dehydration
reaction to give 23, which differs from


the fully unsaturated belt by two ™wa-
ter∫ molecules. Semiempirical AM1 cal-
culations of the electronic and thermo-
dynamic properties of cyclic fluoran-
thenes revealed strain energy as the
essential reason for the incomplete ar-
omatization of 19. The structures of the
macrocycles 19 and 23, one of the
monomer precursors, and two diastereo-
meric epoxybenzo[k]fluoranthenes were
elucidated by single-crystal X-ray crys-
tallography.


Keywords: arenes ¥ cyclooligomeri-
zation ¥ Diels ±Alder reaction ¥
macrocycles ¥ strain


Introduction


The synthesis of double-stranded polymers by poly-Diels ±
Alder (DA) addition[1] is occasionally accompanied by the
formation of cyclic dimers and trimers.[2] If linear oligomers
attain conformations, during the first growth steps, that allow
a facile ring closure, cyclization can evidently compete with
linear growth. In certain cases, conditions can be found under


which cyclization becomes the main reaction. Double-strand-
ed cycles have always been appealing synthesis targets, for
example, to study orbital interactions and host ± guest phe-
nomena. Compounds with all-carbon skeletons, which are
potential precursors of [n]cyclacenes (1) and [n]beltenes (2),


were of special interest for a couple of years.[2, 3] All attempts
to generate [n]cyclacenes failed, presumably because of their
predicted high reactivity.[4] According to density functional
calculations, for example, they should have a triplet ground
state.[5] In a sense, cyclacenes resemble the infinite, hypo-
thetical polyacene.


Recently attempts to obtain less reactive, yet still double-
stranded cycles were reported and the near future will show
whether they can be converted into their respective unsatu-
rated analogues.[6] Though not applied in all cases, the main
synthetic tool is a electrocyclic ring-closure reaction, such as a
Diels ±Alder reaction. Attempts were made to develop
rational syntheses for representatives, the most developed
being the so-called ™substrate-directed synthesis∫ by Stoddart
and co-workers.[3a] This attempt is also based upon DA
chemistry; it utilizes bifunctional components with appropri-
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Supporting information for this article is available on the WWWunder
http://www.wiley-vch.de/home/chemistry/ or from the author. It con-
tains a) a suggestion for a nomenclature system for ™fluoranthene-like∫
PAHs (SI Chart 1), b) AM1-calculated properties of [2.2.q]circocenes,
[2.q :2.q� 1]circocenes, [2.2.q]fluoranthenes, [2.q :2.q� 1]fluoranthenes
with q� 1 ± 5 and q� 1� 0, [n]cyclacenes with n� 4 ± 16 (SI Tables 1 ±
3); c) AM1-calculated gas-phase PAs of circocenes for different sites of
protonation (SI Chart 2); d) List of structures (with �Hf values) used to
calculate the MSE of Ar (SI Charts 3 and 4); e) Calculated MSEs and
dehydration enthalpies for series Ar, Cr and a second set Br, Dr (SI
Figure 1, SI Tables 4 and 5); f) 1H NMR spectra of 16 (SI Figure 2);
g) 1H NMR spectra of 17 (SI Figure 3); h) NMR spectra of the reaction
19 � 27 � 19 (SI Figure 4).
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ate curvature and high endo ± exo stereoselectivity, and also
allows for a predictable cyclization to occur. None of the
double-stranded cycles with an all-carbon frame available
nowadays can be completely converted into their fully
unsaturated analogues yet. Some time ago, we showed that
a complete aromatization of DA polymers can be achieved
when this process leads to macromolecules with fullerene-like
structural elements, as in 3 and 4.[7] The incorporation of peri-
condensed naphthalene units with two adjacent five-mem-
bered rings considerably stabilizes the resulting polycyclic


aromatic compounds (PAHs) compared with PAHs with a
polyacene structure. This was a motivation for us to develop a
synthetic strategy towards double-stranded cycles whose
carbon skeletons resembles the belt-regions of fullerenes
(here: C84 fullerene with D2 symmetry) and can thus serve as
potential precursors for the unsaturated analogues. Other
strategies for fragments of fullerene structures have recently
appeared.[8] Here we report on the synthesis of the carbon
skeleton of the equator region of fullerene C84 by cyclo-
dimerization of in-situ-generated isobenzofuran AB-type
Diels ±Alder (DA) monomers, X-ray characterization of the
cyclization product, first steps toward aromatization, and the
influence of strain energy on the outcome of the aromatiza-
tion.


Results and Discussion


The polymerization of the in-situ-prepared AA-type DA
monomer 5 with its BB-counterpart 6, which leads to a
substituted version of polymer 4, is not accompanied by
cyclization. Only linear structures are formed according to gel


O OO


R1


R1


R2


R2


R3 R3


R3R3


57


6


R1 =- (CH2)12 - ; -COOC12H25 ; -C6H4-C12H25
R2 = -C6H13                            R3 = - (CH2)12 -


permeation chromatography (GPC) of the raw material.[7b]


Evidently the distance between the respective two termini is
not commensurable, and the attainment of a curved con-
formation of 6 is too costly in terms of energy for a cyclic 1:1
adduct to form. The stereoselectivity of the DA reaction
between a acenaphthylene dienophile and an isobenzofuran-
type diene is low. The formation of a cyclic 2:2 adduct is,
therefore, unlikely to occur under step-growth conditions.
AB-type monomer 7, which proved very successful in
polymerizations to give derivatives of polymer 3,[7a,c] did not
seem to be a good candidate either. In contrast to other
cyclopentadienones, such as tetracyclone and phencyclone,[9]


carbonyl-containing adducts of cyclopentene-fused cyclopen-
tadienones are stable only under special conditions.[10] Thus, it
is reasonable to assume that, upon self-condensation of two
molecules of 7, carbon monoxide is eliminated faster than the
second condensation step and that cyclization can take place.
After carbon monoxide elimination, the attainment of a
curved conformation again is too costly to form a cyclic dimer.
Cycles with more than two units of 7 are unlikely to form for
probability reasons.


We therefore developed the route to building block 18
(Scheme 3), which should give cycle 19 upon dimerization.
This route combines the following features:
1) According to model studies, dimers of 18 with the correct


stereochemistry should react to give an unstrained 1:1
cycle.


2) The shape of the open-chain dimer, unlike 7, remains
unchanged until cyclization occurs.


3) The ether bridges in the oxanorbornene units of the cycle
19 can potentially be removed under aromatization,
namely, by dehydration.
Dihydropyracylene 12 (Scheme 1) was selected as the


source of the naphthalene unit and the adjacent five-
membered rings of the target cycle 19. Compound 12 is


R R


a, b, c


8 9a R = -Br
9b R = -CH2OH
9c R = -CH2Br


d


e


101112


2 Li+


Scheme 1. Synthesis of dihydropyracylene 12. a) NBS/DMF; b) BuLi,
paraformaldehyde; c) PBr3; d) PhLi; e) BuLi/TMEDA, [CuII(acac)2].


known;[11] however, it has not been used in synthetic
chemistry, presumably because of its limited accessibility.
Only its deprotonation has been studied so far.[12] To make
larger quantities of this hydrocarbon available, a route was
devised which is similar to the one developed by Trost et al.[11c]
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However, diol 9b was prepared through the intermediate
dibromide 9a, which is readily available from direct bromi-
nation of acenaphthene 8;[13] this saves two steps. The final
dehydrogenation reaction from 10 to 12 with dichlorodicyano
p-benzoquinone (DDQ) was reported to proceed with 42%
yield. Despite numerous attempts, we were unable to
reproducibly achieve yields higher than 10 ± 15%. Therefore,
we decided to synthesize compound 12 via 11 by a dilithiation/
oxidation sequence.[14] Dianion 11 was obtained by depro-
tonation with a slight excess of butyl lithium in the presence of
tetramethylethylene diamine (TMEDA) and oxidized with
Cu(��) acetylacetonate [Cu(acac)2]. These reactions are easy to
perform and gave compound 12 in 70 ± 75% yield on the 10 g
scale. Evidence for the stabilization of dianion 11 as a
cyclopentadienyl ± allyl system is provided by a dinuclear
iron carbonyl complex of acenaphthylene.[15] These modifi-
cations rendered this important hydrocarbon a syntheti-
cally accessible compound and its chemistry can now be ex-
plored.


The synthesis of the AB-type DA-monomer precursors 17 is
shown in Scheme 2. Under standard conditions, compound 12
and the isobenzofuran precursor 13[16] gave the endo and exo
isomers of 14 in a ratio of 4:1 (1H NMR) and a total yield
�90%. They were separated on the 10 g scale by column
chromatography and obtained as analytically pure com-
pounds. Subsequent dehydrogenation to 15 was carried out
with DDQ and proceeded reproducibly with yields of 70 ±
80%. Both diastereomers of 15 were now independently
subjected to furan addition[17] to furnish the four diastereo-
meric oxanorbornenes 16 in the following ratios: endo-
syn:endo-anti� 1.5:1 and exo-syn:exo-anti� 1:1 (1H NMR).
The yields of the final tetraphenylcyclopentadienone (tetra-
cyclone) additions to the oxanorbornenes 16 to give 17 were
not quite as high as expected because of a side reaction
involving the attack of tetracyclone at the acenaphthylene
termini as well in up to 20% yield. The resulting byproduct
(not shown) was isolated and characterized for endo-syn-17.
Nevertheless, the endo-isomers of 17 were isolated on the
scale of a few grams and the exo-isomers on 0.5 g scale. All
stereoisomers of compounds 14 ± 17 were isolated by column
chromatography and fully characterized on the basis of 1H
and 13C NMR spectroscopy, elemental analysis, and/or high-
resolution mass spectrometry.[18] The stereochemical assign-
ment of isomers 14 rests upon common Karplus consider-
ations of the dihedral HCCH angles at the ether bridge. This
was further confirmed by the structures of the 22 isomers in
the crystal (Figure 4). The assignment of the stereoisomers of
16 is based upon NOEmeasurements for the endo pair and on
coupling pattern of the �-CH2 groups for the exo pair. In
analogy to related anthracene epoxides (not shown),[19] this
group appears as a triplet for exo-syn-16 and as AB-part of an
ABCD spin system for exo-anti-16. The coupling patterns are
further complicated because of reduced symmetry by the
attached pyracene units of 16 ; however, the initial coupling
pattern remains visible. The stereochemistry of the isomers of
17 follows from the fact that all isomers of 16 were
individually treated with tetracyclone. The addition of tetra-
cyclone to the oxanorbornene termini proceeded stereospe-
cifically in an exo fashion with trans-standing oxygen atoms in


general.[20] This was confirmed for endo-syn-17 by single-
crystal X-ray crystallographic analysis (Figure 1).


Cyclization reactions : Each of the four isomers of 17 were
individually subjected to cyclization. The same macrocycle 19
was formed via the in-situ-generated AB-monomers endo-18
and exo-18 (Scheme 3). The cartoon-like representation in
Figure 2 illustrates this important point. It shows the two
different stereoisomers of 18 in the side view. Their olefinic
termini are indicated by a double line and the isobenzofuran
termini by an oxygen atom. Their configuration is indicated by
both the kinks in the structure and the position of the oxygen
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b) DDQ, toluene; c) BuLi, furan; d) tetracyclone, EtOH.
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Figure 1. Structure of endo-syn-17 in the crystal (ORTEP plot, 50%
probability, H atoms not drawn). For the numbering scheme: see Table 1.
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Scheme 3. Synthesis of the macrocycle 19 by cyclodimerization of the in-
situ-generated AB-monomers 18.


bridge. As can be seen, both the cyclization of two molecules
of endo-18 as well of two molecules of exo-18 pass through
different intermediates (both denoted as 18a), but never-
theless give the same cycle 19. This cartoon also makes clear
how important it was to separate the isomers of 14 and
individually convert them into their respective stereoisomers
17. If steric constraints had been disregarded, the reaction of


Figure 2. Schematic representation of the cyclodimerization of the iso-
benzofuran monomers 18 (side view) via the open chain dimers 18a. Circles
mark bonds formed during the reaction of endo-18, squares represent those
of exo-18.


the four isomers of 17 and, thus, two isomers of 18 could have
led to 32 diastereomeric open-chain dimers, such as 18a. This
would have resulted in grossly reduced cyclization yields, as
all-mixed combinations of endo- and exo-18 do not lead to
cyclizible dimers. In contrast, individual reaction of the
isomers of 18 reduces the number of statistically possible,
diastereomeric open-chain dimers to eight for each of the two
monomers; this statistically increases the cyclization proba-
bility by the factor of two. Of the 32 isomers, two can cyclize,
compared to only one of the eight isomers. Up to 25% yield of
19 was obtained from the endo pair of 17 and up to 45% from
the exo pair. These yields are higher than expected from
simple statistical considerations, because, according to mo-
lecular models, not all of the eight isomers can actually be
formed, especially for the endo case. For the exo case the
higher yield can be attributed to the endo selectivity of the DA
reaction.


Cycle 19 was purified both by size exclusion chromatog-
raphy (SEC) or column chromatography. Its 1H NMR spec-
trum showed a set of six signals for the six sets of heterotopic
hydrogen atoms of its macrocyclic unit. Depending on its
configuration, the methine protons of the oxanorbornene
group show one set of two split signals (endo) and one set of
two singlets (exo). The upfield shift to �� 1.5 ppm for one of
the latter is in agreement with their position inside the cavity,
facing the opposite naphthalene unit. The C2h symmetry of the
macrocyclic unit of 19 is also reflected in the broadband-
decoupled 13C NMR spectra, in which nine signals for the
aromatic subunits and one set of two signals were found for
the endo and the exo linkages, respectively. EI-MS revealed a
strong molecular ion peak at m/z� 1004 corresponding to
[M]� . Additional confirmation of the structure of 19 was
provided by an X-ray structural analysis (Figure 3) of single
crystals grown from the diffusion of ethanol into a solution of
19 in chloroform. All four oxygen bridges of 19 are on the
outer rim of the molecule. The carbon atoms of the endo-
oxanorbornene groups are 11.6 ä apart from each other; the
tertiary C atoms of the exo-oxanorbonene groups are 3.6 ä
apart. Thus, the cavity is too small to incorporate other
molecules.
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Figure 3. Structure of 19 in the crystal (ORTEP plot, 40% probability, H
atoms not drawn). For the numbering scheme: see Table 1.


In addition to the above-mentioned higher-than-statistical
yields for 19, another remarkable result is that the cyclization
can be carried out in bulk, in which normally linear polymer-
ization is preferred. When 25 mg samples of neat monomer
precursors 17 were heated to 200 �C for 1 h under high-
vacuum conditions (0.02 mbar), cycle 19was obtained in some
cases. While cyclization could not be detected for endo-syn-17,
endo-anti-17 gave 19 in 10% yield and exo-syn-17 gave cycle
19 in a yield of 40%. These yields are close to those obtained
in the solution experiments.[18] The yields were determined by
integration of the 1H NMR spectra of the raw products and by
SEC. The different behaviors of the endo-17 pair can be
explained by the steric demand of the [2.2.1]bicyclohepten-7-
one group of endo-syn-17. This group blocks the approach of
an endo-18molecule and forms a dimer that can cyclize. From
the modeled structure of endo-anti-17 (not shown) it becomes
apparent that the [2.2.1]bicyclohepten-7-one group hinders
such an approach far less. To our knowledge, these are the first
examples of ™bulk macrocyclizations∫ for double-stranded
DA monomers.


As mentioned, one reason for the success of the above
synthetic strategy was the unstrained nature of 19. To confirm
this, epoxybenzo[k]fluoranthene 22 (Scheme 4) was prepared
from acenaphthene 20 and the isobenzofuran precursor 21.[20]


The endo and exo isomers of 22 were separated and
individually characterized by X-ray structural analysis (Fig-
ure 4).
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22 endoexo


Scheme 4. Synthesis of diastereomeric epoxybenzo[k]fluoranthenes (22).


Table 1 gives selected bond lengths and angles for endo-syn-
17, 19, and 22. Significant deviations of the structural
parameters of 19 from those for the noncyclic structures are
only found at the exo-oxanorbornene linkages. The C6-C7-C8
bond angle is increased by about 6� and the C5-C6-C7 bond


Figure 4. Structures of 22 in the crystal (ORTEP plot, 50% probability; H
atoms not drawn). endo-22 crystallizes with two molecules in the
asymmetric unit (only one is shown). For the numbering scheme: see
Table 1.


angle is decreased by 3 ± 4�. This is accompanied by a slight
curvature of the aromatic units. These small structural differ-
ences confirm that the structurally closely related cycle 19
should actually be basically strainless.


Aromatization experiments : A number of predominately
acid-catalyzed dehydration methods have been reported for
the aromatization of oxygen-bridged compounds. None of
them proved to be generally applicable. The method that
employed p-toluene sulfonic acid monohydrate in a toluene
solution has shown its efficiency with low-molecular-weight
compounds and polymers structurally related to 19.[7b, 21]


Application of this method to 19 led to its complete
consumption and furnished two products, the partly aromat-
ized macrocycle 23 (Scheme 5) and an insoluble dark solid.
Compound 23 was isolated by column chromatography in a
yield of 49%, which is rather low relative to open-chain
structures. The insoluble product has not been characterized
further yet.


The 1H NMR spectrum of 23 is similar to that of 19 except
for the lack of singlets for the exo-configured oxanorbornene
groups and an additional singlet of the peri-protons of the
ortho-annulated naphthalene unit. Consequently, the
13C NMR spectrum shows eleven signals for the aromatic
carbon atoms along with only one set of two signals for the
oxanorbornene linkages assigned to the endo configuration.
EI-MS revealed the required molecular ion peak atm/z� 968.
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Table 1. Selected bond lengths [ä] and angles [�] for endo-syn-17, 19, 22.


19 endo-syn-17 endo-22a[a] endo-22b[a] exo-22


C1�C2[b] 1.518(2) 1.517(2) 1.518(1) 1.515(1)
C2�C3 1.560(3) 1.566(2) 1.559(1) 1.562(1)
C3�C4 1.509(3) 1.513(2) 1.512(1) 1.513(1)
C5�C6 1.515(2) 1.520(2) 1.513(2)
C6�C7 1.547(2) 1.550(2) 1.561(2)
C7�C8 1.515(2) 1.515(2)
C1-C2-C3 116.62(17) 116.42(13) 117.59(7) 116.62(7)
C2-C3-C4 107.68(14) 106.62(13) 108.29(6) 108.24(7)
C5-C6-C7 103.88(14) 106.55(12) 107.83(9)
C6-C7-C8 118.92(15) 112.54(9)
C2-C3-O1 100.69(16) 101.30(12) 101.07(7) 100.86(7)
O1-C3-C4 102.19(14) 102.40(12) 101.31(6) 101.43(7)
C5-C6-O2 103.01(13) 101.56(11) 101.26(9)
O2-C6-C7 102.19(14) 101.83(11) 101.17(8)


[a] Two molecules in the asymmetric unit. [b] Atom numbering scheme
according to Figures 1, 3, and 4. This numbering scheme was chosen for
readability reasons and differs from the crystallographic numbering
scheme.
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Scheme 5. Dehydration of 19.


Final confirmation of the structure of 23 was provided by
X-ray structural analysis (Figure 5) of a single crystal grown
from diffusion hexane to a solution of 23 in chloroform. It


Figure 5. Structure of 23 in the crystal (ORTEP plot, 50% probability; H
atoms not drawn).


shows an ellipsoidally flattened molecule whose benzo[k]-
fluoranthene moieties are slightly bent. The maximum
distance of these moieties is 4.1 ä at the center of the
molecule. The central carbon atoms of the benzo[k]fluoran-
thene unit lie 1.3 ä over the plane that is defined by its four
nearest saturated carbon atoms of the oxanorbornene link-
ages.


The seemingly selective aromatization of the exo-oxanor-
bornene groups is somewhat in contrast to earlier reports for
open chain compounds in which the endo-configured groups
react faster than the exo ones.[21] This was qualitatively
confirmed by control experiments subjecting a 1:1 mixture of
endo- and exo-22 to the dehydration agent at room temper-
ature. After 1 h, the endo :exo ratio had changed to 1:2.


The lack of any other dehydration product than 23,
including 24 from complete aromatization of 19, was con-
firmed by NMR tube experiments in benzene that showed no
other sharp signals than those for 19 and 23. Applying harsher
conditions to 23 by the use of a large excess of anhydrous
para-toluene sulfonic acid (p-TosH) in refluxing toluene did
not change the overall result, except for a higher reaction rate.
It should be mentioned here, however, that the origin of the


insoluble product is not yet clear and that it may be a follow-
up product of a completely dehydrated material.


The results of the dehydration of 19 may be either
attributed to a high reactivity of 24 towards its conversion
into insoluble material, as is assumed for the [n]cyclacenes, or
explained in terms of strain energy.[3d] The latter argument can
be qualitatively derived from the X-ray structures of 19 and
23. The dehydration of the exo-oxanorbornene groups causes
fewer structural changes than would be the case for the
dehydration of the endo groups. This is accompanied by a
minor change in the strain energy of the product obtained by
dehydration of the exo groups and may explain the unusual
selectivity of the dehydration reaction. Further aromatization
is associated with the transfer from the ellipsoidal shape of 23
to the round shape of 24 during which the major part of the
strain energy has to be introduced. We call this type of strain
energy MSE (macrocyclic strain energy), which originates
from the macrocyclic structure, to distinguish it from the local
strain, induced by the bicyclic oxanorbornene groups and five-
membered rings, that is also present in the noncyclic
compounds 14 ± 18. The consequence of the necessary intro-
duction of MSE during dehydration of the endo-oxanorbor-
nene groups becomes more clear by the first step of the acid-
catalyzed dehydration mechanism. Though not well inves-
tigated, it is reasonable to assume that the oxygen bridge is
opened after protonation (Scheme 6) to form the carbenium


O O


H


OH


H


OH


2526


H+


-H+-H2O


Scheme 6. Probable mechanism of acid-catalyzed dehydration of oxanor-
bornenes.


ion 25, which in turn gives the cyclohexadienol structure 26
through the loss of a proton. Transferred to 23, the major part
of the MSE has to be raised in the step corresponding to the
transition of 25 to 26. Therefore, the planarization of two
atoms has to take place against the pyramidalization of any of
the sp2-hybridized carbon atoms of the macrocyclic backbone
at a time when the exothermic elimination of water cannot
contribute. It is unlikely that a cyclohexadienol structure, such
as 26, is involved during the acid-catalyzed dehydration of the
endo-oxanorbornene linkages of 19 or 23, and rather destruc-
tive side reactions may take place instead.


On account of this consideration, further attempts with
different methods of acid-catalyzed dehydration have not yet
been undertaken. The use of iodotrimethylsilane (TMSI)[22] as
the dehydration agent did not yield 24 or any other
dehydration product. NMR spectroscopic monitoring showed
a very clean reaction course (see the Supporting Information).
Although we were unable to isolate the reaction product or
obtain mass spectrometric evidence, structure 27 was tenta-
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tively assigned on the basis of the following argumentation
(Scheme 7).
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Scheme 7. Reaction of 27 with TMSI (inner R groups for 27 are not
drawn).


The signals of the protons in the endo-oxanorbornene
group are shifted downfield from �� 5.73 and 4.70 ppm for 19
to �� 6.22 and 4.83 ppm for 27, respectively. These changes
are accompanied by the loss of coupling. For the protons of
the exo group, only the signal at �� 5.13 ppm for 19 is slightly
shifted downfield to �� 5.22 ppm for 27, whereas the other is
shifted upfield from �� 1.50 ppm for 19 to �� 1.10 ppm for
27; both remained as singlets. The 13C NMR spectrum of 27
shows only one signal for carbons connected to oxygen at ��
82.71 ppm, which is a typical shift for exo-oxanorbornene
groups. A further and astounding piece of evidence for the
formation of 27 is its almost complete backreaction to 19 in
the presence of water.


We believe that the MSE, which has to be mainly built up in
the final aromatization steps, is the dominant factor for the
not yet surmounted problems with these very steps. As
mentioned above, another reason may also be high reactivity
of the completely aromatized 24 towards attack by electro-
philes or polymerization. To obtain more insight into this
matter, semiempirical AM1[23] calculations were performed.
In this context a simple nomenclature was derived for
structures such as 24 that is also applicable to various other
belt-shaped PAHs (these compounds are called circocenes) as
well as for oligomeric and polymeric open-chain PAHs (see
the Supplementary Information).


Calculations : Semiempirical AM1[23] calculations on the
unsubstituted parent compound and a series of eight homo-
logues (28 and 29) were performed to estimate the reactivity
of 24. These compounds belong to two series, one with two
equal ortho-annelated subunits called simple circocenes (28)


n


n


m


m


n = 1-5 m = 1-4     


simple circocenes mixed circocenes


28 29


and one with two different ortho-annelated subunits named
mixed circocenes (29). These calculations were compared to
earlier reported calculations on the same level of theory for
linear acenes by Notario,[24] which showed good correlation
with available experimental data, namely, ionization poten-
tials. In addition, recently reported calculations for [n]cycla-
cenes (n� 4 ± 9)[25] were reevaluated and extended to n� 10 ±
16. Reevaluation was necessary because the reported values
for the [5]cyclacene do not belong to a cyclacene structure, but
rather to a Dewar benzene-type derivative and, therefore,
showed, like the values for [6]cyclacene, a poor correlation to
the values of the other compounds in this series.


As a result, the values for the circocenes in comparison with
those of linear acenes and [n]cyclacenes did not give an
indication for an exceptionally high reactivity of the circo-
cenes in general and 28 (n� 3) in particular. The HOMO±
LUMO gaps for circocenes, linear acenes, and cyclacenes are
given in Figure 6.


Figure 6. AM1 calculated HOMO±LUMO gaps of linear [n]acenes (n�
1 ± 12, 15),[24] [n]cyclacenes (n� 4 ± 16), simple circocenes (n� 1 ± 5), mixed
circocenes (m� 1 ± 4).


The HOMO±LUMO gap can be correlated to the Diels ±
Alder reactivity of PAHs.[24] The HOMO±LUMO gaps for all
circocenes are in the range of those of tetracene and
hexacene. The gap for 28 (n� 3) is similar to that of
pentacene. The increase of the HOMO±LUMO gaps for
the simple circocenes up to 28 (n� 3) is similar to earlier
reported calculations for polyfluoranthenes by Kertesz,[26] and
is predominately a consequence of increasing LUMO ener-
gies.[27] In addition to these electronic properties, the gas-
phase proton affinities (PA) for the circocenes were calcu-
lated for several protonation sites (see the Supplementary
Information) according to Equation (1) and with the exper-
imental value �Hf (H�)� 367.2 kcalmol�1.[24]


PA��Hf(B)��Hf(H�)��Hf(BH�) (1)


The PA of 28 (n� 3) was found to be 220.4 kcalmol�1 for
protonation at the 9-position of the anthracene unit. This
value lies between the calculated values for tetracene
(215.9 kcalmol�1) and pentacene (223.5 kcalmol�1).[24] For
comparison, the PAs of [n]cyclacenes with odd n were
calculated to be in the range of 252 ± 257 kcalmol�1.[28]
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Actually, a high reactivity of the circocenes cannot be ruled
out for the failure of complete aromatization of 19 by this
simple comparison on this level of theory, but it should be far
less important than for the [n]cyclacenes.


The MSE, which has to be built up during aromatization to
24 does indeed seem to play a significant role in this context.
The MSE was calculated for the unsubstituted parent com-
pounds Ar (Figure 7) according to Equation (2).


Figure 7. Structures of model compoundsAr (r� number of ether bridges)
to calculate the development of the MSE during dehydration of 19.


MSE��Hf(Ar)��Hf(Cr)��Hr(split)��Eres (2)


In Equation (2) r denotes the number of ether bridges and
Cr are open-chain model compounds derived from Ar by a
hypothetical reductive cleavage of the macrocyclic molecules
at an endo linkage (Scheme 8). These model compounds are


OO O O


H


H


H


H H


H


O


H


H
O


+ 2H2


+
+ 2H2


A4


C4


Scheme 8. Hypothetical reaction to derive noncyclic model compounds Cr


of Ar (above). Sample of a model reaction to calculate �Hr(split) (below).


considered to be free of MSE, which was examined on a
second set of model compounds (see the Supporting Infor-
mation). �Hr(split) is the enthalpy of the cleavage reaction. The
value for �Hr(split) was calculated as the average from a series
of five model reactions (one example is given in Scheme 8) to
be 34.2� 1.2 kcalmol�1 (for �Hf(H2(gas))� 0 kcalmol�1). �Eres


is the change in resonance energy on extending the � system
in every dehydration step. Except for A0, this value equals
zero because A1±4 and C1±4 have the same � system, and that
part of �Eres which results from a bending of the � system is


considered to be a part of the MSE. The change in resonance
energy for A1 � A0 was not calculated explicitly. Therefore,
the MSE of A0 differs by this amount.


The calculated MSEs for Ar are given in Table 2. The MSE
of A4 is 12 kcalmol�1 and thus very low. This is in good
agreement with the result from the crystallographic analysis.


The MSE of A0 is 122.5 kcalmol�1; this indicates that every
five- and six-membered ring has to carry �9 kcalmol�1 of the
MSE. This is not an exceptionally high value compared to
other compounds.[29] The critical point is the change in MSE
on going from A2 � A1. In this step, the first endo-oxanor-
bornene group is aromatized. Approximately 57% of the total
MSE of A0 has to be built up during this step. This is also
reflected by the heats of reaction (Table 3) calculated with the
use of the experimental �Hf(H2O(gas))� 57.8 kcalmol�1.[30]


The first two dehydration steps of the exo-oxanorbornene
groups are exothermic with �25 kcalmol�1. This is a similar
value to those values calculated for all steps of the dehydra-
tion of the open-chain model compounds Cr (see the
Supporting Information). On the other hand, the dehydration
of the first endo group is the most endothermic step with
45 kcalmol�1. The endothermic dehydration of both endo
groups makes the overall aromatization slightly endothermic.
These results can be correlated with the experimental
observations:
1) The lack of NMR spectroscopic evidence of a single


dehydration product of 19 and the formation of 23 is in
good agreement with the calculated exothermicity of these
dehydration reactions, accompanied by minor changes in
the MSE.


2) The lack of an indication for a dehydration product of an
endo-oxanorbornene group correlates with the calculated
endothermy of these reaction steps, which is caused by a
strong increase of the MSE.


3) The failure of HI elimination of 27 and its back reaction to
19 can also be explained by the necessary increase of the
MSE.
Therefore, we consider the build-up of MSE to be an


important factor with respect to the lack of complete
aromatization of 19 under the applied conditions. Because
all the precursors prepared so far for the all-carbon, double-
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Table 2. AM1-calculated macrocyclic strain energies (MSE).


A4 A3 A2 A1 A0


MSE 12.0 16.0 16.5 85.7 122.5


Table 3. AM1-calculated heats of reaction.


Reaction �Hr [kcalmol�1]


A4 � A3 � H2O � 24.6
A3 � A2 � H2O � 26.6
A2 � A1 � H2O � 44.6
A1 � A0 � H2O � 14.9
A4 � A0 � 4 H2O � 8.3
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stranded, belt-shaped aromatics have to pass a flat inter-
mediate structure similar to 23 during complete aromatiza-
tion. The problem of building up MSE may be a general one
for the synthesis of belt-shaped aromatics to succeed. The
work by Cory also points in this direction.[3b]


Conclusion


The belt-shaped compound 19 is the first representative of a
double-stranded macrocycle with a carbon skeleton similar to
the equatorial region of a fullerene and thus is a potential
precursor for the fully unsaturated analogue 24. Macrocycle
19 was constructed from bifunctional, in-situ-generated
Diels ±Alder building blocks endo-18 and exo-18 ; this afford-
ed 19 in yields of up to 45%. Insights into stereochemical
details of the sequence and its implications regarding the
course of cyclization are discussed. In order to make these
building blocks conveniently available, the synthesis of the
known dihydropyracylene (12), which is a sequence key
compound, was optimized so that it is now available on the
10 g scale in a few simple steps. This improvement not only
had considerable impact on the sequence described here, but
also makes 12 a valuable starting material for the future
synthesis of fullerene parts and related compounds, a
presently heavily pursued research area. Attempts to com-
pletely aromatize 19 yielded a partly aromatized macrocycle
23, which, like 19, was characterized by single-crystal X-ray
diffraction. It also furnished an insoluble material, which will
be investigated further. Semiempirical AM1 calculations


indicate the required build-up of strain energy during the
conversion of 23 to the fully unsaturated belt 24 as a main
reason for the incomplete aromatization. In this context a
simple to use so-called [f.p.q] nomenclature for a wide variety
of open-chain and cyclic PAHs was suggested.


Experimental Section


X-ray crystal structures : Crystals of suitable for X-ray diffraction measure-
ments were grown from ethanol (endo-syn-17, endo-22, exo-22) and by
diffusion of ethanol or hexane into a solution of the compound in
chloroform (19 and 23, respectively). Crystals of 23 contained solvent
molecules and therefore tend to disintegrate with loss of the solvent outside
saturated solutions, therefore the crystal was mounted at low temperature
on the tip of a glass fiber. The data of 19 were collected on a Enraf Nonius
Turbo CAD4 at ambient temperature with CuK� irradiation. The data
collection of endo-syn-17, endo-22, exo-22, and 23 was performed at low
temperature with a BRUKER-AXS SMART CCD diffractometer (MoK�).
A total of 600 frames (��� 0.3�) for each run were collected for three �
positions (0�, 90�, and 240�) resulting in 1800 frames for each data set. The
data were reduced to F 2


o and corrected for absorption effects by using
SAINT[31] and SADABS,[32] respectively. The structures were solved with
direct methods and refined with full-matrix least-squares on F 2


(SHELXL97[33]). The quality of the structure determination of 23 was
strongly influenced by the fact that the crystal contained disordered
chloroform solvate molecules and that one side chain also showed some
disorder. The electron density of the solvate molecules was taken into
account by means of the squeeze option of the program package
PLATON.[34] Details on the data collection and structure refinement are
listed in Table 4. ORTEP[35] for Windows was used for to prepare the
graphical representations. WINGX[36] was used for the crystallographic
computing.
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Table 4. Crystal data and structure refinement for 19, endo-syn-17, endo-22, exo-22, and 23.


Compound 19 endo-syn-17 endo-22 exo-22 23


formula C72H76O4 C67H60O3 C20H14O C20H14O C72H72O2


Mr 1005.32 913.15 270.13 270.13 969.30
T [K] 293(2) 153(2) 133(2) 133(2) 163(2)
� [ä] 1.54060 0.71073 0.71073 0.71073 0.71073
crystal system orthorhombic monoclinic triclinic orthorhombic monoclinic
space group Pbca P21/c P≈1 Pna21 P21/c
a [ä] 10.176(5) 20.059(2) 9.1071(6) 11.7977(9) 14.8104(6)
b [ä] 16.040(5) 15.356(3) 12.3014(9) 21.8171(16) 13.7155(5)
c [ä] 33.421(5) 17.470(3) 12.9394(9) 5.2400(4) 14.4770(5)
� [�] 90 90 73.1020(10) 90 90
� [�] 90 112.745(12) 76.9600(10) 90 95.2100(10)
� [�] 90 90 87.076(2) 90 90
V [ä3] 5455(3) 4962.6(12) 1351.08(16) 1348.73(18) 2928.59(19)
Z 4 4 4 4 2
�calcd [mgm�3] 1.224 1.222 1.329 1.331 1.099
� [mm�1] 0.567 0.073 0.080 0.080 0.064
F(000) 2160 1944 568 568 1040
crystal size [mm3] 0.8� 0.7� 0.3 1.0� 0.82� 0.07 1.0� 0.6� 0.32 1.6� 0.32� 0.2 0.3� 0.24� 0.08
	 range [�] 2.64 ± 59.91 1.83 ± 26.36 1.69 ± 33.17 1.87 ± 33.10 1.38 ± 23.25
index ranges � 11�h� 11 � 25� h� 23 � 13�h� 13 � 17� h� 17 � 16�h� 16


� 18�k� 0 � 19� k� 19 � 18�k� 18 � 33� k� 32 � 15�k� 15
� 37� l� 0 � 21� l� 21 � 19� l� 19 � 7� l� 7 � 16� l� 16


reflections collected 7653 45808 36325 17520 22082
independent reflections [R(int)] 4039 [0.0856] 10134 [0.0296] 9714 [0.0282] 4788 [0.0538] 4209 [0.060]
completeness to 	 59.91�, 99.9% 26.36�, 99.9% 33.17�, 94.4% 33.10�, 95.8% 23.25�, 100%
data/restraints/parameters 4039/460/374 10134/0/633 9714/0/379 4788/1/190 4209/0/336
quality-of-fit on F 2 1.067 1.013 1.006 1.075 1.541
final R indices [I� 2
(I)] R1/wR2 0.0486/0.1261 0.0434/0.1150 0.0446/0.1307 0.0493/0.1215 0.1209/0.3627
R indices (all data) R1/wR2 0.0526/0.1298 0.0605/0.1292 0.0522/0.1379 0.0521/0.1251 0.1479/0.3861
largest diff. peak/hole [eä�3] 0.194/� 0.193 0.444/� 0.357 0.459/� 0.261 0.366/� 0.244 2.369/� 0.616
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CCDC-202685 (endo-syn-17), CCDC-202682 (19), CCDC-202681 (exo-22),
CCDC-202684 (endo-22), CCDC-202683 (23) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk).


Computation : All calculations were performed with the HyperChem6.02
package.[37] The AM1 method at the restricted Hartree ± Fock (RHF) level
and conjugate gradient minimization, Polak ±Ribiere approach, were
applied to obtain the optimized geometries. The convergence limit and
gradient values (RMS) were maintained below 10�4 kcalmol�1 and
0.01 kcalä�1 for macrocyclic structures and below 10�4 kcalmol�1 and
0.1 kcalä�1 for open-chain structures. Minimum structures for [5]cyclacene
and [6]cyclacene could be obtained starting from preoptimization with the
implemented mm� force-field followed by AM1 optimization applying a
convergence limit and an RMS of 10�5 kcalmol�1 and 10�6 kcalä�1,
respectively. These minimum structures were checked by frequency
analysis.


General preparative methods : All readily available reagents were used
without further purification. Solvents were purified and dried by standard
procedures. All reactions were carried out under nitrogen. NMR spectra
were recorded in CDCl3 (unless otherwise stated) either on Bruker WH
270 MHz or AC 500 MHz spectrometers, with the solvent as the internal
standard. Mass spectra (MS) were obtained from Varian MAT771 or
MAT112S, respectively. The matrix used for fast atom bombardment
(FAB) spectra was 3-nitrobenzyl alcohol (NOBA). Column chromatog-
raphy was carried out on silica gel60 (230 ± 400 mesh, Merck). Thin-layer
chromatography (TLC) was performed on aluminum sheets coated with
Merck5554 silica gel60F, visualization by an ultraviolet (UV) lamp (��
254 nm and �� 366 nm). Analytical size exclusion chromatography (SEC)
was performed onWaters Assoc. 150-c Alc/GPC chromatograph onWaters
StyragelHR columns and with tetrahydrofuran (THF) as the mobile phase.
A Waters484 UV/Vis detector was used with a polystyrene standard.
Melting points were determined on a B¸chi500 and are uncorrected.


5,6-Dibromoacenaphthene (9a): This was prepared by a modified Kasai
method:[13] a suspension of N-bromosuccinimide (NBS) (1 kg, 5.62 mol) in
DMF (2 L) was added in portions to an ice-cooled suspension of
acenaphthene (400 g, 2.59 mol) in DMF (500 mL) over a period of 5 h.
The temperature of mixture was not allowed exceed 15 �C. The mixture was
stirred for a further 12 h and then allowed to warm to room temperature.
The precipitate was filtered with suction, washed with ethanol (3�
500 mL), and purified by stirring over night in refluxing ethanol (3 L).
Cooling to room temperature, filtration, washing with ethanol, and drying
in vacuo yielded 206 g (25%) of a beige crystalline solid (m.p. 169 ± 172 �C)
that was suitable for further work. Recrystallization of a sample in
chloroform raised the melting point to 173 ± 175 �C (lit. :[12] 174 ± 176 �C).
1H NMR: �� 3.28 (s, 4H; H-1,2), 7.06 (d, 3J� 7.49 Hz, 2H; H-3,8), 7.76 ppm
(d, 3J� 7.49 Hz, 2H; H-4,7); 13C NMR (68 MHz, CDCl3): �� 29.99 (C-1,2),
114.31, 120.87, 131.80, 135.77, 141.75, 147 ppm (arom-C)


5,6-Bis(hydroxymethyl)acenaphthene (9b): A suspension of 9a (40 g,
129 mmol) in dry diethyl ether was prepared under nitrogen and cooled to
�30 �C. BuLi (1.6�, 170 mL, 272 mmol) in hexane was added within
10 min. After further 30 min of stirring, paraformaldehyde (8 g, dried over
P2O5) was added at once. The mixture was stirred for 3 h at �30 �C and for
a further 16 h while warming to room temperature. The reaction was
quenched by adding HCl (40 mL, 25%). After 1 h of stirring, the colorless
precipitate was filtered with suction, suspended in diethyl ether (500 mL),
filtered again, and dried in vacuum at 50 �C. The dry material was powdered
and suspended in 1% HCl for 2 h, filtered, washed with ethanol (2�
100 mL), and dried again in vacuum at 50 �C yielding 20.5 g (74%) of a
colorless solid (m.p. 201 ± 203 �C), which was suitable for further work. Two
recrystallizations from dioxane raised the melting point to 201 ± 204 �C
(lit. :[11c] 202 ± 205 �C). 1H NMR ([D6]DMSO): �� 2.15 (s, 4H; H-1,2), 3.85
(d, 3J� 5.3 Hz, 4H; CH2OH), 4.25 (t,3J� 5.3 Hz, 2H; OH), 6.09 (d, 3J�
7.0 Hz, 2H; H-3,8 or H-4,7), 6.35 ppm (d, 3J� 7.0 Hz, 2H; H-3,8 or H-4,7);
1H NMR ([D6]DMSO/D2O): 1.96 (s, 4H; H-1,2), 3.67 (s, 4H; CH2OH), 5.95
(d, 3J� 7.0 Hz, 2H; H-3,8 or H-4,7), 6.34 ppm (d, 3J� 7.0 Hz, 2H; H-3,8 or
H-4,7); 13C NMR ([D6]DMSO): �� 29.46 (C-1,2), 63.05 (CH2OH), 118.96,
128.53, 129.70, 134.11, 140.24, 145.92 ppm (arom-C); MS (80 eV, EI,
100 �C): m/z (%): 214 (30) [M]� , 196 (100) [M�H2O]� , 167 (69) [M�
H2O�HCO]� .


Bis(bromomethyl)acenaphthene (9c): Compound 9c was prepared from
9b (20 g, 93 mmol) according to a published procedure[11c] in 83% yield
(26.2 g). M.p. 157 ± 159 �C (decomp) (lit:[10c] 157 ± 159 �C); 1H NMR: ��
3.33 (s, 4H; H-1,2 ), 5.28 (s, 4H; CH2Br), 7.26 (d, 3J� 7.23 Hz, 2H; H-3,8),
7.55 ppm (d, 3J� 7.23 Hz, 2H; H-4,7); 13C NMR: �� 30.16 (C-1,2), 36.81
(CH2Br), 119.96, 127.75, 129.44, 134.02, 140.92, 149.34 ppm (arom-C)


Pyracene (10): This was prepared by a modified Trost method:[11c] A
solution of 9c (28 g, 82 mmol) in dry diethyl ether (120 mL) was added to
an ice-cooled mixture of PhLi (50 mL, 90 mmol, 1.8� in cyclohexane/
diethyl ether) over a period of 10 min. The mixture was stirred for 4 h and
was then quenched with water (10 mL). The organic solvent was
evaporated, the residue dissolved in CH2Cl2 (1 L), and the organic layer
was washed with water. Drying and evaporation of the solvent yielded
crude 10 which was further purified by digestion in warm diethyl ether.
After cooling to room temperature the precipitate was filtered and dried in
vacuum. This procedure was repeated once to yield 13.7 g (93%) of a
colorless solid (m.p. 205 ± 209 �C), which was suitable for further work.
Sublimation of a sample raised the melting point to 212 ± 216 �C (lit. :[11c]


214 ± 217 �C); 1H NMR: �� 3.42 (s, 8H; H-1,2,5,6), 7.19 ppm (s, 4H;
H-2,3,7,8); 13C NMR: �� 31.60 (C-1,2,5,6), 120.33, 138.35, 140.81 ppm
(arom-C); MS (80 eV, EI, 100 �C): m/z (%): 180 (100) [M]� .


1,2-Dihydropyracylene (12): Under nitrogen atmosphere, a solution of 10
(13.7 g, 76 mmol) and TMEDA (30 mL) in dry cyclohexane (250 mL) was
prepared. BuLi (110 mL of a 1.6� solution in hexane) was added to this
solution over a period of 10 min at room temperature. The color changed
quickly to dark red and then to dark green. After refluxing for 1 h, the
mixture was allowed to cool for 15 min and then added dropwise to an ice-
cooled suspension of [Cu(��)(acac)2] (50 g, 190 mmol) in dry cyclohexane
(150 mL) over a period of 15 min. The mixture was stirred for another
30 min and then poured onto a short column (Al2O3, basic, activity grade V,
height of column 5 cm) and washed with hexane until the filtrate became
colorless. The solvent was evaporated in a vacuum, and the crude yellow-
brown product was purified by column chromatography (silica gel, hexane/
ethyl acetate 10:1, Rf� 0.57) to yield 10.01 g (74%) of a yellow crystalline
solid (m.p. 154 ± 156 �C) (lit :[11c] 156 ± 157 �C); 1H NMR: �� 3.50 (s, 4H;
H-1,2), 7.16 (s, 2H; H-5,6), 7.41 (d, 3J� 6.9 Hz, 2H; H-3,8), 7.77 ppm (d,
3J� 6.9 Hz, 2H; H-4,7); 13C NMR: �� 32.37 (C-1,2), 120.46 (C-3,8), 126.01
(C-3,4,7,8), 127.93 (C-8c), 128.22 (C-5,6), 134.90 (C-8b), 135.22 (C-4a,6a),
146.60 ppm (C-2a,8a).


1,2,4b,5,10,10a-Hexahydro-7,8-dibromo-5,10-epoxy-6,9-dihexylbenzo[k]cy-
clopenta[c,d]fluoranthene (14): A solution of 12 (3.56 g, 19.8 mmol) and
13[16] (16.9 g, 19.8 mmol) in toluene (300 mL) was prepared and refluxed for
24 h. After cooling to room temperature, the solvent was evaporated in
vacuo. To remove a large part of the tetraphenylbenzene byproduct
(�80%), the residue was suspended in a 2:1 mixture of hexane/toluene
(50 mL) and stirred for 30 min. The suspension was filtered with suction,
and the residue washed with a 2:1 mixture of hexane/toluene (2� 25 mL).
The combined organic layers were concentrated to dryness in vacuo. The
isomers were purified and separated by column chromatography (silica gel,
hexane/toluene 2:1) to give 2.12 g of exo-14 (m.p. 126 ± 127 �C, Rf� 0.20)
and 8.61 g of endo-14 (m.p. 92 ± 94 �C, Rf� 0.14) in a combined yield of
97%.


exo-14 : 1H NMR: �� 0.96 (t, 6H, 3J� 7.1 Hz; CH3), 1.3 ± 1.6 (m, 12H;
alkyl-CH2), 1.73 (m, 4H; �-CH2), 2.95 (m, 4H; �-CH2), 3.43 (s, 4H; H-1,2),
3.92 (s, 2H; H-4b,10a), 5.41 (s, 2H; H-5,10), 7.28 (d, 3J� 6.9 Hz, 2H;
H-3,12), 7.37 ppm (d, 3J� 6.9 Hz, 2H; H-4,11); 13C NMR (125 MHz): ��
14.12, 22.61, 29.46, 31.56, 31.69, 35.09 (alkyl-C and C-1,2), 55.14 (C-4b,10a),
83.44 (C-5,10), 120.67, 126.16, 134.34, 138.13, 140.41, 142.49, 144.56 ppm
(arom-C); MS (80 eV, EI, 240 �C): m/z (%): 622 (5.6) [M]� , 440 (100) [M�
C14H10]� , 365 (62.4) [M�C14H10�Br]� 178 (69.4) [C14H10]� ; elemental
analysis calcd (%) for C34H38Br2O (622.47): C 65.60, H 6.15; found: C 65.89,
H 6.29.


endo-14 : 1H NMR: �� 0.91 (t, 3J� 6.6 Hz, 6H; CH3), 1.2 ± 1.6 (m, 16H;
alkyl-CH2), 2.48 (t, 3J� 7.7 Hz, 4H; �-CH2), 3.27 (m, AA�BB�, 4H; H-1,2),
4.65 (m, 3J� 3.4 Hz, 2H; H-4b,10a), 5.73 (m, 3J� 3.4 Hz, 2H; H-5,10), 7.00
(d, 3J� 6.9 Hz, 2H; H-3,12), 7.14 ppm (d, 3J� 6.9 Hz, 2H; H-4,11);
13C NMR (125 MHz): �� 14.13, 22.63, 28.81, 29.53, 31.38, 31.62, 35.22
(alkyl-C and C-1,2), 54.11 (C-4b,10a), 80.85 (C-5,10), 119.80, 120.76, 125.27,
134.41, 135.71, 138.09, 139.51, 14.72, 142.51 (arom-C); MS (80 eV, EI,
210 �C): m/z (%): 622 (6.8) [M]� , 444 (100) [M�C14H10]� , 365 (52) [M�
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C14H10�Br]� 178 (51) [C14H10]� ; elemental analysis calcd (%) for
C34H38Br2O (622.47): C 65.60, H 6.15; found: C 65.56, H 6.13.


4b,5,10,10a-Tetrahydro-7,8-dibromo-5,10-epoxy-6,9-dihexylbenzo[k]cyclo-
penta[c,d]fluoranthene (15):


endo-15 : DDQ (3.2 g, 14 mmol) was added to a refluxing solution of endo-
14 (8.6 g, 13.8 mmol) in toluene (150 mL). After refluxing for 90 min, the
solution was allowed to cool for 15 min and was then concentrated to a
volume of 80 mL in vacuo. The product was isolated from this solution by
column chromatography (silica gel, toluene) as 7.3 g of a yellow solid (Rf�
0.54) in 85% yield; 1H NMR: �� 0.96 (t, 3J� 6.5 Hz, 6H; CH3), 1.2 ± 1.6
(m, 16H; alkyl-CH2), 2.54 (t, 3J� 7.6 Hz, 4H; �-CH2), 4.71 (m, 4J� 3.7 Hz,
2H; H-4b,10a), 5,74 (m, 4J� 3.7 Hz, 2H; H-5,10), 6.96 (s, 2H; H-1,2), 7.27
(d, 3J� 6.9 Hz, 2H; H-4,11), 7.51 ppm (d, 3J� 6.9 Hz, 2H; H-3,12);
13C NMR: �� 14.10, 22.63, 28.85, 29.53, 31.64, 35.30 (alkyl-C), 54.96 (C-
4b,10a), 80.32 (C-5,10), 120.83, 125.27, 125.68, 127.16, 129.00, 134.45, 136.55,
136.67, 141.23, 141.45 ppm (arom-C and C-1,2); MS (80 eV, EI, 130 �C):m/z
(%): 620 (5.6) [M]� , 444 (71.6) [M�C14H8]� , 365 (100) [M�C14H8�Br]� ;
elemental analysis calcd (%) for C34H36Br2O (620.46): C 65.82, H 5.85;
found: C 65.94, H 5.62.


exo-15 : Prepared from exo-14 (2.12 g, 3.4 mmol) by a procedure similar to
that described above to give 1.52 g of a yellow solid in 72% yield (Rf� 0.72,
m.p. 152 ± 154 �C); 1H NMR: �� 0.97 (t, 3J� 6.9 Hz, 6H; CH3), 1.38 (m,
12H; alkyl-CH2), 1.62 (m, 4H; �-CH2), 2.95 (m, 4H; �-CH2), 3.97 (s, 2H;
H-4b,10a), 5.43 (s, 2H; H-5,10), 7.14 (s, 2H; H-1,2), 7.52 (d, 2H, 3J�
6.86 Hz, H-3,12), 7.79 ppm (d, 2H, 3J� 6.86 Hz, H-4,11); 13C NMR
(125 MHz): �� 14.13, 22.61, 29.47, 29.49, 31.57, 35.13 (alkyl-C), 55.92 (C-
4b,10a), 82.53 (C-5,10), 120.73, 126.15, 126.35, 126.95, 129.16, 134.48,
136.64, 137.10, 143.72, 144.12 ppm (arom-C); MS (80 eV, EI, 230 �C): m/z
(%): 620 (1.9) [M]� , 444 (38.2) [M�C14H8]� , 365 (33) [M�C14H8�Br]� ,
176 (100) [C14H8]� ; elemental analysis calcd (%) for C34H36Br2O (620.46): C
65.82, H 5.85; found: C 65.66, H 5.80.


4b,5,7,10,12,12a-Hexahydro-5,12,7,10-diepoxy-6,11-dihexylcyclopenta[c,d]-
naphtho[2,3-k]fluoranthene (16):


endo-syn-16 and endo-anti-16 : A solution of endo-15 (5.44 g, 8.8 mmol) in
dry toluene (350 mL) and dry furan (30 mL) was prepared under nitrogen.
This solution was cooled to �30 �C and 6 mL of a 1.6� solution of BuLi
were added dropwise over a period of 1 h. The solution was stirred for an
additional 2 h at �30 �C. The reaction was quenched by adding water
(5 mL). After warming to room temperature, the volume of the mixture
was reduced to 30 mL in a vacuum. This solution was subjected to
chromatography (silica gel, toluene) to give the mixture of isomers as a
yellow oil (Rf� 0.28). The syn/anti ratio was 1:1.5 by 1H NMR spectroscopy.
The isomers were separated by column chromatography (silica gel, hexane/
methylene chloride 2:1) to yield 930 mg of endo-anti-16 (Rf� 0.23) as a
yellow oil and 1.53 g endo-syn-16 (Rf� 0.17) as a yellow solid (m.p. 91 ±
93 �C) in a total yield of 53%.


endo-syn-16 : 1H NMR (500 MHz): �� 0.91 (t, 3J� 6.9 Hz, 6H; CH3), 1.35
(m, 16H; alkyl-CH2), 2.00 (m, 2H; �-CH2), 2.33 (m, 2H; �-CH2), 4.63 (m,
4J� 4.2 Hz, 2H; H-4b,12a), 5.28 (s, 2H; H-7,10), 5.68 (m, 4J� 4.6 Hz, 2H;
H-5,12), 6.08 (s, 2H; H-8,9), 6.89 (s, 2H; H-1,2), 7.18 (d, 3J� 6.9 Hz, 2H;
H-4,13), 7.39 ppm (d, 3J� 6.9 Hz, 2H; H-3,14); 13C NMR (125 MHz,
CDCl3): �� 14.08, 22.56, 29.34, 30.72, 30.83, 31.68 (alkyl-C), 55.01 (C-
4b,12a), 80.02 (C-5,12 or C-7,10), 80.71 (C-7,10 or C-5,12), 120.23, 124.42,
125.88, 128.44, 135.89, 136.01, 138.27, 141.29, 142.59, 146.55 ppm; MS
(80 eV, EI, 190 �C): m/z (%): 528 (1.84) [M]� , 352 (100) [M�C14H8]� , 176
(14.81) [C14H8]� ; HRMS calcd for C38H40O2: 528.302831; found: 528.30395.


endo-anti-16 : 1H NMR (500 MHz, CDCl3): �� 0.90(t, 3J� 6.8 Hz, 6H;
CH3), 1.28 (m, 14H; alkyl-CH2), 1.44 (m, 2H; �-CH2), 2.26 (m, 2H; �-CH2),
2.40 (m, 2H; �-CH2), 4.67 (m, 4J� 4.3 Hz, 2H; H-4b,12a), 5.33 (s, 2H;
H-7,10), 5.68 (m, 4J� 4.3 Hz, 2H; H-5,12), 6.79 (s, 2H; H-8,9), 6.92 (s, 2H;
H-1,2), 7.25 (d, 3J� 6.8 Hz, 2H; H-4,13), 7.48 ppm (d, 2H, 3J� 6.8 Hz;
H-3,14); 13C NMR (125 MHz, CDCl3): �� 14.09, 22.56, 29.33, 30.27, 31.06,
31.69 (alkyl-C), 54.94 (C-4b,12a), 79.57 (C-5,12 or C-7,10), 80.49 (C-7,10 or
C-5,12), 120.37, 125.04, 125.77, 127.05, 128.05, 136.39, 136.71, 138.74, 142.21,
143.02, 146.06 ppm; MS (80 eV, EI, 215 �C): m/z (%): 528 (4.67) [M]� , 352
(100) [M�C14H8]� , 176 (14) [C14H8]� ; HRMS calcd for C38H40O2:
528.302831; found: 528.30420.


exo-syn-16 and exo-anti-16 : The procedure was similar to that used for
endo-syn-16 and endo-anti-16 starting from exo-15 (1.73 g, 3.3 mmol). The


isomers were separated by column chromatography (silica gel, CH2Cl2) to
give 424 mg of exo-syn-16 (Rf� 0.15) and 457 mg of exo-anti-16 (Rf� 0.27)
in a total yield of 50%.


exo-anti-16 : 1H NMR (500 MHz, CDCl3): �� 0.95 (t, 6H, 3J� 6.7 Hz;
CH3), 1.45 (m, 14H; alkyl-CH2), 1.67 (m, 2H; �-CH2), 2.71 (m, 2H; �-
CH2), 2.81 (m, 2H; �-CH2), 3.95 (s, 2H; H-4b,12a), 5.38 (s, 2H; H-7,10),
5.83 (s, 2H; H-5,12), 7.03 (s, 2H; H-8,9), 7.13 (s, 2H; H-1,2), 7.51 (d, 3J�
6.8 Hz, 2H; H-4,13), 7.78 ppm (d, 3J� 6.8 Hz, 2H; H-3,14); 13C NMR
(125 MHz, CDCl3): �� 14.15, 22.60, 29.28, 30.24, 31.39, 31.71 (alkyl-C),
56.12 (C-4b,12a), 81.04 (C-5,12 or C-7,10), 81.87 (C-7,10 or C-5,12), 120.62,
126.08, 126.95, 129.04, 136.46, 137.21, 142.14, 142.92, 144.42, 147.15 ppm
(arom-C); MS (80 eV, EI, 220 �C):m/z (%): 528 (1.65) [M]� , 352 (100) [M�
C14H8]� , 176 (9.52) [C14H8]� ; HRMS calcd for C38H40O2: 528.302831; found:
528.30475.


exo-syn-16 : 1H NMR (500 MHz, CDCl3): �� 0.96 (t, 6H, 3J� 6.7 Hz, CH3),
1.42 (m, 12H; alkyl-CH2), 1.68 (m, 4H; �-CH2), 2.79 (m, 4H; �-CH2), 3.99
(s, 2H; H-4b,12a), 5.40 (s, 2H; H-7,10), 5.82 (s, 2H; H-5,12), 7.12 (s, 2H;
H-8,9), 7.15 (s, 2H; H-1,2), 7.54 (d, 3J� 6.8 Hz, 2H; H-4,13), 7.80 ppm (d,
2H, 3J� 6.8 Hz; H-3,14); 13C NMR (125 MHz, CDCl3): �� 14.11, 22.58,
29.27, 30.21, 31.15, 31.77 (alkyl-C), 56.34 (C-4b,12a), 81.12 (C-5,12 or
C-7,10), 81.95 (C-7,10 or C-5,12), 120.41, 125.82, 126.07, 126.95, 129.02,
136.42, 137.39, 142.17, 144.42, 143.05, 147.63 ppm; MS (80 eV):m/z (%): 528
(2.92) [M]� , 352 (100) [M�C14H8]� , 176 (17.79) [C14H8]� ; HRMS calcd for
C38H40O2: 528.302831; found: 528.30646


4b,5,7,7a,8,11,11a,12,14,14a-Decahydro-8,11-carbonyl-5,14 :7,12-diepoxy-
6,13-dihexyl-8,9,10,11-tetraphenylacenaphtheno[1�,8�:2,3,4]cyclopenta[1,2-
b]naphthacene (17): As a representative procedure for the synthesis of the
four isomers of 17, the one for endo-anti-17 is given. A suspension of endo-
anti-16 (830 mg, 1.57 mmol) and tetracyclone (604 mg, 1.57 mmol) in
ethanol (100 mL) was refluxed for 2 h under nitrogen atmosphere. The
mixture was dried in vacuum and the residue purified by column
chromatography (silica gel, toluene) to give a pale yellow solid (Rf�
0.38). Yield: 960 mg (67%); m.p. 187 ± 189 �C (decomp.); 1H NMR
(500 MHz, CDCl3): �� 0.97 (t, 6H, 3J� 6.8 Hz; CH3), 1.40 (m, 8H; alkyl-
CH2), 1.57 (m, 6H; �,�-CH2), 1.69 (m, 2H; �-CH2), 2.48 (m, 2H; �-CH2),
2.61 (m, 2H; �-CH2), 2.82 (s, 2H; H-7a,11a), 4.75 (m, 4J� 3.7 Hz, 2H;
H-4b,14a), 5.45 (s, 2H; H-7,12), 5.80 (m, 4J� 3.7 Hz, 2H; H-5,14), 6.73 (m,
4H; phenyl-H), 6.89 (m, 4H; phenyl-H), 6.93 (s, 2H; H-1,2), 6.96 (m, 2H;
phenyl-H), 7,30 (m, 8H; phenyl-H), 7.35 (m, 4H; phenyl-H and H-4,15),
7.51 ppm (d, 3J� 6.9 Hz, 2H, H-3 ± 16); 13C NMR (125 MHz, CDCl3): ��
14.15, 22.76, 29.66, 30.25, 31.10, 31.46 (alkyl-C), 46.94 (C-7a,11a), 54.97 (C-
4b,14a), 64.06 (C-8,11), 79.51 (C-5,14 or C-7,12), 79.59 (C-7,12 or C-5,14),
120.47, 124.54, 125.18, 126.55, 127.16, 127.25, 127.37, 128.10, 128.90, 129.31,
129.76, 134.97, 135.64, 136.53, 136.78, 138.27, 140.79, 142.99, 143.90 (arom-C
and C-1,2), 196.52 ppm (carbonyl-C); MS (FAB�): m/z (%): 913 (0.2)
[M�H]� .


endo-syn-17: Yellow crystals (Rf (CH2Cl2)� 0.43); yield: 1.42 g (54%)
along with 664 mg (18%) of the colorless bisadduct. Single crystals of endo-
syn-17 for X-ray crystallographic analysis were obtained by recrystalliza-
tion from ethanol. 1H NMR (500 MHz, CDCl3): �� 0.88 (t, 3J� 6.6 Hz,
6H; CH3), 1.23 (s, 2H; H-7a,11a), 1.32 (m, 8H; alkyl-CH2), 1.40 (m, 4H; �-
CH2), 1.62 (m, 4H; �-CH2), 2.17 (m, 2H; �-CH2), 2.51 (m, 2H; �-CH2), 4.73
(m, 4J� 3.9 Hz, 2H; H-4b,14a), 5.28 (s, 2H; H-7,12), 5.80 (m, 4J� 3.9 Hz,
2H, H-5,14), 6.19 (s, 2H; H-1,2), 6.77 (m, 4H; phenyl-H), 6.91 (m, 4H), 6.97
(m, 2H), 7.22 (m, 6H), 7.27 (m, 2H), 7.36 (m, 2H), 7.43 ppm (m, 4H;
phenyl-H and H-3,4,15,16); 13C NMR (125 MHz, CDCl3): �� 14.10, 22.48,
28.97, 30.89, 31.53, 31.76 (alkyl-C), 46.00 (C-7a,11a), 55.12 (C-4b,14a), 63.75
(C-8,11), 79.62 (C-5,14 or C-7,12), 80.17 (C-7,12 or C-5,14), 120.47, 124.15,
124.37, 125.92, 126.50, 127.04, 127.36, 127.95, 129.18, 129.34, 129.70, 135.00,
135.44, 135.52, 136.34, 138.26, 140.70, 142.66, 144.75 (arom-C and C-1,2),
195.31 ppm (carbonyl-C); MS (FAB�): m/z (%): 913 (2) [M�H]� ;
elemental analysis calcd (%) for C67H60O3 (913.19): C 88.12, H 6.62;
found: C 87.82, H 6.68.


1,4,4a,6b,7,9,9a,10,13,13a,14,16,16a,18b-Tetradecahydro-1,4 :10,13-dicar-
bonyl-7,16 :9,14-diepoxy-8,15-dihexyl-1,2,3,4,10,11,12,13-octaphenyl-fluo-
rantheno[3�,4�:2,3,4]cyclopenta[1,2-b]naphthacene (bisadduct): 1H NMR:
�� 0.90 (t, 3J 6.4 Hz, 6H; CH3), 1.36 (m, 12H; CH2), 1.57 (s, 2H; H-9a,13a),
1.64 (m, 4H; �-CH2), 2.12 (m, 2H; �-CH2), 2.48 (m, 2H; �-CH2), 3.79 (m,
2H; H-6a,16a), 4.03 (s, 2H; H-4a,18b), 5.40 (s, 2H; H-9,14), 5.73 (m, 2H;
H-7,16), 5,97 (d, 3J� 7 Hz, 2H; H-5,18 or H-6,17), 6.61 (d, 3J� 7 Hz, 2H;
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H-5,18 or H-6,17), 6.78 (m, 4H; phenyl-H), 7.10 (m, 26H; phenyl-H),
7.49 ppm (m, 10H; phenyl-H); 13C NMR: �� 14.04, 22.44, 28.95, 30.81,
31.50, 31.64 (alkyl-C), 46.27 (C-9a,13a), 53.81 (C-4a,18b or C-6b,16a), 55.78
(C-4a,18b or C-6b,16a), 63.48 (C-1,4 or C-10,13), 64.14 (C-1,4 or C-10,13),
79.91 (C-7,16 or C-9,14), 80.40 (C-7,16 or C-9,14), 120.43, 122.61, 124.16,
126.26, 126.33, 126.79, 126.98, 127.10, 127.56, 128.25, 129.58, 129.76, 129.93,
134.66, 134.74, 134.83, 135.37, 136.02, 138.20, 138.51, 138.93, 141.39, 144.23,
145.08, 197.06 (carbonyl-C), 201.94 ppm (carbonyl-C); MS (FAB)�: m/z
(%): 1298 (1.5) [M�H]� .


exo-anti-17: Pale yellow solid; yield: 376 mg (67%); 1H NMR (500 MHz,
CDCl3): �� 0.93 (t, 6H, 3J� 7.1 Hz; CH3), 1.44 (m, 8H; CH2), 1.63 (m, 4H;
�-CH2), 1.83 (m, 4H; �-CH2), 2.91 (m, 2H; �-CH2), 2.96 (m, 2H; �-CH2),
3.07 (s, 2H; H-7a,11a), 3.98 (s, 2H; H-4b,14a), 5.50 (s, 2H; H-7,12), 5.90 (s,
2H; H-5,14), 6.91 (m, 4H; phenyl-H), 6.98 (m, 6H; phenyl-H), 7.15 (s, 2H;
H-1,2), 7.33 (m, 2H; phenyl-H), 7.40 (m, 4H; phenyl-H), 7.48 (m, 4H;
phenyl-H), 7.56 (d, 3J� 6.7 Hz, 2H; H-4,15), 7.80 ppm (d, 3J� 6.7 Hz, 2H;
H-3,16); 13C NMR (125 MHz): �� 14.03, 22.58, 29.64, 30.83, 31.56, 31.61
(alkyl-C), 46.57 (C-7a,11a), 55.97 (C-4b,14a), 64.11 (C-8,11), 81.65 (C-5,14
or C-7,12), 82.58 (C-7,12 or C-5,14), 120.56, 124.57, 125.99, 126.59, 126.86,
127.29, 127.39, 128.17, 128.98, 129.27, 129.78, 135.01, 135.38, 136.43, 137.12,
138.43, 143.73, 144.06, 144.80 (arom-C and C-1,2), 196.39 ppm (carbonyl-
C); MS (FAB�): m/z (%): 913 (1) [M�H]� .


exo-syn-17: Pale yellow solid; yield: 501 mg (75%); 1H NMR (500 MHz,
CDCl3): �� 0.99 (t, 6H, 3J� 7.2 Hz; CH3), 1.48 (m, 8H; alkyl-CH2), 1.66
(m, 4H; �-CH2), 1.83 (m, 4H; �-CH2), 2.91 (m, 2H; �-CH2), 3.01 (m, 2H; �-
CH2), 3.20 (s, 2H; H-7a,11a), 4.06 (s, 2H; H-4b,14a), 5.46 (s, 2H; H-7,12),
5.89 (s, 2H; H-5,14), 6.92 (m, 4H; phenyl-H), 7.01 (m, 6H; phenyl-H), 7.14
(s, 2H; H-1,2), 7.33 (m, 2H; phenyl-H), 7.40 (m, 4H; phenyl-H), 7.51 (m,
4H; phenyl-H), 7.54 (d, 3J� 6.8 Hz, 2H; H-4,15), 7.80 ppm (d, 3J� 6.8 Hz,
2H; H-3,16); 13C NMR (125 MHz): �� 14.14, 22.68, 28.88, 31.21, 31.70,
31.77 (alkyl-C), 47.05 (C-7a,11a), 56.35 (C-4b,14a), 64.30 (C-8,11), 80.21 (C-
5,14 or C-7,12), 81.98 (C-7,12 or C-5,14), 120.59, 124.62, 126.14, 126.73,
127.05, 127.38, 127.53, 128.24, 129.11, 129.46, 129.91, 135.14, 135.72, 136.61,
137.26, 138.54, 144.01, 144.40, 144.99 (arom-C and C-1,2), 196.79 ppm
(carbonyl-C); MS (FAB�): m/z (%): 913 (3) [M�H]� ; elemental analysis
calcd (%) for C67H60O3 (913.19): C 88.12, H 6.62; found: C 88.36, H 6.33.


rel-(1R,4S,4aS,6bS,7R,9S,9aS,11bS,12R,15S,15aR,17bR,18R,20-
S,20aR,22bR)-1,4:7,20:9,18:12,15-Tetraepoxy-8,19,23,24-tetrahexyl-
1,4,4a,6b,7,9,9a,11b,12,15,15a,17b,18,20,20a,22b-hexadecahydro-2,14:3,13-
dimethenodiindeno[1,2,3-c,d :1�,2�,3�-c�,d�]benzo[2,3-j :5,6-j�]difluoranthene
(19): Typical procedure: A solution of exo-syn-19 (230 mg, 0.25 mmol) in
toluene (10 mL) was prepared under nitrogen and refluxed for 2 d. After
cooling to room temperature and removal of solvent in vacuo, the residue
was purified by column chromatography (CH2Cl2) to afford a colorless
solid (m.p. 286 ± 287 �C, decomp) in 43% yield (Rf� 0.25). Single crystals
were grown by diffusion of ethanol into a chloroform solution. 1H NMR:
�� 0.88 (t, 3J� 6.4 Hz, 12H; CH3), 1.31 (m, 24H; alkyl-CH2), 1.50 (s, 4H;
H-6b,11b,15a,20a), 1.56 (m, 8H; �-CH2), 2.00 (m, 4H; �-CH2), 2.34 (m, 4H;
�-CH2), 4.71 (m, 4J� 3.7 Hz, 4H; H-4a,9a,17b,22b), 5.13 (s, 4H;
H-7,12,15,20), 5.73 (m, 4J� 3.7 Hz, 4H; H-1,4,9,18), 7.03 (d, 3J� 6.9 Hz,
4H; H-5,10,17,21 or H-6,11,16,22), 7.19 ppm (d, 3J� 6.9 Hz, 4H;
H-5,10,17,21 or H-6,11,16,22); 1H NMR ([D6]benzene): �� 0.89 (t, 3J�
6.6 Hz, 12H; CH3), 1.22 (m, 16H; alkyl-CH2), 1.35 (m, 8H; �-CH2), 1.50 (m,
8H; �-CH2), 1.65 (s, 4H; H-6b,11b,15a,20a), 2.03 (m, 4H; �-CH2), 2.28 (m,
4H; �-CH2), 4.54 (m, 4J� 3.7 Hz, 4H; H-4a,9a,17b,22b), 5.34 (s, 4H;
H-7,12,15,20), 5.68 (m, 4J� 3.7 Hz, 4H; H-1,4,9,18), 6.77 (d, 3J� 6.9 Hz,
4H; H-5,10,17,21 or H-6,11,16,22), 6.87 (d, 3J� 6.9 Hz, 4H; H-5,10,17,21 or
H-6,11,16,22); 13C NMR (125 MHz): �� 14.10, 22.54, 29.19, 31.15, 31.70,
31.75 (alkyl-C), 54.69 (C-4a,9a,17a,22b), 57.23 (C-6b,11b,15a,17a), 80.60 (C-
1,4,9,18), 81.56 (C-7,12,15,20), 120.21, 121.16, 125.29, 138.62, 139.39, 139.60,
140.67, 141.80, 144.05 ppm (arom-C); MS (80 eV, EI, 140 �C):m/z (%): 1004
(1.8) [M]� , 828 (0.9) [M�C14H8]� , 502 (18) [M�C36H38O2]� , 326 (100)
[M�C36H38O2�C14H8]� ; elemental analysis calcd (%) for C72H76O4


(1005.33): C 86.02, H 7.62; found: C 85.78, H 7.58.


6a,7,12,12a-Tetrahydro-7,12-epoxybenzo[k]fluoranthene (22): A solution
of acenaphthylene (4.77 g, 31 mmol) and of the isobenzofuran precursor
21[20] (16.4 g, 31 mmol) in toluene (250 mL) was refluxed for 16 h. After
cooling to room temperature, the solvent was evaporated in vacuo. The
residue was digested in hot ethanol (250 mL) for 30 min and filtered while
hot; this was repeated once. This procedure removed most of the
tetraphenylbenzene byproduct. The combined filtrates were dried in


vacuo. The isomers were purified and separated by column chromatog-
raphy (silica, hexane/ethyl acetate 3:1) to give 5.87 g of endo-22 (m.p. 190 ±
191 �C, Rf� 0.37 ) and 1.42 g of exo-22 (m.p. 166 ± 167 �C, Rf� 0.43) in an
overall yield of 87% as colorless solids. Single crystals for X-ray crystallo-
graphic analysis were grown from ethanol.


endo-22 : 1H NMR: �� 4.64 (m, 3J� 4.0 Hz, 2H; H-6b,12a), 5.71 (m, 2H,
4J� 4.0 Hz, 2H; H-7,12), 6.59 (AA�BB�, 2H; H-8,11 or H-9,10), 6.68
(AA�BB�, 2H; H-8,11 or H-9,10), 7.19 (d, 3J� 6.6 Hz, 4H; H-1,6), 7.29 (dd,
3J� 6.6 Hz, 3J� 8.0 Hz, 2H; H-2,5), 7.37 ppm (d, 3J� 8.0 Hz, 2H; H-3,4);
13C NMR: �� 52.05 (C-6b,12a), 81.73 (C-7,12), 119.29, 120.35, 123.09,
125.52, 127.24, 131.21, 142.18, 142.27 ppm (arom-C); MS (80 eV, EI, 80 �C):
m/z (%): 270 (76) [M]� , 252 (26) [M�H2O]� , 152 (5) [C12H8]� , 118 (100)
[M�C12H8]� ; elemental analysis calcd (%) for C20H14O (270.32): C 88.86,
H 5.22; found: C 88.80, H 5.11.


exo-22 : 1H NMR: �� 3.93 (s, 2H; H-6b,12a), 5.48 (s, 2H; H-7,12), 7.29
(AA�BB�, 2H; H-8,11 or H-9,10), 7.46 (AA�BB�; 2H, H-8,11 or H-9,10), 7.56
(m, 4H; H-1,6 and H-2,5), 7.74 ppm (d, 3J� 7.8 Hz, 2H; H-3,4); 13C NMR:
�� 53.28 (C-6b,12a), 84.30 (C-7,12), 119.49, 119.53, 123.54, 126.94, 127.96,
131.37, 143.95, 145.87 ppm (arom-C); MS (80 eV, EI, 130 �C): m/z (%): 270
(18) [M]� , 252 (3) [M�H2O]� , 152 (12) [C12H8]� , 118 (100) [M�C12H8]� ;
elemental analysis calcd (%) for C20H14O (270.32): C 88.86, H 5.22; found:
C 88.83, H 5.29.


rel-(1R,4S,4aS,9S,9aS,17bR,18R,22bR)-1,4:9,18-Diepoxy-8,19,23,24-tetra-
hexyl-1,4,4a,9,9a,17b,18,22b-octahydro-2,14:3,13-dimethenodiinde-
no[1,2,3-c,d :1�,2�,3�-c�,d�]benzo[2,3-j :5,6-j�]difluoranthene (23): A solution
of 19 (60 mg, 0.06 mmol) in toluene (5 mL) was prepared under nitrogen
atmosphere and heated to reflux. p-TosH monohydrate (45 mg) was added
and the mixture was refluxed for 16 h. After cooling to room temperature,
the solution was washed three times with water and the organic layer was
dried in vacuo. The residue was purified by column chromatography (silica
gel, CH2Cl2)to give 27 mg of a pale yellow green solid (m.p. �310 �C) in
47% yield. Single crystals for X-ray crystallographic analysis were grown
by the diffusion of hexane into a solution of 23 in chloroform; 1H NMR:
�� 0.87 (t, 3J� 6.3 Hz, 12H; CH3), 1.1 ± 1.5 (m, 24H; alkyl-CH2), 1.58 (m,
8H; �-CH2), 2.49 (m, 4H; �-CH2), 2.74 (m, 4H; �-CH2), 4.77 (m, 4J�
3.9 Hz, 4H; H-4a,9a,17b,22b), 5.92 (m, 4J� 3.9 Hz, 4H; H-1,4,9,18), 7.26 (d,
3J� 6.9 Hz, 4H; H-5,10,17,21 or H-6,11,16,22), 7.47 (s, 4H; H-7,12,15,20),
7.49 ppm (d, 3J� 6.9 Hz, 4H, H-5,10,17,21 or H-6,11,16,22); 13C NMR
(125 MHz): �� 14.11, 22.61, 29.58, 30.93, 31.52, 31.76 (alkyl-C), 55.91 (C-
4a,9a,17a,22b), 81.66 (C-1,4,9,18), 116.25, 119.39, 121.43, 128.87, 131.00,
133.49, 134.47, 136.28, 137.24, 137.44, 142.31 ppm (arom-C); MS (80 eV, EI,
260 �C): m/z (%): 968 (38) [M]� , 484 (100) [M�C36H36O orM]2�, 413 (19)
[M�C36H36O�C5H11]� .
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Synthesis and Nonlinear Optical Properties of Fluorine-Containing
Naphthalocyanines


Guo Ying Yang,[a, b] Michael Hanack,*[a] Yiew Wang Lee,[b] Yu Chen,[a]
May Ka Yuen Lee,[b] and Danilo Dini[a]


Abstract: The fluorine-containing met-
al naphthalocyanines [F16NcGaCl] (7)
and [(F16NcGa)2O] (8), which represent
the first examples of peripherally fluo-
rine substituted naphthalocyanines,
were synthesized, and the nonlinear
optical transmission was studied. Pe-
ripheral substitution by fluorine atoms


enhances the solubility and photostabil-
ity of the naphthalocyanines. In partic-
ular, for the axially �-oxo-bridged naph-
thalocyanine dimer 8, practically no


aggregation was observed in organic
solvents and it has proved to be an
efficient optical limiter when irradiated
with laser light pulses at the wavelength
of 532 nm, with pulse duration of 5 ns
and repetition rate of 20 Hz.Keywords: fluorine ¥ gallium ¥


naphthalocyanine ¥ nonlinear optics


Introduction


Since their invention in 1960s,[1] lasers are extensively inves-
tigated and used as a high-intensity light sources in optical
communication,[2] optical storage,[3] image processing,[4] envi-
ronmental monitoring,[5] surgery,[6] and military applications.[7]


The need for protection of optical sensors and human eyes
from accidental or hostile lasers has since then received
increasing attention.[7] In particular, it is of great importance
to develop passive optical limiters, which respond on the ns or
ps timescale, to protect sensors and human eyes from intense
laser pulses. In recent years, many materials have been
proposed and developed to meet this challenge,[8] including
porphyrins,[9] phthalocyanines,[10] fullerenes,[11] organometallic
compounds,[12] and indanthrone dyes.[13] Among them, phtha-
locyanines are especially attractive because of their great
reverse saturable absorption (RSA) properties, displaying
relatively low linear absorption (or high transmittance) for
light of low intensity, but high absorption (or low trans-
mittance) for intense light. However, in order to meet the
stringent requirement for sensors or human eye protectors, in
addition to be good optical limiters over the entire operating
wavelength band of the sensor system, the materials should


also have good thermal and photo stability, as well as good
processability. Nevertheless, few materials have been devel-
oped so far with satisfactory physical properties as well as
optical performances in protecting the human eye or an
optical sensor. Phthalocyanine-based materials, though
among the best materials, are still being investigated to
improve their optical-limiting properties and to expand their
optical-limiting window from visible to near IR range.[14]


Recently, we found that naphthalocyanine (Nc)-based
materials are also promising for optical-limiting applications
owing to their expanded ring structure and red-shifted
transmission window.[14] Their more extended �-electron
systems provide more pronounced nonlinear optical proper-
ties than that in the phthalocyanine (Pc) analogues, due to the
higher levels of electronic susceptibility.[15] Also, their
Q-bands are shifted to the near IR at about 800 nm, and the
hue of Nc solutions are thus determined by the B-band
absorption in the blue region at about 400 nm. We have
successfully synthesized a series of InIII ±Ncs in attempt to
meet the above requirements by increasing their solubility in
organic solvents, decreasing aggregation, and thus maintain-
ing their long lifetime of the excited state and good optical-
limiting properties.[16, 17] Attempts to obtain Ncs with im-
proved photostability are still on-going.
We report here on a novel approach for Nc modification,


namely introducing fluorine atoms on the peripheral positions
of the Nc ring. Fluorine substituents are known to enhance the
solubility of, for example, Pc,[18] in common organic solvents,
and, moreover, it is expected that the electron-withdrawing
character of fluorine substituents may improve the photo-
stability of the electronrich Nc rings against photoinduced
oxidation. Furthermore, our recent results have demonstrated
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that the solubility could be increased and the aggregation
could be prevented by introducing suitable peripheral as well
as axial substituents in Pc or Nc compounds, for example,
[tBu4PcGa(p-tmp)],[19] [(tBu4PcGa)2O], [(tBu4PcIn)2O],[20]


[(tBu4NcGa)2O],[21] and [{tBu4PcIn(tmed)}2].[22] All of these
materials have shown promising optical-limiting properties in
the visible region. Hence, hexadecafluorogalliumnaphthalo-
cyanine [F16NcGaCl] (7) was chosen as the target molecule,
and the �-oxo-bridged dimer [(F16NcGa)2O] (8) was designed
to increase the solubility and block the aggregation further. To
our knowledge, these two molecules represent the first
examples of peripherally fluorine substituted naphthalocya-
nines.


Results and Discussion


As a precursor for the synthesis of [F16NcGaCl] (7), 1,2-
dicyano-4,5,6,7-tetrafluoronaphthalene (6) was chosen. The
synthetic route for 6 is shown in Scheme 1. 1,2,3,4-Tetrafluoro-
5,8-dihydro-5,8-N-methylaminonaphthalene (3) was obtained


Scheme 1. Synthesis of precursor 6.


from a reaction that was slightly modified based on the
published method.[23] The intermediate, tetrafluorobenzyne
(2), generated from the reaction of n-butyllithium with
pentafluorochlorobenzene in diethyl ether, undergoes a
Diels ±Alder reaction with 1-methylpyrrole smoothly to
afford 3 in moderate yield, which is then converted to N-
methyl-4,5,6,7-tetrafluoroisoindole (4)[24] by reaction with 3,6-
di-(2-pyridyl)-1,2,4,5-tetrazine, leading to the loss of the
�CH�CH� moiety. The monomer 6 is then obtained (yield:
66.7%) by reacting N-methyl-4,5,6,7-tetrafluoroisoindole (4)
with dicyanoacetylene,[25] followed by the addition of 3-chloro-
peroxybenzoic acid to remove the methylamino group
(�NMe) in a one-pot reaction. Compound 6 was fully
characterized by spectroscopic methods and elemental anal-
ysis. The molecular peak of 6 appears at m/z 250.0 in the MS
spectrum. In the IR spectrum, the absorption at 2236.0 cm�1 is
characteristic of the�CN groups. The 1H NMR signal for the
two protons in 6 is located at ���8.58 ppm (s) and the 19F


NMR signals for the fluorine atoms appear at ���145.0 (m,
2F) and �148.0 ppm (m, 2F).
The synthesis of [F16NcGaCl] (7) and [(F16NcGa)2O] (8) is


shown in Scheme 2. Compound 7 was obtained by the
reaction of 6 with GaCl3 under N2 atmosphere at 200 �C for


Scheme 2. Synthesis of 7 and 8.


one hour. Compound 7 is slightly soluble in THF. The UV-
visible spectrum, exhibiting broad bands, shows that 7 is
heavily aggregated in THF (Figure 1). Compared to the
peripherally nonsubstituted NcGaCl,[26] which is practically


Figure 1. UV/Vis Spectra of 7 in THF (solid line) and 1-chloronaphthalene
(dashed line).


insoluble in common organic solvents, the solubility improve-
ment for 7, however, is quite significant, confirming that the
fluorine atoms do help to improve the solubility. The
aggregation in solution can be effectively suppressed when 7
is dissolved in 1-chloronaphthalene, as shown by the sharper
absorption bands in its UV-visible spectrum (Figure 1, dashed
line). In 1-chloronaphthalene, 7 displays the Q-band at
804.0 nm and the metal-to-ligand/ligand-to-metal charge
transfer (MLCT/LMCT) bands at 763.0, 717.0 nm. The MS-
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FAB spectrum of 7 shows peaks at m/z� 1103.8 [M�], 1068.9
[M��Cl].
[(F16NcGa)2O] (8) was obtained by the reaction of 7 with


concentrated H2SO4 at �10 to �20 �C, based on an approach
reported by us earlier.[20] The solubility of 8 in common organic
solvents is greatly improved when compared to that of 7. In
contrast to 7, in its UV-visible spectrum, compound 8 has a
sharp Q-band at 764.0 nm, the MLCT/LMCT bands at 725.0
and 686.0 nm, and the B-band at 339.0 nm even in THF
(Figure 2, solid line). The absorption pattern of 8 is character-


Figure 2. UV/Vis Spectra of 8 in THF (solid line) and 1-chloronaphthalene
(dashed line).


istic of Nc derivatives. The UV-visible spectrum is in agree-
ment with our earlier findings that the aggregation can be
effectively suppressed by axial substitution.[27] The diminished
aggregation of 8 is further demonstrated when its UV-visible
spectrum is recorded in 1-chloronaphthalene as solvent
(Figure 2, dashed line). The absorption pattern is retained,
with a general red-shift of all absorption bands; this is due to
the different solvent effect. The field desorption (FD) mass
spectrum of 8 shows a single peak atm/z� 556.9 [M4��H2O],
while under FAB mode, the spectrum gives a cluster of peaks
centered at m/z� 2155.2, which is assigned to [M�]. The
1H NMR spectrum displays a signal at ���8.59 ppm and the
19F NMR signals for the fluorine atoms are found at ��
�148.4 (m, 8F) and �156.5 ppm (m, 8F).
The photostability of 7 and 8 dissolved in THF was checked


by comparing the change of their UV-visible spectra before
and after light exposure. The intensities of the Q- and B-bands
for 7 decreased gradually with increased exposure to daylight
for one week without much change in its pattern. The change
for 8 under the same conditions is much less significant
(Figure 3), thus demonstrating that the dimer is quite stable.
Active materials for optical-limiting display low linear


absorption (or high transmittance) for light with low intensity,
and high absorption (or low transmittance) for very intense
light.[28] For reverse saturable absorption materials, such as
naphthalocyanines, this process can be explained by using a
simplified four-level model (Figure 4).[29, 30]


When the singlet ground state (Sg) of a molecule passes to
the first singlet excited state (S1) after absorption of a photon
emitted by a laser with a pulse width �, intersystem crossing
occurs and the absorbing system converts into the first triplet
state (T1). In the first triplet state T1, the system can absorb a


Figure 3. Changes of the UV/Vis absorption spectra of 8 before and after
exposure to indoor ambient light: a) before exposure (––), b) after one
week (- - - -).


Figure 4. Four-level model of reverse saturable absorption (sequential
two-photon absorption).


second photon; this leads the absorbing system to the excited
triplet state T2.
An efficient reverse saturable absorption (RSA) material


should have a high ratio of excited-state (T1�T2) to ground-
state (Sg� S1) absorption cross section (�ex/�g� 1), a rapid
intersystem crossing rate (�ISC� �), a long internal conversion
lifetime (�IC� �), a high intersystem crossing quantum yield
(�S1�T1� 1), and a long triplet lifetime (�T1� �).[31]


Due to the comparable low solubility of F16NcGaCl (7),
optical limiting was only determined for (F16NcGa)2O (8) in
THF (Figure 5). For comparison, optical-limiting measure-
ments were also conducted for C60, [tBu4NcGaCl],[21] and


Figure 5. Comparison of the optical limiting performance for various Ncs
and [(F16NcGa)2O] (8).


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2758 ± 27622760







Naphthalocyanines 2758±2762


[(tBu4NcGa)2O].[21] All of the samples in solution had the
linear transmission of 75% at 532 nm. It was found that the
optical-limiting performance for 8 is better than that for C60
and the nonfluorinated Nc, [(tBu4NcGa)2O]. The optical-
limiting threshold, which is defined as the average input
fluence at which the output fluence is 50% of what is
predicted by the linear transmission, for 8 and [(tBu4Nc-
Ga)2O] are 450 and 2150 mJcm�2, respectively (Table 1). As


these two compounds share the basic Nc structure and the
same metal (gallium), it is highly possible that they have the
similar intersystem crossing rates, internal conversion life-
times, intersystem crossing quantum yields, and triplet life-
times. However, due to the electron-withdrawing effect of the
fluorine atoms, the Q-bands of 8 are significantly blue-shifted
relative to those of [(tBu4NcGa)2O].[32] Apparently, their
difference in the ground state absorption, and probably the
excited state absorption too, leads to a different ratio of their
excited-state (T1�T2) to ground-state (Sg� S1) absorption
cross section (�ex/�g). Based on the optical-limiting measure-
ment results, the ratio of effective �ex/�g for 8 is higher than
that for compound [(tBu4NcGa)2O]. Comparable results were
also found with fluorinated metal Pcs, which also showed
increased effective �ex/�g ratio in comparison with the non-
fluorinated Pcs.[33] The improvement was attributed to the
augmentation of the difference of the dipole moment between
the excited states associated with the optical transition
responsible for the optical-limiting effect.


Conclusion


In conclusion, we have synthesized and characterized the
hexadecafluoronaphthalocyanine materials, [F16NcGaCl] (7)
and [(F16NcGa)2O] (8), which are the first examples of
peripherally fluorine-substituted Ncs. Our results have shown
that the solubility and photostability of these new Ncs can be
significantly improved by the introduction of fluorine atoms
on the peripheral positions of the Nc ring. The high photo-
stability of 7 and 8 is attributed to the electron-withdrawing
property of the fluorine atoms, which reduce the electron
density in the Nc ring and make its oxidation more difficult
when irradiated. We have again demonstrated that the axial
dimeric Nc system, represented here by compound 8, is
effective in improving the solubility and suppressing aggre-
gation. In fact, no observable aggregation was found for 8 in
THF. The high solubility of 8 in THF allowed the measure-
ment of its optical limiting property at 532 nm in solution.
Compound 8 displayed a better optical-limiting performance
than C60 and the nonfluorinated [(tBu4NcGa)2O]. At a


molecular level, the cause of the enhanced optical-limiting
behavior in 8 is probably due to the involvement of the strong
electron-attracting nature of the fluorine substituents, im-
proved dipole moments and a higher effective �ex/�g ratio.


Experimental Section


General : All syntheses were carried out under nitrogen atmosphere. FT-
IR: Perkin ±Elmer Spectrum 1000, UV/Vis: ShimadzuUV-365, MS: Varian
Mat 711 (FD: temperature of the ion source: 30 �C; FAB: temperature of
the ion source: 50 �C), 1H and 19F NMR: Bruker Avance DRX250
(235.334 MHz).


1,2,3,4-Tetrafluoro-5,8-dihydro-5,8-N-methylaminonaphthalene (3):[23] n-
Butyllithium (1.6� in hexane; 27.5 mL, 44.0 mmol) was added dropwise
to a magnetically stirred solution of 1 (5.2 mL, 40.0 mmol) in dry Et2O
(100 mL) under N2 at�78 �C. The solution was stirred for 1 h at�78 �C and
then treated dropwise with 1-methylpyrrole (14.4 mL, 80.0 mmol). The
mixture was further stirred for 1 h at that temperature and then allowed to
warm slowly to room temperature and stirred overnight. The brown
solution obtained was washed with 4� H2SO4 (3� 50 mL), and the aqueous
layer was basified with 4� NaOH and extracted with Et2O (3� 100 mL).
The organic layer was dried over NaSO4, evaporated to afford crude 3,
which was purified by crystallization from n-hexane: white crystals, 4.6 g,
yield: 50.2%, m.p. 74.5 ± 76.0 �C (lit. [23] m.p. 75 ± 76 �C).


N-Methyl-4,5,6,7-tetrafluoroisoindole (4):[24] 3,6-Bis(2-pyridyl)-1,2,4,5 -tet-
razine (472.0 mg, 2.0 mmol) was added in one portion to a magnetically
stirred solution of 3 (458.0 mg, 2.0 mmol) in CH2Cl2 (40 mL). The resulting
magenta solution was stirred for 3 h at room temperature. The solution was
then evaporated and purified by chromatography on neutral Al2O3 with
CH2Cl2 as eluent to give 4 : 340.0 mg, 83.7%, m.p. 176 ± 177.5 �C (lit. [24]
m.p. 178 �C).


1,2-Dicyano-4,5,6,7-tetrafluoronaphthalene (6): Dicyanoacetylene[25]


(114.0 mg, 1.5 mmol) was added slowly to a magnetically stirred solution
of 4 (305.0 mg, 1.5 mmol) in CHCl3 (20 mL) at 0 �C. The reaction mixture
was warmed to room temperature and stirred for 1 h. 3-Chloroperoxyben-
zoic acid (77% max; 656.5 mg, �3.0 mmol) was added in one portion, and
the mixture was stirred at room temperature overnight. The solution was
washed with aqueous NaOH solution (2�, 50 mL� 3, to remove 3-chlor-
obenzoic acid) and water (50 mL� 3), and then dried over Na2SO4. After
evaporation, the residue obtained was subjected to flash chromatography
on silica gel with CHCl3 as eluent to yield 6 : 250.0 mg, 66.7%, m.p. 215 ±
216.5 �C; MS (m/z): 250.0 [M�]; 1H NMR (CDCl3): �� 8.58 ppm (s); 19F
NMR (CDCl3, C6H5CF3 as reference): ���145.0 (m, 2F), �148.0 ppm
(m, 2F); IR (KBr): �� � 2236.0 cm�1 (�CN); elemental analysis calcd (%)
for C12H2N2F4: C 57.62, H 0.81, N 11.20, F 30.38; found: C 57.82, H 0.61, N
11.30, F 30.80.


[F16NcGaCl] (7): Compound 6 (100.0 mg, 0.4 mmol) and GaCl3 (176.0 mg,
1.0 mmol) were mixed and heated to 200 �C for 1 h. The reaction mixture
was dissolved in 1-chloronaphthalene and added dropwise into methanol
(100 mL). The precipitate was collected and washed with methanol to give
a dark blue product (40.0 mg, 36.2%). MS-FAB (m/z): 1103.8 [M�], 1068.9
[M��Cl]; IR (KBr): �� 1655.0 (m), 1606.0 (m), 1498.0 (vs), 1377.0 (vs),
1129.0 (s), 1093.0 (s), 1068.0 (w), 996.0 (vs), 972.0, (vs) 893.0 (w), 862.0 (w),
809.0 (w), 760.0 (w), 742.0 (w), 681.0 (m), 639.0 (w), 512.0 (w), 494.0 (w),
440.0 cm�1 (w); UV/Vis (THF): �max� 765.0, 718.0, 338.0 nm; UV/Vis (1-
chloronaphthalene): �max� 804.0, 763.0, 717.0 nm; elemental analysis calcd
(%) for C48H8ClGaN8F16: C 52.16, H 0.73, N 10.14, Cl 3.21; found C 49.62,
H 0.90, N 9.61, Cl 3.23.


[(F16NcGa)2O] (8): Compound 7 (40.0 mg, 0.018 mmol) was dissolved in
conc. H2SO4 (20 mL) at �10 to �20 �C and stirred for 2 h. The dark blue
reaction mixture was quenched with ice-water (200 mL), filtered, and dried
to obtain a dark green solid (18.0 mg, 46.0%). MS-FD (m/z): 556.9
[M4��H2O]; MS-FAB (m/z): 2155.2 [M�]; IR (KBr): �� � 1655.0 (m), 1604.0
(m), 1496.0 (vs), 1377.0 (vs), 1189.0 (w), 1130.0 (s), 1094.0 (s), 1068.0 (w),
996.0 (vs), 977.0 (vs), 897.0 (w), 864.0 (w), 810.0 (w), 763.0 (w), 745.0 (w),
682.0 (m), 640.0 (w), 516.0 (w), 439.0 cm�1 (w); UV/Vis (THF): �max� 764.0,
725.0, 686.0, 339.0 nm; UV/Vis (1-chloronaphthalene): �max� 805.0, 763.0,
716.0, 339.0 nm; 1H NMR ([D8]THF): �� 8.59 ppm (s); 19F NMR
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Table 1. Optical limiting thresholds for the tested materials.


Compounds Optical limiting threshold [mJcm�2]


8 450
C60 1248
[(tBu4NcGa)2O] 2150
[tBu4NcGaCl] 3945
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([D8]THF, C6H5CF3 as reference): ���148.4 (m, 8F), �156.5 ppm (m,
8F). elemental analysis calcd (%) for C96H16Ga2F32N16O: C 53.50, H 0.75, N
10.40; found: C 51.02, H 0.94, N 9.26.


Optical-limiting measurement : The optical-limiting experiments were
conducted by using a laser light with wavelength of 532 nm, a pulse
duration of 5 ns, and a repetition rate of 20 Hz. The pulses were generated
by a frequency-doubled Q-switched Nd/YAG laser. A small part of the
input beam was split by using a glass plate to monitor the input energy. The
major part of the laser beam was focused with a lens with a focal length of
250 mm, and the sample was placed near the focus point (�100 �m in
diameter). After propagation through the medium, the major portion of the
beam was collected by a photodiode detector. This allowed a direct
measurement of the nonlinear absorption properties. Other mechanisms
leading to light dispersion, such as photon diffusion or nonlinear refraction,
were not taken into account.[30] The transmission for each sample was
measured at several different incident fluences varying from 10 mJcm�2 to
4000 mJcm�2. The data points are obtained by averaging the measurements
of around 40 shots. The tested samples were prepared as solutions and all
had 75	 1% of linear transmission at 532 nm. Their optical-limiting
performance at 532 nm was evaluated and compared based on their
limiting thresholds, which is defined as the average input fluence at which
the output fluence is 50% of what is predicted by the linear transmission.
C60 was included and was dissolved in toluene in a quartz cell with 1 mm
thickness. The rest of the samples were dissolved in THF and tested in the
same type of optical cells.
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Photoinduced Intramolecular Electron Transfer and Triplet Energy Transfer
in a Steroid-Linked Norbornadiene ±Carbazole Dyad


Li-Ping Zhang,[a] Bin Chen,[a] Li-Zhu Wu,[a] Chen-Ho Tung,*[a] Hong Cao,[b] and
Yoshifumi Tanimoto[b]


Abstract: Bichromophoric compound
3�-((2-(methoxycarbonyl)bicyclo[2.2.1]-
hepta-2,5-diene-3-yl)carboxy)androst-5-
en-17�-yl-[2-(N-carbazolyl)acetate]
(NBD-S-CZ) was synthesized and its
photochemistry was examined by fluo-
rescence quenching, flash photolysis,
and chemically induced dynamic nuclear
polarization (CIDNP) methods. Fluo-
rescence quenching measurements show
that intramolecular electron transfer
from the singlet excited state of the
carbazole to the norbornadiene group in
NBD-S-CZ occurs with an efficiency
(�SET) of about 14% and rate constant


(kSET) of about 1.6� 107 s�1. Phosphor-
escence and flash photolysis studies
reveal that intramolecular triplet energy
transfer and electron transfer from the
triplet carbazole to the norbornadiene
group proceed with an efficiency (�TET


� �TT) of about 52% and rate constant
(kTET � kTT) of about 3.3� 105 s�1. Upon
selective excitation of the carbazole


chromophore, nuclear polarization is
detected for protons of the norborna-
diene group (emission) and its quadri-
cyclane isomer (enhanced absorption);
this suggests that the isomerization of
the norbornadiene group to the quad-
ricyclane proceeds by a radical-ion pair
recombination mechanism in addition to
intramolecular triplet sensitization. The
long-distance intramolecular triplet en-
ergy transfer and electron transfers
starting both from the singlet and triplet
excited states are proposed to proceed
by a through-bond mechanism.


Keywords: carbazole ¥ chromo-
phores ¥ electron transfer ¥ energy
transfer ¥ isomerization ¥
norbornadiene


Introduction


Intramolecular long-distance electron and energy transfer in
bichromophoric compounds have been the subjects of intense
studies.[1±6] The principal aims of these studies have been to
develop a better understanding of photoharvesting systems in
natural organisms,[1±6] and to provide a base for designing
molecular photonic devices and synthetic solar-energy-con-
version systems.[2, 5, 7, 8] It is generally accepted that in donor ±
{saturated hydrocarbon bridge} ± acceptor systems electron
transfer and triplet energy transfer can proceed by through-
bond and/or through-space mechanisms, depending on the
nature of the bridge.[1±10] For rigid bridge-linked donor± ac-
ceptor molecules, the through-bond mechanism appears to be
favored.[1±9] Steroid,[11±16] fused norbornenyl[6, 17] and many


other groups[18] have been used to constitute the bridge. By
using these bridges, the mixing of the donor and acceptor
orbitals with the orbitals of the bridge, which facilitates a
super-exchange interaction, is provided by an ™all-trans∫
arrangement of the � bonds. In contrast, flexible bridge-linked
donor ± acceptor molecules adopt many conformations, and
only a small number of the conformations allow orbital
overlaps conducive to through-bond electron transfer and
energy transfer. In this case, the electron transfer and energy
transfer processes have been regarded as a through-space
interaction.[19±22]


The factors that govern intramolecular energy- and elec-
tron-transfer processes in rigid donor ± bridge ± acceptor sys-
tems, for instance distance and orientation between the donor
and acceptor, and the electronic properties of the intervening
spacer have been extensively examined by Miller and
Closs,[23, 24] Morrison,[11±13] Paddon-Row and Verhoe-
vem,[6, 17, 25] Schuster,[26, 27] Zimmerman,[28] Gust and
Moore,[2, 5] Wasielewski,[1, 8, 10, 29] and many others.[3, 7, 9, 14±16]


We have utilized the androstene skeleton as the bridge,
mounted an antenna chromophore and a norbornadiene (or
quadricyclane) group on the steroidal framework, and inves-
tigated intramolecular triplet energy transfer and electron
transfer within these systems.[15, 16] Although the donor and
acceptor are separated by as much as about 17 ä, electron-
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transfer and triplet energy-transfer processes occur with
reasonably large rate constants by a through-bond mecha-
nism. Our study on a norbornadiene ± steroid ± benzophenone
system[15] has shown that the benzophenone chromophore
harvests photon energy and transfers its triplet energy to the
norbornadiene group with a rate constant of about 1.5�
105 s�1 resulting in the isomerization of the later into
quadricyclane group. In a study on a quadricyclane ± ste-
roid ± {dibenzolmethanatoboron difluoride} system,[30] we
demonstrated efficient electron transfer from the quadricy-
clane to the singlet excited state of the dibenzolmethanato-
boron difluoride group with a rate constant of about 1.0�
109 s�1, leading to the isomerization of the quadricyclane to the
norbornadiene group. For norbornadiene ± steroid ± benzi-
dine,[16] both intramolecular triplet energy transfer and singlet
electron transfer occur, and the isomerization of the norbor-
nadiene to quadricyclane group proceeds both by triplet
sensitization and radical-ion pair recombination mechanisms.
In the present work we have synthesized the bichromophoric
compound norbornadiene ± steroid ± carbazole (NBD-S-CZ).


N


C O CH3


O


C O


O


O C


O


CH2


NBD-S-CZ


Emission quenching, laser flash photolysis, and chemically
induced dynamic nuclear polarization (CIDNP) results sug-
gest that, in addition to efficient triplet energy transfer and
singlet electron transfer, electron transfer from the triplet
excited state of the carbazole chromophore to the norborna-
diene group also occurs. The data provide a new example of
using an antenna chromophore to activate a remote functional
group for chemical reaction by long-distance electron transfer
and triplet energy transfer.


Results and Discussion


Synthesis of the norbornadiene ± steroid ± carbazole system
(NBD-S-CZ): The synthesis of NBD-S-CZ involved three
steps. Treatment of 3�-hydroxyandrost-5-en-17-one with
2-(methoxycarbonyl)bicyclo[2.2.1]hepta-2,5-diene-3-carbonyl
chloride gave the norbornadiene derivative androst-5-en-17-
one (NBD-S-One). After separation, NBD-S-One was re-
duced by a literature procedure[31] to yield a mixture of the
diastereomers 3�-NBD-androst-5-en-17�-ol (NBD-S-17�-Ol)
and 3�-NBD-androst-5-en-17�-ol (NBD-S-17�-Ol), with the
former as the predominant product. Assignments of NBD-S-
17�-Ol as the 17-C-�OH alcohol and NBD-S-17�-Ol as the
17-C-�OH alcohol were supported by 1H NMR resonances at


3.32 and 3.68 ppm characteristic of 17-C-�H and 17-C-�H,
respectively.[32] The isomeric alcohols NBD-S-17�-Ol and
NBD-S-17�-Ol may be separated by chromatography. Since
the amount of the purified NBD-S-17�-Ol was insufficient for
a photochemical study, we only used NBD-S-17�-Ol as a
starting material to prepare NBD-S-CZ by its treatment with
2-(N-carbazolyl)acetic acid.


Intramolecular electron transfer from the singlet excited state
of the carbazole chromophore to the norbornadiene group in
NBD-S-CZ : The absorption spectra of NBD-S-CZ and the
models for the donor, ethyl 2-(N-carbazolyl)acetate (CZ), and
for the acceptor, dimethyl bicyclo[2.2.1]hepta-2,5-diene-2,3-
carbxylate (MNBD) in acetonitrile were examined. The


MNBD


N CH2 C OC2H5


O


C O CH3


O


C O CH3


O


CZ


absorption spectrum of NBD-S-CZ is essentially identical to
the sum of the spectra of CZ and MNBD; this suggests the
absence of a measurable interaction between the carbazole
and norbornadiene chromophores of NBD-S-CZ in the
ground state. Significantly, the absorption of CZ extends to
longer wavelengths (with maxima at 330 and 345 nm) than
does that of MNBD. The energy of the singlet excited state of
the carbazole chromophore (ca. 83 kcalmol�1) is lower than
that of MNBD (�95 kcalmol�1), as estimated from their
absorption spectra. Thus singlet ± singlet energy transfer from
the excited carbazole chromophore to the norbornadiene
chromophore is impossible. Furthermore, this factor permits
the selective excitation of the carbazole moiety in the
bichromophoric compound NBD-S-CZ.


The fluorescence spectra of NBD-S-CZ and CZ in acetoni-
trile were studied, Figure 1. Both compounds exhibit the


Figure 1. Emission spectra of NBD-S-CZ (- - - -) and CZ (––). The
fluorescence and phosphorescence spectra were obtained in acetonitrile at
room temperature and in 2-methyltetrahydrofuran at 77 K, respectively.
�EX� 310 nm, [NBD-S-CZ]� [CZ]� 1� 10�5�.
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structured fluorescence characteristic of the carbazole chro-
mophore with maxima at 345 and 355 nm. The parameters of
the fluorescence spectra together with those of the phosphor-
escence spectra and cyclic voltammetry for NBD-S-CZ, CZ,
and MNBD are given in Table 1. The general features of these
two spectra are essentially identical. However, the fluores-
cence efficiency of the carbazole chromophore in NBD-S-CZ
is about 15% less than that in the model compound CZ. This
observation indicates that quenching of the carbazole fluo-
rescence by the norbornadiene group in NBD-S-CZ takes
place. Measurements at different concentrations reveal that
the quenching is intramolecular. The fluorescence lifetimes
for NBD-S-CZ and CZ in acetonitrile were determined to be
9.0 and 10.5 ns respectively (Table 1). These data allow the
calculation of the quenching constant (kSET) and the quantum
yield (�SET) of the quenching, which were found to be 1.6�
107 s�1 and 14% respectively. The value of the quenching
efficiency thus obtained is comparable to that from the
fluorescence efficiency measurements.


Since the possibility of singlet ± singlet energy transfer
being responsible for the long-distance intramolecular
quenching of the carbazole fluorescence by the norborna-
diene group in NBD-S-CZ is excluded on thermodynamic
grounds as mentioned above, we examined the reality of
electron transfer between the two chromophores as the cause
of the fluorescence quenching. The free energy change (�G)
involved in an electron-transfer process in acetonitrile can be
calculated by the Rehm±Weller equation:[33, 34]


�G (kcalmol�1)� 23.06 [Eox(D)�Ered(A)� e2/Rcc�]�E0,0 (kcalmol�1) (1)


here �E0,0 is the excited state energy, and in this case
represents the singlet excited energy of the carbazole group
(ca. 83 kcalmol�1). Eox(D) and Ered(A) are the redox poten-
tials of the donor and acceptor, respectively, determined in
acetonitrile. e2/Rcc� is the Coulombic interaction in the ion-
pair state whose magnitude depends on the distance between
the donor and acceptor (Rcc) and on the dielectric constant (�)
of the medium separating the charges. We used the Alchemy
II program to calculate the energies of the two general
conformations, extended and bent, of NBD-S-CZ and found
that the extended conformation has the lower energy. In this
conformation the center-to-center separation of the norbor-
nadiene and carbazole groups is about 17.0 ä. Thus, we set Rcc


equal to 17.0 ä for NBD-S-CZ. Cyclic voltammetric measure-
ment of the model compound CZ in acetonitrile showed
reversible oxidation waves with an oxidation potential Eox(D)
of around 1.10 V versus SCE. This value is consisted with that
reported in the literature.[35] The reduction potential (Ered(A))


of MNBD has been reported in previous work[15, 16] to be
about �1.67 V versus SCE. Calculation according to Equa-
tion (1) reveals that electron transfer from the singlet excited
state of the carbazole portion of NBD-S-CZ to the norborna-
diene group is exothermic by about 21 kcalmol�1. Thus, we
attributed the fluorescence quenching of the carbazole
chromophore in NBD-S-CZ to long-distance intramolecular
electron transfer from the singlet excited carbazole to the
norbornadiene group as shown in Scheme 1. This conclusion is
supported by the results of flash photolysis measurements.
Photolysis of NBD-S-CZ by laser pulse (308 nm, 10 ns) results
in instantaneous formation of a transient absorption in the
region 770 ± 870 nm that can be assigned to the carbazole
radical cation, as reported in the next section.


Scheme 1. Photophysical and photochemical processes in NBD-S-CZ.


Intramolecular electron transfer and energy transfer from the
triplet state of the carbazole chromophore to the norborna-
diene group in NBD-S-CZ : Figure 1 gives the phosphores-
cence spectra of NBD-S-CZ and CZ in glassy 2-methyl-
tetrahydrofuran (MTHF) at 77 K. The phosphorescence
efficiency of NBD-S-CZ is much less than that of CZ; this
suggests that the triplet state of the carbazole chromophore in
NBD-S-CZ is quenched by the norbornadiene group. From its
phosphorescence spectrum, we estimated the triplet energy of
the carbazole chromophore to be about 70 kcalmol�1. By
using the redox potentials of CZ and MNBD in Table 1,
calculation from the Rehm±Weller equation [Eq. (1)] reveals
that electron transfer from the triplet excited state of the
carbazole moiety to the norbornadiene group in NBD-S-CZ is
thermodynamically favorable by around 8 kcalmol�1. Thus,
we infer that electron transfer from the triplet carbazole to the


Table 1. Spectroscopic and electrochemical properties of NBD-S-CZ, CZ, and MNBD.


Compound Fluorescence[a] Phosphorescence[b] E [kcalmol�1] oxidation potential[a] reduction potential[a]


�max [nm] � [ns] �max [nm] � [�s][c] Es ET (V vs. SCE) (V vs. SCE)


NBD-S-CZ 345 9.0 420 1.56
355


CZ 345 10.5 420 3.25 83 70 1.10
355


MNBD � 95 53 � 1.67


[a] In acetonitrile. [b] In glassy MTHF at 77 K. [c] Determined by T±T transient absorption.
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norbornadiene group occurs. Furthermore, the triplet energy
of the norbornadiene group (ca. 53 kcalmol�1)[15, 16] is much
lower than that of the carbazole group. Thus, both electron
transfer and energy transfer from the triplet state of the
carbazole group to the norbornadiene group in NBD-S-CZ
are thermodynamically possible.


The evidence for long-distance intramolecular triplet
energy transfer and electron transfer in NBD-S-CZ based
on phosphorescence efficiency and energetic consideration
was further strengthened by a flash-photolysis study. Pulsed-
laser photolysis of CZ in degassed acetonitrile by using
308 nm excitation light gave rise to a strong transient
absorption spectrum in the region of 360 ± 500 nm as shown
in Figure 2a. This absorption can be assigned to the lowest


Figure 2. Transient absorption spectra observed upon laser photolysis of
a) CZ and b) NBD-S-CZ in acetonitrile (2.5� 10�5�) 0.5 �s after the laser
pulse.


triplet state of the carbazole chromophore by reference to the
transient absorption of the triplet state of N-ethylcarba-
zole.[36±38] Furthermore, this absorption is readily quenched by
penta-1,3-diene or O2. Analysis of the transient spectrum of
CZ at 400 nm as a function of time yields a lifetime of the
triplet state of about 3.25 �s. In addition to the lowest triplet-
state absorption, Figure 2a also shows a transient absorption
spectrum in the region of 770 ± 870 nm. This absorption band
is assigned to the radical cation of the carbazole chromophore
by reference to the transient absorption of the radical cation
of N-ethylcarbazole.[36±39] This radical cation was considered
to be produced by a two-photon ionization process.[36] Pulsed-
laser photolysis of NBD-S-CZ under identical condition leads
to absorptions of the triplet state and the radical cation of the
carbazole chromophore (Figure 2b) as in the case of CZ. The
lifetime of this triplet state, monitored at 400 nm, is about
1.56 �s. By comparison of the triplet lifetime of the carbazole
chromophore in NBD-S-CZ to that of the model compound
CZ, the quenching efficiency (�TET � �TT; �TET and �TT


represent the efficiencies of triplet electron transfer and
energy transfer, respectively) and rate constant (kTET � kTT;
kTET and kTT denote the rate constants for triplet electron
transfer and energy transfer, respectively) of the carbazole
chromophore by the remote norbornadiene group in NBD-S-


CZ are about 52% and 3.3� 105 s�1, respectively. Figure 2
clearly shows that the intensity of the radical cation absorp-
tion band relative to the triplet absorption band for NBD-S-
CZ is much stronger than that for CZ. Thus, the radical cation
in the case of photolysis of NBD-S-CZ is proposed to be
produced mainly by electron transfer from the carbazolyl to
the norbornadiene group, although two-photon ionization is
also possible. By consideration of the fact that the carbazole
radical cation is mainly generated during ™the laser pulse∫, it
is clear that this cation is produced by long-distance electron
transfer from the singlet excited state of the carbazole
chromophore to the norbornadiene group in NBD-S-CZ. It
is also possible that a fraction of the carbazole radical cation is
formed from the triplet electron transfer. However, attempts
to separate the contribution of the triplet electron transfer to
the radical cation formation from that of the singlet electron
transfer were unsuccessful.


CIDNP study on photosensitized isomerization of the nor-
bornadiene group to quadricyclane in NBD-S-CZ by long-
distance electron transfer : The photosensitized valence isom-
erization of norbornadiene to quadricyclane has been the
subject of intense experimental and theoretical investigation
in view of its mechanistic interests.[40±43] The isomerization
mechanism involving triplet energy transfer is well under-
stood.[44] Furthermore, MNBD is a good electron acceptor and
can also undergo isomerization in the presence of an electron-
donor sensitizer. Based on the observation of CIDNP effects,
it has been proposed that this photosensitized isomerization
involves electron transfer from the sensitizer to the norbor-
nadiene to generate the singlet-state radical-ion pair, inter-
system crossing of the resultant singlet radical-ion pair to its
triplet state, and the recombination of the triplet radical-ion
pair to give the triplet norbornadiene followed by rearrange-
ment to the quadricyclane.[41, 42] For molecule NBD-S-CZ, the
energy of the radical-ion pair (G), NBD.�-S-CZ .� in acetoni-
trile was calculated from the redox potentials of the donor and
acceptor groups (G�Eox(D)�Ered(A)� e2/Rcc�) to be about
62 kcalmol�1. This energy lies below the triplet energy of the
carbazole chromophore (ca. 70 kcalmol�1), but above the
triplet energy of the norbornadiene group (ca. 53 kcalmol�1).
Thus, we infer that the triplet radical-ion pair 3(NBD.�-S-
CZ .�) may undergo recombination to generate the triplet
norbornadiene 3NBD*-S-CZ. Therefore, the isomerization of
the norbornadiene group in NBD-S-CZ might proceed both
by triplet energy-transfer and by radical-ion pair recombina-
tion mechanisms. Indeed, photoirradiation with �� 300 nm of
a 2.5� 10�4� degassed solution of NBD-S-CZ in acetonitrile
at room temperature results in valence isomerization of the
norbornadiene group to quadricyclane group (QC-S-CZ).


The CIDNPmethod has proved to be a valuable tool for the
investigation of the isomerization of norbornadiene and its
derivatives to the quadricyclane valence isomers and the
reverse reaction that proceed via photoinduced electron
transfer and radical-ion intermediates.[41] Jones, Bargon, and
their co-workers[41, 42] observed CIDNP upon irradiation of
MNBD in the presence of aromatic electron-donor sensitizers
in acetonitrile. Nuclear polarization was detected for selected
protons of the norbornadiene (emission) and its quadri-







Photochemistry of Norbornadiene ±Carbazole Dyad 2763±2769


Chem. Eur. J. 2003, 9, 2763 ± 2769 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2767


cyclane valence isomer (enhanced absorption). The comple-
mentary CIDNP effects were rationalized in terms of the
quenching of the sensitizer singlets by electron transfer,
hyperfine induced intersystem crossing between the resultant
singlet and triplet radical-ion pairs, and competition between
singlet and triplet radical-ion pair recombination. The reverse
electron transfer in the initially formed singlet radical-ion
pairs will regenerate the reactant norbornadiene in competi-
tion with intersystem crossing to the triplet ion pairs, while the
triplet ion pair on combination gives rise to the triplet state of
the norbornadiene group, which in turn leads predominantly
to the quadricyclane valence isomer. In the present work we
irradiated a 2.5� 10�4� solution of NBD-S-CZ in CD3CN in
the probe of a NMR spectrometer with a 1000 W high-
pressure Hg�Xe lamp through a Pyrex filter, and observed the
characteristic CIDNP signals as shown in Figure 3. The signal


Figure 3. 1H NMR spectra (80 MHz) of NBD-S-CZ (2.5� 10�4�) in
CD3CN. a) before irradiation, b) during irradiation, and c) after irradiation.
No, Nbh, Qo, and Qbh refer the resonances of the NBD olefinic, NBD
bridgehead, QC cyclobutane and QC bridgehead protons, respectively.


intensities of the bridgehead and olefinic protons of the
norbornadiene group during irradiation are much weaker
than those before and after irradiation. This observation
suggests that these protons exhibit enhanced emission. On the
other hand, the corresponding protons (the bridgehead and
cyclobutane protons) of the quadricyclane isomer show
enhanced absorption. No polarization was observed for the
bridge protons of either the norbornadiene or the quadricy-
clane or for protons of the carbazole moiety and the steroid


spacer. The observation of the complementary CIDNP effects
provides unambiguous evidence for the electron-transfer and
radical-ion pair recombination mechanism in the carbazole-
sensitized isomerization of the norbornadiene group to
quadricyclane in NBD-S-CZ.


As mentioned above, the isomerization of the norborna-
diene group in NBD-S-CZ may proceed both through triplet
energy transfer and through radical-ion pair recombination
mechanisms. The later mechanism involves electron transfers
both from the singlet and the triplet excited states of the
carbazole chromophore to norbornadiene group. The direc-
tions of the spin polarization in the isomerization of the
norbornadiene to the quadricyclane group in NBD-S-CZ (the
norbornadiene protons show enhanced emission, while those
of the quadricyclane have enhanced absorption, Figure 3)
were found to be identical to those observed by Jones and
Bargon[41, 42] on irradiation of MNBD in the presence of
aromatic electron-donor sensitizers. Thus, we infer that
electron transfer from the singlet excited state of the
carbazole chromophore to the norbornadiene group in
NBD-S-CZ plays a dominant role in the norbornadiene
isomerization that proceeds by the radical-ion pair recombi-
nation mechanism. However, closer inspection of Figure 3
reveals that the intensities of the CIDNP signals, particularly
those associated with the norbornadiene protons, are rather
weak compared with the case of the bimolecular photo-
sensitized isomerization. This suggests that isomerization of
the norbornadiene group in NBD-S-CZ through electron
transfer from the triplet state of the carbazole chromophore
to the norbornadiene group might also take place. According
to the Kaptein rule[45, 46] and subsequent amendment,[47±49] the
CIDNP effect depends on the spin multiplicity of the initially
generated radical pair. The radical-ion pairs generated from
the triplet electron transfer pathway and those from the
singlet electron transfer pathway should give opposite polar-
ization of signals, and they might tend to more or less cancel
with each other.


Conclusion


Fluorescence quenching, flash photolysis, and CIDNP studies
reveal that long-distance intramolecular triplet energy trans-
fer and electron transfers both from the singlet and the triplet
excited states of the carbazole chromophore to the norbor-
nadiene group in NBD-S-CZ occur. Scheme 1 summarizes the
photophysical and photochemical processes in NBD-S-CZ.
The valence isomerization of the norbornadiene group in
NBD-S-CZ proceeds via its triplet state, and this triplet state
is generated by intramolecular triplet energy transfer and by
recombination of the triplet radical-ion pair 3(NBD.�-S-
CZ .�), which is produced by electron transfers both from
the singlet and triplet excited state of the carbazole to the
norbornadiene group. The carbazole and norbornadiene
groups in NBD-S-CZ are separated by 15 � bonds, and the
center-to-center distance is about 17 ä. At such a separation
between the chromophores electron transfer and triplet
energy transfer by a through-space process would be very
inefficient. By reference to preceding works[1±18, 23±29] on the
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long-distance through-bond electron and energy transfer, we
infer that through-bond mechanism operates in the intra-
molecular electron transfers and triplet energy transfer in
NBD-S-CZ.


Experimental Section


Material : Unless otherwise noted, materials were purchased from the
Beijing Chemical Work and were used without further purification.
Spectral-grade 2-methyltetrahydrofuran and acetonitrile were used for
absorption and emission spectra, flash photolysis, redox potential measure-
ments, and CIDNP measurements.


Instrumentation : 1H NMR spectra were recorded at 300 MHz with a
Varian Gemini-300 spectrometer. MS spectra were run on a VG ZAB
spectrometer. UV spectra were measured with a Hitachi UV-340 spec-
trometer. IR spectra were run on a Perkin ±Elmer 983 spectrometer.
Steady-state emission spectra were recorded either on a Hitachi EM850 or
a Hitachi MPF-4 spectrofluorometer. Fluorescence lifetime was deter-
mined on a Horiba NBS-1100 single-photon counting instrument.


Fluorescence and phosphorescence measurements : Fluorescence was
measured in acetonitrile at room temperature. The samples were purged
with nitrogen for at lest 30 min before measurements. Phosphorescence
studies were performed in 2-methyltetrahydrofuran at 77 K, and the
sample solutions were degassed by at least three freeze ± pump ± thaw
cycles at a pressure of 5� 10�5 Torr. The excitation wavelength both for
fluorescence and phosphorescence spectra was 310 nm. For comparison of
the emission efficiency of NBD-S-CZ with CZ, the spectra were run with
solutions with identical optical density at the excitation wavelength. The
relative emission efficiencies were measured from the peak areas of the
emission spectra.


Redox potentials of carbazole and norbornadiene chromophores : The
redox potentials of CZ andMNBDwere determined by cyclic voltammetry
in acetonitrile with a glassy carbon working electrode and an Ag/AgCl/KCl
(saturated) reference electrode in the presence of tetrabutylammonium
hexafluorophosphate (0.1�) as the supporting electrolyte.


Laser flash photolysis : The laser flash-photolysis system has been described
elsewhere.[50] The pump light source was an XeCl excimer laser (Lumonics
500, 308 nm, 10 ns). The probe light source was a xenon arc lamp (Ushio,
UXL-500-0). The probe light transmitting through the sample cell was fed
to a detection system that consisted of a monochromater (Ritsu, MC-10L),
photomultiplier (Hamamatsu, R928), digital oscilloscope (Tektronix,
2400), and microcomputer. The decay curves were analyzed by using
nonlinear least-squares fitting.


CIDNP Measurements : CIDNP experiments were performed at 80 MHz
on a Bruker AC-80 spectrometer equipped with a photo-CIDNP probe.
The solution of NBD-S-CZ (2.5� 10�4�) in CD3CN was irradiated in situ
with �� 300 nm light by a SQX 1000 W high pressure Hg�Xe lamp with a
Pyrex glass filter.


3�-((2-(Methoxycarbonyl)bicyclo[2.2.1]hepta-2,5-diene-3-yl)carboxy)an-
drost-5-en-17�-yl-(2-(N-carbazolyl)acetate) (NBD-S-CZ): The synthesis
of 3�-((2-(methoxycarbonyl)bicyclo[2.2.1]hepta-2,5-diene-3-yl)carboxy)-
androst-5-en-17�-ol (NBD-S-17�-Ol) has been described previously.[15]


Treatment of NBD-S-17�-Ol with 2-(N-carbazolyl)acetic acid gave NBD-
S-CZ. A 50 mL round bottom flask was equipped with a magnetic stir bar
and a condenser with a nitrogen inlet tube. The apparatus was flame dried
under dry nitrogen and charged with NBD-S-17�-Ol (150 mg, 0.3 mmol),
2-(N-carbazolyl)acetic acid (165 mg, 0.74 mmol), 1,3-dicyclohexylcarbodii-
mide (200 mg), toluene sulfonic acid (500 mg) and anhydrous pyridine
(50 mL). The mixture was stirred at room temperature for 24 h, then was
poured into water (200 mL). The solution was neutralized with dilute HCl,
and a white precipitate was observed. After filtration, the solid was
extracted with chloroform. Evaporation of the solvent afforded a yellow
product, which was purified by column chromatography on silica with ethyl
ether/petroleum ether (2:3 v/v) to give NBD-S-CZ (32%). M.p. 181 ±
184 �C; 1H NMR (300 MHz, CDCl3, 25 �C, TMS): �� 7.95 ± 8.10 (m, 2H;
ArH), 7.20 ± 7.50 (m, 6H; ArH), 6.95 (dd, 2H; NBD olefinic H), 5.40 (dd,
1H; steroid olefinic H), 4.95 (s, 2H; N-CH2-COO), 4.25 (m, H; NBD
bridgehead H), 4.15 (m, H; NBD bridgehead H), 3.90 (s, 3H; O-CH3), 3.55


(m, 1H; 3�-H), 3.32 (t, 1H; 17�-H), 2.05 ± 2.45 (m, 2H; NBD bridge H),
2.0 ± 1.1 (m, 19H), 1.00 (s, 3H; 19-CH3), 0.9 (s, 3H; 18-CH3); elemental
analysis calcd (%) for C43H47NO6 (673): C 76.67, H 6.98, N 2.08; found: C
76.43, H 6.41, N 1.94.
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Arylazide Cycloaddition to Methyl Propiolate:
DFT-Based Quantitative Prediction of Regioselectivity


Giorgio Molteni[b] and Alessandro Ponti*[a]


Abstract: Several 1-(4-substituted)-
phenyl-4- or 5-methoxycarbonyl-1,2,3-
triazoles have been synthesized by 1,3-
dipolar cycloaddition of the correspond-
ing arylazides to methyl propiolate in
carbon tetrachloride. The regioselectiv-
ity of these reactions cannot be ration-
alized on the basis of the electronic
demands of the reactants or frontier
molecular-orbital theory. Therefore, we


applied to this problem a quantitative
formulation of the HSAB principle to
this problem developed within density
functional theory. Global and local re-
activity indices were computed at


B3LYP/6-311�G(d,p) level both in va-
cuo and in carbon tetrachloride (by the
COSMO approach). The direction of
charge transfer upon reactive encounter
has been determined and the computed
regioselectivity has been shown to be in
good agreement with the experimental
results. The relationship between com-
puted and experimental data and how it


Keywords: azides ¥ cycloaddition ¥
density functional calculations ¥
HSAB principle ¥ regioselectivity


Introduction


The first example of arylazide cycloaddition to unsaturated
compounds appeared over a century ago, when Arthur
Michael reacted phenylazide with dimethylacetylene dicar-
boxylate.[1] Seventy years later, Huisgen fully investigated the
mechanism, scope and limitations of azide cycloadditions,[2]


which was recognized as the choice method for the direct
synthesis of 1,2,3-triazoles.[3] These and other azoles[4] were
the object of recent important investigation leading to the
™click∫ chemistry approach.[5] 1,2,3-Triazoles may display a
wide range of biological activity, such as anti-HIV[6] and anti-
microbial[7] agents, as well as selective �3 adrenergic receptor
agonists.[8] Due to these attractive activities, new insights
about the factors that influence the regiochemical output for
these compounds are of interest. Following Houk×s find-
ings,[9, 10] arylazide cycloaddition to methyl propiolate can be
controlled from both the HOMO and the LUMO of the 1,3-
dipole, and this implies that the observed regioselectivities are
difficult to rationalize on the grounds of simple FMO theory.


Recently, many important concepts and indices useful for
the understanding of chemical reactivity have been rational-


ized within the framework of the density functional theory
(DFT).[11] Well-known examples[12] are the electron chemical
potential �, which represents the escaping tendency of
molecular electrons, and the molecular softness S, which is
the sensitivity of the total number of electrons to a change in
�. Within DFT, any reaction can be considered as split in two
steps:[13, 14] 1) as soon as reactant molecules approach each
other, they form a weakly interacting, promoted complex,[15]


whereby charge is transferred between the reactants in order
to equalize the electron chemical potential at constant
external potential; 2) a charge reshuffling at constant electron
chemical potential occurs by which the promoted complex
evolves toward the product(s) or back to the reactants (see
Figure 1). If one assumes that the second step can be
neglected, it can be shown that the most favorable situation
occurs when the reactants have equal softness. This is the DFT
formulation[13, 16] of Pearson×s hard ± soft acid ± base (HSAB)
principle.[17]


However, to study regioselection a local (atomic) reactivity
index is needed. The best suited is local softness s(r),[12] which
represents the sensitivity of the molecular electron density at
point r to a change in �. A local HSAB principle[18] can then be
devised: a regioisomer is favored when the new bonds form
between atoms with equal softness. The local HSAB principle
has provided many reliable qualitative prediction of regiose-
lectivity for 1,3-dipolar cycloadditions (1,3-DC).[19] Since in
1,3-DCs the relative energy of transition states is paralleled by
the relative energy of the weakly interacting complexes
forming in the early stage of the reaction[10] (cf. Figure 1), the
neglect of the charge reshuffling term is reasonable.[20]


Moreover, such successful predictions suggest that the early
interaction energy between the reactants should be closely
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Figure 1. Energy profile of a prototypical reaction leading to several
products (e.g. regioisomers). Reactants R form weakly interacting pro-
moted complexes Ci which evolve to the corresponding transition states Ti
and then to the products (not shown). If the local HSAB principle applies,
the energy differences between the Ci×s are proportional to the corre-
sponding energy differences between the Ti×s.


related to the transition state energy. On these grounds, a
generalization of the local HSAB principle has been recently
introduced,[21] which enables one to compute, from � and s of
the reactants only, the grand potential variation ��[22] due to
the charge transfer occurring in the very first step of the bond-
forming interaction between specific atoms of the reactants.
For the above reasons, �� is expected to be proportional to
the transition state energy and to provide a quantitative
prediction of regioselectivity without the need of locating the
transition state. This method has been successfully applied by
us to the 1,3-DC between nitrilimines and alkynyl- or alkenyl
dipolarophiles.[23] Continuing our investigations, we present
here the first quantitative prediction of the regioselectivity
involved in the cycloaddition between 1-(4-substituted)phe-
nylazides 2 and methyl propiolate 3, which is based upon the
DFT theory and the HSAB principle.


Results and Discussion


The 1,3-dipolar species 2 were prepared from the correspond-
ing anilines by diazotization, followed by addition to sodium
azide (Scheme 1). The subsequent cycloadditions were per-
formed by refluxing 2 in dry CCl4 in the presence of an
equimolecular amount of 3. Reaction time, product yields,
and yield ratios are summarized in Table 1. The structures of
regioisomeric 1-(4-substituted)phenyl-4-methoxycarbonyl-
1,2,3-triazoles (4) and 1-(4-substituted)phenyl-5-methoxycar-
bonyl-1,2,3-triazoles (5) were unambiguously determined
through analytical and spectroscopic data. In particular, as
far as 1H NMR spectra are concerned, the protons in the 4-
and 5-positions of the 1,2,3-triazole ring show resonances that
are in perfect agreement with literature data.[24±26]


The main results of DFT calculations at the B3LYP/6-311�
G(d,p) level both in vacuo and in CCl4 are reported in Table 2.
The electron chemical potential difference between 2 and 3
determines the direction of the overall charge flow upon
interaction of the reactants, as electrons flow towards regions


Scheme 1.


at low electron chemical potential �. It turns out that, both in
vacuo and in CCl4, 2a ± e act as nucleophiles, whereas 2 f acts
as an electrophile (note, however, that the chemical potentials
of 2 f and 3 are close to each other, especially in solution). The
�0.1 eV increase of the �(2)� �(3) difference in CCl4 in
mostly due to the decrease of �(2); �(2 f)� �(3) is slightly
larger because of a comparable decrease in �(2 f). Our
calculations thus show that in the reaction of 3 with 2a ± e
charge flows from the arylazide to methyl propiolate, whereas
FMO theory is not able to provide a clear-cut prediction, since


Table 1. Experimental yields and 4/5 yield ratios of the cycloaddition
between arylazides 2 and methyl propiolate 3 in refluxing CCl4.


R Yields[a] [%] Yield ratio[b]


4 � 5 4/5


a H � 96 75:25
b Me � 96 73:27
c MeO 91 68:32
d F 95 70:30
e Cl 93 68:32
f NO2 � 96 55:45


[a] Isolation yields. [b] Deduced from 1H NMR of reaction crudes.


Table 2. Results of B3LYP/6-311�G(d,p) calculations either in vacuo or in CCl4
(COSMO model). Electron chemical potential difference between arylazides 2
and methyl propiolate 3 along with ��� difference[a] and predicted 4/5 yield ratio
for their mutual cycloaddition.


Vacuum CCl4
R �(2)� �(3) ��� Predicted �(2)� �(3) ��� Predicted


[eV] [kJmol�1] Ratio[b] 4/5 [eV] [kJmol�1] Ratio[b] 4/5


H 1.04 � 1.60 74:26 1.14 � 1.81 74:26
Me[c] 1.19 � 0.79 66:34 1.28 � 1.30 69:31
MeO 1.35 � 1.14 69:31 1.46 � 1.35 69:31
F 0.97 � 1.16 70:30 1.08 � 1.31 69:31
Cl 0.97 � 1.07 69:31 1.06 � 0.55 70:30
NO2 � 0.21 0.22 54:46 � 0.03 � 0.02 54:46


[a] Difference in grand potential variation for the pathways leading to triazoles 4
and 5. [b] From computed ��� and Equations (2) and (3) as appropriate;
uncertainty �1%. [c] Excluded from regression.
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the two possible HOMO-LUMO interactions are comparable
in size.


We now turn to regioselectivity prediction. As selectivity
criterion, we used the grand potential change due to two
bond-forming interactions between 2 and 3, because of the
general agreement about the concertedness of 1,3-DC reac-
tions. The grand potential change for the pathway leading to
4-methoxycarbonyl-1,2,3-triazole 4 is given in Equation (1):


��(4)�� 1³2[�(2)��(3)]2 {s(N1) s(C1) [s(N1)� s(C1)]�1


� s(N3) s(C2) [s(N3)� s(C2)]�1}
(1)


Here the atoms are numbered as in Scheme 1. The grand
potential variation for ��(5) can be obtained by exchanging
s(C1) and s(C2). The difference ������(4)���(5) is
reported in Table 2. The negative sign of ��� shows that
cycloadduct 4 is the major one, in line with experimental
results. Note that ��� of the reaction 2 f� 3 is negative only
in the solution calculation, thus showing the beneficial effect
of solvent inclusion. The low regioselectivity of the reaction of
2 f with 3 is due to two concurrent causes. First, �(2 f) and �(3)
are so close that �� (and hence ���) is at least one order of
magnitude smaller than in the remaining cases. Besides, the
grand potential change due to the formation of the N1�C1
bond is very close to that for the N3�C1 bond, so that ��� is
mostly due to the energy difference of a single bond, that is,
that forming about C2 of 3. Among the currently studied
cycloadditions, this is the only case in which the difference in �


has a significant effect on the regioselectivity.
We now proceed one step further by demonstrating that


��� is a quantitative regioselectivity index for 1,3-DC
reactions. The difference in activation energy ��E� of the
two reaction paths can be obtained as ��E���RT log (Y),
whereby T� 350 K is the reaction temperature, and Y is the
experimental 4/5 ratio. Estimating the error in Y at �1% and
considering 2b as an outlier (vide infra), weighted least-
squares linear regression results in Equations (2) and (3):


���� (0.73� 0.07)��E�� (0.6� 0.1) kJmol�1 �� 0.99 (in vacuo) (2)


���� (0.71� 0.07)��E�� (0.3� 0.1) kJmol�1 �� 0.98 (in CCl4) (3)


Here � is the linear correlation coefficient (see Figure 2).
The predicted 4/5 ratios (Table 2), obtained from computed
��� values [Eqs (2) and (3)], are in very good agreement
with the experimental values (Table 1), except for 2b. Figure 2
and Table 2 also show that regioselectivity data cannot be
rationalized only on the basis of the electron demand of R of
2, for example, by using Hammett � parameters. This is best
illustrated by the fact that maximum regioselectivity is
observed when R�H, which is the zero of the usual
electron-demand scale. A satisfactory description of regiose-
lectivity must take into account local variations of charge
density due to the interaction between reactants.


The positive intercept in the above equations implies that
there is a slight preference towards the major product 4, since
��E�� 0 when ���� 0. Such preference is independent of
the specific interaction between the reactants. However, this
constant term halves when the solvent is taken into account


Figure 2. Linear relationship between the computed difference ��� in
grand potential variation for the pathways leading to cycloadducts 4 and 5
and the corresponding difference in activation energy ��E�, computed
from the experimental 4/5 yield ratio. The error bars show the uncertainty
in ��E�due to the error in yield ratio, estimated at 1%. ��� computed in
vacuo: circles and dashed regression line; ��� computed in CCl4 by the
COSMO solvation model: squares and solid regression line. Open symbols
denote the 2b (R�Me) � 3 reaction which has been excluded from both
regressions.


and comes at the border of statistical significance; the
remaining 0.3 kJmol�1 term might vanish on improving the
solvation model. The slopes in Equations (2) and (3) are
almost independent of solvation. Their values mean that the
difference in transition state energy is about 30% larger than
the energy difference between the promoted complexes.
Although this is in line with theory, we were prompted to
check the main approximation used, namely, the neglect of
the constant electron potential term in Equation (1), since we
previously obtained a nearly equality of ��� and ��E� in the
case of 1,3-DCs involving nitrilimines. To this end, we
computed the contribution of the step at constant electron
chemical potential [Eq. (4)]:


���(4)�� 1³2� {[s(N1)� s(C1)]�1� [s(N3)� s(C2)]�1} (4)


Here ���(5) can be obtained by exchanging s(C1) and
s(C2), and � is a positive parameter related to an effective
number of valence electrons. As the value of � is not precisely
set by theory, we carried out a bilinear regression of ��E�


with ��� and ���� , whereby � was considered a parameter
to be optimized. Such a regression did not show any improve-
ment over the linear one in Equation (2). This confirms that in
early transition state reactions, such as the 1,3-DCs, the
relative transition-state energy depends only on the relative
energy of the promoted complex formed by charge transfer in
the chemical-potential equalization step at the beginning of
the reactive encounter.


The experimental selectivity towards 4b is higher than that
predicted by computation. The reason for this discrepancy is a
too negative value of ��(5). Dissecting the latter into bond
contributions, it turns out that the too large stabilization of the
5b is caused by the particularly favorable interaction between
N3 and C1. This in turn arises from a large computed softness
at N3 of 2b. Therefore, the wrong prediction of the selectivity
towards 4b is mostly due to an incorrect evaluation of the
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charge on the terminal nitrogen of 2b. Figure 2, however,
shows that the situation is somewhat improved when solvation
is taken into account thanks to a better evaluation of the
charge rearrangement about N3 of 2b upon electrophilic
attack.


We have thus shown that the combined use of DFT
reactivity indices of the reactants with the local HSAB
principle provides quantitative rationalization of regioselec-
tivity for a series of 1,3-DCs not amenable to FMO and
electron-demand theory. Indeed, the electron demand of the
substituent R only affects the electron chemical potential �,
which cannot fully account for regioselectivity. This can be
adequately rationalized only when the substituent effect on
the sensitivity of the electron density at the reactive atoms is
taken into account. Other advantages of the DFT-HSAB
approach are that transition states need not to be located and
that insight into the details of atom-atom interactions can be
easily obtained. The inclusion of solvation effects leads to a
tiny worsening of the correlation of ��E� with ���, but
significantly improves the description of individual cases, such
as 2b� 3 and 2 f� 3, which is less satisfactory when the
systems are treated in vacuo.


Experimental Section


General methods. Melting points were determined in open tubes and are
uncorrected. IR spectra were recorded with a FTIR spectrophotometer.
Mass spectra were determined with a 70 eV EI apparatus. 1H NMR
(300 MHz), 13C NMR (75 MHz), and 19F NMR (282 MHz) spectra were
taken in CDCl3 at 297 K. Chemical shifts are given as ppm from
tetramethylsilane (hexafluorobenzene for 19F NMR), J values are given
in Hz.
Compounds 4a,[24] 4b,[25] 4 f,[26] 5a,[24] and 5 f[26] are known in the literature.


Cycloaddition between arylazides 2 and methyl propiolate 3 : General
procedure : A solution of 2 (5.0 mmol) and 3 (0.43 g, 5.0 mmol) in dry
carbon tetrachloride (25 mL) was refluxed for the time indicated in Table 1.
Evaporation of the solvent in vacuo gave a residue which was separated by
chromatography on a silica gel column with ethyl acetate/hexane 1:2. Major
4-methoxycarbonyl-1,2,3-triazole 4 was eluted first, followed by minor
5-methoxycarbonyl-1,2,3-triazole 5. Crystallization from diisopropyl ether
gave analytically pure 4 and 5.


Compound 4c : Pale yellow solid, m.p. 93 ± 95 �C; 1H NMR (300 MHz,
CDCl3): �� 3.84 (3H, s), 3.88 (3H, s), 7.00 ± 7.60 (4H, m), 8.42 ppm (1H, s);
13C NMR (75 MHz, CDCl3): �� 52.20 (q), 55.51 (q), 114.23 (d), 126.86 (d),
138.02 (d), 127.13 (s), 158.22 (s), 160.67 ppm (s); IR (Nujol): �� � 1730 cm�1;
MS: m/z : 233 [M�]; elemental analysis calcd (%) for C11H12N3O3: C 56.65,
H 4.75, N 18.02; found: C 56.70, H 4.77, N 17.94.


Compound 4d : White solid, m.p. 79 ± 80 �C; 1H NMR (300 MHz, CDCl3):
�� 3.99 (3H, s), 7.20 ± 7.60 (4H, m), 8.49 ppm (1H, s); 13C NMR (75 MHz,
CDCl3): �� 50.71 (q), 114.41 (d), 126.64 (d), 136.63 (d), 127.36 (s), 160.18
(s), 163.32 ppm (s); 19F NMR (282 MHz, CDCl3): ���111.11 ppm; IR
(Nujol): �� � 1730 cm�1; MS: m/z : 221 [M�]; elemental analysis calcd (%)
for C10H8FN3O2: C 54.30, H 3.65, N 19.00; found: C 54.34, H 3.69, N 19.06.


Compound 4e : Pale yellow solid, m.p. 98 ± 99 �C; 1H NMR (300 MHz,
CDCl3): �� 4.00 (3H, s), 7.00 ± 7.20 (4H, m), 8.49 ppm (1H, s); 13C NMR
(75 MHz, CDCl3): �� 52.37 (q), 114.09 (d), 126.14 (d), 128.12 (s), 138.39
(d), 159.36 (s), 162.2 ppm (s); IR (Nujol): �� � 1730 cm�1; MS: m/z : 249
[M�]; elemental analysis calcd (%) for C10H8ClN3O2: C 52.92, H 3.23, N
16.83; found: C 52.97, H 3.26, N 16.78.


Compound 5b : White solid, m.p. 85 ± 87 �C; 1H NMR (300 MHz, CDCl3):
�� 2.41 (3H, s), 3.84 (3H, s), 7.30 ± 7.70 (4H, m), 8.24 ppm (1H, s);
13C NMR (75 MHz, CDCl3): �� 20.82 (q), 52.09 (q), 120.58 (d), 125.33 (d),
129.93 (d), 133.76 (s), 139.46 (d), 158.01 (s), 160.71 ppm (s); IR (Nujol):


�� � 1740 cm�1; MS: m/z : 217 [M�]; elemental analysis calcd (%) for
C11H11N3O2: C 60.82, H 5.10, N 19.34; found: C 60.88, H 5.14, N 19.28.


Compound 5c : Pale yellow solid, m.p. 98 ± 100 �C; 1H NMR (300 MHz,
CDCl3): �� 3.88 (3H, s), 3.99 (3H, s), 6.90 ± 7.40 (4H, m), 8.24 ppm (1H, s);
13C NMR (75 MHz, CDCl3): �� 52.40 (q), 55.60 (q), 113.71 (d), 122.37 (d),
127.13 (d), 129.16 (s), 157.81 (s), 160.32 ppm (s); IR (Nujol): �� � 1735 cm�1;
MS: m/z : 233 [M�]; elemental analysis calcd (%) for C11H12N3O3: C 56.65,
H 4.75, N 18.02; found: C 56.68, H 4.78, N 17.92.


Compound 5d : White solid, m.p. 79 ± 80 �C; 1H NMR (300 MHz, CDCl3):
�� 3.86 (3H, s), 7.20 ± 7.70 (4H, m), 8.26 ppm (1H, s); 13C NMR (75 MHz,
CDCl3): �� 51.22 (q), 115.60 (d), 121.48 (d), 125.41 (d), 127.31 (s), 159.45
(s), 162.76 ppm (s); 19F NMR (282 MHz, CDCl3): ���110.51 ppm; IR
(Nujol): �� � 1740 cm�1; MS: m/z : 221 [M�]; elemental analysis calcd (%)
for C10H8FN3O2: C 54.30, H 3.65, N 19.00; found: C 54.36, H 3.67, N 19.07.


Compound 5e : Pale yellow solid, m.p. 91 ± 93 �C; 1H NMR (300 MHz,
CDCl3): �� 3.87 (3H, s), 7.50 ± 7.70 (4H, m), 8.27 ppm (1H, s); 13C NMR
(75 MHz, CDCl3): �� 52.07 (q), 121.96 (d), 125.46 (d), 129.92 (d), 132.21
(s), 140.17 (s), 157.68 (s), 161.28 ppm (s); IR (Nujol): �� � 1735 cm�1; MS:m/
z : 249 [M�]; elemental analysis calcd (%) for C10H8ClN3O2: C 52.92, H
3.23, N 16.83; found: C 52.88, H 3.19, N 16.87.


Computational methods : DFT calculations were performed with the
Gaussian 98[27] program suite by means of a Beowulf PC cluster. The
hybrid B3LYP functional was employed with the standard 6-311�G(d,p)
basis set. The geometry of 2a ± f and 3 in vacuo was fully optimized and
characterized with vibrational analysis at the same level of theory. The
anion and cation of 2a ± f and 3 were treated at the UB3LYP/6-311�
G(d,p) level by using the geometry of the neutral systems. Calculations
of the solvated systems were carried out by the COSMO model[28] with
dielectric constant 	� 2.228 at the in vacuo geometry. The COSMO
approach describes the solvent reaction field by means of apparent
polarization charges distributed on the surface of the cavity in which the
solute molecule is embedded. Atomic electron populations were evaluated
following the Merz ±Kollman scheme[29] (including fitting of atom-centered
dipoles). This scheme, which already proved to be reliable,[30] has been used
in most DFT calculations of regiochemistry of 1,3-DCs, so that our results
can be directly compared with existing literature. It has also been recently
considered as an appropriate local descriptor of charge.[31] Reactivity
indices were computed within the finite difference approximation:[11] ��
� (IP�EA)/2 and S� (IP-EA)�1, whereby IP and EA are the (vertical)
ionization potential and electron affinity, respectively. The local softness s
(condensed to each individual atom[32]) was computed as s��S [p(N0�
1)�p(N0)] for electrophiles and as s�� S [p(N0)� p(N0� 1)] for nucleo-
philes, whereby p(N), N�N0� 1, N0, N0� 1, was the atomic electron
population of the cationic, neutral, and anionic system, respectively.
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Theoretical Studies on the Metathesis Processes, [Tp(PH3)MR(�2-H�CH3)] �
[Tp(PH3)M(CH3)(�2-H�R)] (M�Fe, Ru, and Os; R�H and CH3)


Wai Han Lam,[a] Guochen Jia,*[a] Zhenyang Lin,*[a]


Chak Po Lau,*[b] and Odile Eisenstein*[c]


Abstract: Theoretical calculations on the metathesis process, [Tp(PH3)MR(�2-
H�CH3)] � [Tp(PH3)M(CH3)(�2-H�R)] (M�Fe, Ru, and Os; R�H and CH3),
have been systematically carried out to study their detailed reaction mechanisms.
Other than the one-step mechanism via a four-center transition state and the two-
step mechanism through an oxidative addition/reductive elimination pathway, a new
one-step mechanism, with a transition state formed under oxidative addition, has
been found. Based on the intrinsic reaction coordinate calculations, we found that the
trajectories of the transferring hydrogen atom in the metathesis processes studied are
similar to each other regardless of the nature of reaction mechanisms.


Keywords: C�H activation ¥ DFT
calculations ¥ metathesis ¥ reaction
mechanisms


Introduction


�-Bond metathesis is an important organometallic reaction
for the activation of unreactive C�H bonds.[1±3] Bergman et al.
recently reported several IrIII compounds, such as [TpMe2(P-
Me3)IrMe(L)][BArF] (TpMe2 � hydridotris(3,5-dimethylpyra-
zolyl)borate, L�CH2Cl2 and N2, BArF �B[3,5-C6H3-
(CF3)2]4),[4] [Cp*(PMe3)Ir(Me)]OTf (Cp*�C5Me5, OTf�O-
SO2CF3), and [Cp*(PMe3)Ir(Me)(ClCH2Cl)][BArF],[5] which
are capable of selectively cleaving carbon-hydrogen bonds in
hydrocarbons. In these activation reactions, it is believed that
the hydrocarbon molecule (HR) is first coordinated to
the cationic metal fragments, [Cp*(PMe3)IrMe]� and
[TpMe2(PMe3)IrMe]� , through the Ir-�2-H-R interaction, and
the hydrogen from the �2 ligand is then transferred to the Me
group in the cationic metal fragment, giving methane as the
product. The hydrogen-transfer process, which is a metathesis


process of [LnMR(�2-H-R�)] � [LnMR�(�2-H-R)], can pro-
ceed either via a four-center transition state or by oxidative
addition then reductive elimination (see Scheme 1). Previous
theoretical studies showed that the cationic IrIII fragment
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Scheme 1.


[Cp(PH3)IrMe]� favored the oxidative addition/reductive
elimination (OA/RE) pathway (a two-step mechanism)
with the formation of an intermediate IrV complex
(Scheme 1a).[6, 7] Theoretical studies on the C�H activation
mechanisms by analogous complexes [Cp(PH3)MCH3]� (M�
Rh and Co) have also been carried out.[8] The results showed
that the C�H activation of methane by [Cp(PH3)CoCH3]�


proceeded via a four-center transition state (a one-step
mechanism) with a high activation barrier (Scheme 1b); on
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the other hand, the reaction seemed to adopt a mechanism
somewhere in between the OA/RE and the four-center
process with [Cp(PH3)RhCH3]� , since the relative energies
of its intermediate and the transition state in the energy
profile are very close to each other. Here, it should be noted
that on the basis of mass spectrometric work on [Cp*(PMe3)-
Ir(CH3)]� an entirely different reaction mechanism that
involves the dissociation of CH4 through the formation of a
cyclometalated intermediate, [Cp*Ir(�2-CH2PMe2)], has been
proposed.[9] The proposed activation was later calculated to
have much higher reaction barriers relative to the oxidative
addition/reductive elimination pathway.[10]


Our recent study on the mechanism of H/D exchange
between methane and some common deuterated organic
solvents catalyzed by the RuII system [Tp(PPh3)Ru-
(CH3CN)H] (Tp� hydrotris(pyrazolyl)borate) gives some
interesting results.[11] The H/D exchange process, resulting
from C�H(D) activation of methane and the deuterated
solvent, involves transformation of the �-complex
[Tp(PPh3)Ru(�2-H�R)H], which is generated by the displace-
ment of CH3CN with H�R, to an �2-dihydrogen species
[Tp(PPh3)Ru(�2-H2)R]. The transformation passes through a
one-step mechanism with a seven-coordinate pentagonal-
bipyramidal [Tp(PPh3)Ru(R)(H)(H)] transition state. This
type of seven-coordinate species usually appears as inter-
mediate resulting from an oxidative addition step.


There is a common belief that the activation of a C�H bond
by a LnM�H complex would involve either a one-step
mechanism with a four-center transition state or a two-step
mechanism with a species formed under oxidative addition as
the intermediate. This point of view ignores the continuous
aspect of chemistry whereby one mechanism can gradually
change into the others. One can thus wonder whether a two-
step mechanism could have an intermediate with the struc-
tural characteristics of a four-center species or if a one-step
mechanism could have a transition state with the structural
characteristics of a species formed under oxidative addition.
To study these interesting problems, we were prompted to
systematically study the following metathesis process,
[Tp(PH3)MR(�2-H�CH3)]� [Tp(PH3)M(CH3)(�2-H�R)]
(M�Fe, Ru, and Os; R�H and CH3). We are interested to
know how the metal center and Tp ligand affect the
mechanistic pathway for C�H activation, that is, whether a
two- (OA/RE) or one-step reaction mechanism is favorable.
Furthermore, we would also like to find out, for those
metathesis processes that proceed through a one-step mech-
anism, whether the transition states possess a four-center
character or are purely species formed under oxidative
addition. Similar mechanistic studies with the Cp analogues
have also been carried out for comparison purpose.


Computational Details


Density functional theory calculations at the Becke3LYP (B3LYP) level[12]


have been used to perform the geometry optimizations for all reactive
species in the metathesis process. Frequency calculations at the same level
of theory have also been performed to identify all stationary points as
minima (zero imaginary frequency) or transition states (one imaginary
frequency). The effective core potentials (ECPs) of Hay and Wadt with a


double-� valence basis set (LanL2DZ)[13] was used to describe P atoms,
while the Couty and Hall×s modified version of LANL2DZ basis set[13c, 14]


has been chosen for transition metals. Standard 6-31G basis set[15] was used
for all other atoms, except the uncoordinated C and H atoms in the Tp
ligand, for which a STO-3G basis set[16] was used. To increase the accuracy,
polarization functions have been added for hydride ligands, migrating
hydrogen atoms, and carbon atoms (�p(H)� 1.0 and �d(C)� 0.8) that are
directly coordinated to the metal center and involved in the metathesis
processes.
All calculations were performed with the use of Gaussian 98 package[17] on
Silicon Graphics Indigo2 workstations and PC Pentium IV computers. The
electron density analysis was carried out with MOPLOT 2.4.[18]


Result and Discussion


As mentioned in the introduction, the following metathesis
processes, [Tp(PH3)MR(�2-H�CH3) � Tp(PH3)M(CH3)(�2-
H�R)] (M�Fe, Ru, and Os; R�H and CH3), will be studied.
For convenience, the reactive species in these metathesis
processes will be labeled as TpMH and TpMMe followed by
either (CH4) or (H2) to denote the methane �-complexes and
the �2-H2 complexes, respectively. TS stands for transition
states and INT for intermediates.


[Tp(PH3)MH] (M�Fe, Ru, and Os): The metathesis process
of [Tp(PH3)MH] and methane starts with the formation of a
�-complex [Tp(PH3)MH(�2-H�CH3)], followed by either a
two-step mechanism (OA/RE) with the formation under
oxidative addition of an MIV intermediate, or a one-step
mechanism, giving the dihydrogen complexes [Tp(PH3)M-
(CH3)(�2-H2)]. Figure 1 shows the energetics related to the


Figure 1. The relative reaction energies together with the relative free
energies (in parentheses) related to the metathesis process
[Tp(PH3)MH]�CH4 (M�Fe, Ru, and Os). The energies are given
in kcal mol�1.


metathesis processes of [Tp(PH3)MH]�CH4 (M�Fe, Ru,
and Os). For both the Fe and Ru systems, the metathesis
reactions proceed by a one-step mechanism. The activation
energy for the Fe system is higher than that for the Ru system
by 4.1 (4.2) kcal mol�1; the value in the parentheses is the
activation free energy. In the text below, we will give free
energies in parentheses whenever the energies are mentioned.
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For [Tp(PH3)OsH], the energy
profile ends with a formally OsIV


dihydride complex, rather than
an OsII dihydrogen complex. At-
tempted optimization of the �2-
dihydrogen complex [Tp(PH3)-
OsH(�2-H2)] was unsuccessful.
The optimization starting with a
dihydrogen complex returns
back to the formally OsIV com-
plex. The activation of the C�H
bond by [Tp(PH3)OsH] ex-
hibits a small barrier (2.1
(1.5) kcal mol�1) and is exother-
mal (7.9 (7.1) kcal mol�1). It is
worth noting that the OsIV dihy-
dride complex is a seven-coordi-
nate species supported by a Tp
ligand, which is well-known for
enforcing octahedral geometry
about metal center.[19] We have
reported that the protonation of
the Tp osmium hydride complex
[Tp(PPh3)2OsH] gives the cat-
ionic six-coordinate �2-dihydro-
gen complex [Tp(PPh3)2Os-
(�2-H2)]� rather than the seven-
coordinate dihydride species
[Tp(PPh3)2OsH2]� .[20] The sev-
en-coordinate OsIV dihydride
complex studied in this paper is
neutral, while that reported in
the literature is cationic. The
positive charge carried by the
reported complex may have the
significant effect in stabilizing
the �2-dihydrogen form. Geom-
etry optimization on model cat-
ionic complex [Tp(PH3)2Os-
(�2-H2)]� indeed gives a six-co-
ordinate �2-dihydrogen species with the H ¥¥¥ H distance being
0.956 ä, supporting the positive charge argument and indicat-
ing that the level of theory is reliable.


The relative reaction energies and selected structural
parameters of the species, which correspond to the stationary
points of Figure 1, are shown in Figure 2. For the Fe system,
TpFeHTS is a late transition state; this is in agreement with
the process being endothermal, as the H(1) ¥¥ ¥ H(2) distance
(1.034 ä) in TpFeHTS is quite close to that in the dihydrogen
complex (0.808 ä) TpFeH(H2). Even though there is an
interaction between H(1) and H(2) in TpFeHTS, the trans-
ferring hydrogen atom H(2) has a short contact with the metal
center (1.530 ä), indicating the hydride character of the
former. It can be explained in terms of the spherical nature of
the 1s orbital in hydrogen, which allows good overlaps with
the metal and neighboring atoms.[21] The C-M-H(1) angle in
TpFeHTS is 83.6�, which is similar to those four-center
transition states in the activation of saturated C�H bonds by
early transition metal systems.[21, 22]


For the Ru system, whose endothermicity is lower than that
for Fe system, a relatively long H(1) ¥¥ ¥ H(2) distance
(1.617 ä) and a large C-M-H(1) angle (106.3�) are found in
the transition state TpRuHTS. The C ¥¥¥ H(2) distance in
TpRuHTS is also quite long (1.589 ä). These structural
features suggest unambiguously that the metathesis is a one-
step process and that the transition state has the features of
oxidative addition of the methane C�H bond.


For the Os system, the structure of transition state
TpOsHTS is reached early in the process; this is in agreement
with its exothermicity, as it resembles the C�H �-complex
TpOsH(CH4). The short C ¥¥¥ H(2) distance (1.364 ä) in the
transition state TpOsHTS implies that the C�H bond of the
entering methane has not yet been broken in the transition
state. [Tp(PH3)OsH(�2-H�CH3)] is a local minimum while
[Tp(PH3)Os(CH3)(�2-H2)] is not. The stronger [Os]�H
([Os]�Tp(PH3)Os) interaction, relative to [Os]�CH3, weak-
ens the Os(d)-to-�*(C�H) backdonation interactions, giving a
stable [Os](H)(�2-H-CH3) structure. The weaker [Os]�CH3


Figure 2. The relative reaction energies (kcal mol�1) and selected structural parameters of B3LYP optimized
species in the metathesis process [Tp(PH3)MH]�CH4, for a) M�Fe, b) M�Ru, and c) M�Os; these
parameters correspond to the stationary points of Figure 1. For the purpose of clarity, the hydrogen atoms in the
PH3 group and the carbon and hydrogen atoms of the pyrazolyl groups in Tp are omitted. The bond lengths and
angles are given in ä and �, respectively.
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interaction facilitates the Os(d)-to-�*(H�H) backdonation
interaction, giving a classical dihydride structure.


Figure 3 shows the Laplacian plots of the electron density,
��2�, for the transition states TpMHTS (M�Os, Ru, Fe) in
a plane defined by the metal center, the hydrides, and the
carbon atom in the methyl group. In the contour plots, solid
lines denote ��2�� 0, at which the electron density is locally


Figure 3. Plots of the Laplacian of electron density for the transition states
TpMHTS (M�Fe, Ru, and Os) in a plane defined by the metal center,
hydride, and the carbon atom in the methyl group.


concentrated, and dashed lines denote ��2�� 0, at which the
electron density is locally depleted. The four concentrated
areas of electron density around the metal center for each
transition structure can be associated with the electron density
contributed from a metal d orbital.[23] Significant electron
density concentrations can be found in TpFeHTS between the
transferring hydrogen atom and the methyl group, and also
the hydride. Evidently, a four-center character is present in
TpFeHTS. Similar electron density concentrations are not
found in TpRuHTS. The Laplacian plot for TpRuHTS
(Figure 3) provides an additional support for a one-step
process with a transition state formed under oxidative
addition. Electron density concentrations between the trans-
ferring hydrogen atom and the methyl group of the entering
methane can be found in TpOsHTS. This Os-�2-(H�C)
three-center interaction indicates that the C�H bond of the
entering methane is not completely broken in the transition
state.


These results show that the metathesis process of
[Tp(PH3)FeH] and methane favors a one-step mechanism
via a four-center transition state (TpFeHTS), in which the
transferring hydrogen atom has an interaction with the metal
center. The metathesis process of [Tp(PH3)RuH] and meth-
ane also proceeds by a one-step mechanism, not via a four-
center transition state, but through one in which the C�H
bond of methane is oxidatively added to the metal center.
Finally, for the Os system, the C�H bond is oxidatively added


to the metal center with a low barrier, and the reaction ends
with a formally OsIV dihydride complex, instead of a �2-
dihydrogen species. The different mechanistic behavior
among the three systems may also be related to the different
sizes of the metal centers. The transition state TpFeHINT
does not exist as a minimum because FeIV is too small to be
stable in the ligand environment.


In order to investigate the role of the metal center in the
hydrogen-transfer process, intrinsic reaction coordinate
(IRC) calculations[24] were carried out to trace the change in
the distances between the metal center and the transferring
hydrogen atom in the metathesis process. Starting from the
transition state TpMHTS, structures along each reaction path
are obtained through the IRC calculations. Figure 4 shows the
changes in distance between the metal and transferring


Figure 4. The change in the distance between the metal and transferring
hydrogen atom along the metathesis path, [Tp(PH3)MH]�CH4, for a) Fe,
b) Ru, and c) Os.
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hydrogen atom (M�H) along the reaction paths. For the Fe
and Ru systems, the M�H distances decrease along the path
from TpMH(CH4) to the transition state TpMHTS and
increase from TpMHTS to TpMH(H2). For the Os system,
the Os�H(2) distances decrease in the path from
TpOsH(CH4) to TpMHINT. The path of the transferring
hydrogen atom in each of the metathesis processes is curved
inward towards the metal center. Evidently, the metal centers
provide a stabilizing interaction to the transferring hydrogen
atom during the transfer process. In other words, the
trajectories of the transferring hydrogen atom are similar in
the metathesis processes studied regardless of the types of
transition states we have.


[Tp(PH3)MMe] (M�Fe, Ru, and Os): The methane meta-
thesis processes of [Tp(PH3)MCH3] have also been studied. In
these metathesis processes, the starting complexes and the
final products are identical. Figure 5 shows the energetics
related to each metathesis process. Interestingly, previous
studies on the methane meta-
thesis processes at [Cp(PH3)-
MCH3]� (M�Co, Rh and Ir)
gave similar energy profiles.[8]


Similar to the [Cp(PH3)-
IrCH3]��CH4 system,[6, 7] the
Os system goes through a two-
step mechanism with the lowest
C�H activation barrier; the re-
action in the Fe system pro-
ceeds by a one-step mechanism
with the highest activation bar-
rier, and the Ru system is some-
where in between. In the Ru
system, the intermediate and
the transition states are struc-
turally and energetically simi-
lar. One can consider the meta-
thesis as a one-step process. The
unusual flatness of potential-
energy surfaces was also found
in the case of stretched dihy-
drogen complexes.[25]


The relative reaction ener-
gies and selected structural pa-
rameters of species that corre-
spond to the stationary points
of Figure 5 are shown in Fig-
ure 6. For the structure of
TpFeMeTS, the transferring hy-
drogen atom maintains a short
contact with the two methyl
groups and the metal center.
The C(2)-Fe-C(1) angle 83.2�,
which is small, implies a four-
center structure close to that
found in previous theoretical
work on scandium.[21, 26] The
C(2) ¥¥¥ H distance in TpRu-
MeTS is significantly longer


Figure 6. The relative reaction energies (kcal mol�1) and selected structural parameters of B3LYP optimized
species in the metathesis process [Tp(PH3)MMe]�CH4, for a) M�Fe, b) M�Ru, and c) M�Os; these
parameters correspond to the stationary points of Figure 5. The Tp ligand in each structure is simplified (see the
caption of Figure 2 for details) for the purpose of clarity. The bond lengths and angles are given in ä and �,
respectively.


Figure 5. The relative reaction energies together with the relative free
energies (in parentheses) related to the metathesis process
[Tp(PH3)MCH3]�CH4 (M�Fe, Ru, and Os). The energies are given
in kcal mol�1.
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than that in TpOsMeTS. The former is 1.707 ä and the latter
is 1.394 ä. Thus, the geometrical pattern at the top of the
energy curve for TpRuMeTS corresponds to a species formed
under oxidative addition.


The Laplacian plots of the electron density for each of the
transition states on a plane defined by the metal center and
the two methyl groups are shown in Figure 7. For TpFeMeTS,
significant concentrations of electron density can be found
between the transferring hydrogen atom and the two methyl


Figure 7. Plots of the Laplacian of electron density for the transition states
TpMMeTS (M�Fe, Ru, and Os) in a plane defined by the metal center and
the two methyl groups.


groups. Apparently, a four-center transition state is again
present in the Fe system. On the other hand, for TpRuMeTS,
electron density concentrations are not found between the
transferring hydrogen atom and the two methyl groups,
indicating that the coordinated C�H bond of the entering
methane is broken in the transition state. However, some
electron density concentrations can be found between trans-
ferring hydrogen atom and one of the two methyl groups in
TpOsMeTS, similar to the situation in TpOsHTS.


These results show that the metathesis process between
[Tp(PH3)FeMe] and methane favors a one-step mechanism
via a four-center transition state, and the transferring hydro-
gen atom again has a strong interaction with the metal center
in the transition state TpFeMeTS. The metathesis process of
[Tp(PH3)RuMe] and methane can be more or less viewed as
passing through a one-step mechanism, via a transition state
formed under oxidative addition, because both the energy and
structural differences between TpRuMeTS and TpRuMeINT
are very small (see Figure 6b). For the Os system, the
metathesis process favors a two-step mechanism with the
formation of an OsIV intermediate. Similar to the OsIV species
TpOsHINT, the intermediate TpOsMeINT is also the most
stable structure along the metathesis reaction path.


IRC calculations have also been carried out. Figure 8 shows
the change in the distances between the metal and trans-


Figure 8. The change in the distance between the metal and transferring
hydrogen atom along the metathesis path, [Tp(PH3)MMe]�CH4, for
a) Fe, b) Ru, and c) Os.


ferring hydrogen atom (M�H) along the reaction paths. Since
the products and the reactants are identical in each metathesis
process, the curves are symmetrical. For the Fe system, the
distance between the metal and transferring hydrogen atom
decreases in the direction from TpFeMe(CH4) to the TpFe-
MeTS. For the Ru and Os systems, the M�H distances
decrease along the reaction path and reach their minima at
TpMMeINT. The path of the transferring hydrogen atom in
each of the metathesis process is again curved inward towards
the metal center. These results further demonstrate that the
metal centers have interaction with the transferring hydrogen
atom even in processes that involve a one-step mechanism
with a four-center transition state.
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Periodic trends and comparison with the Cp-containing
analogues : The barriers for the metathesis of
[Tp(PH3)MR]�CH4 (R�H or CH3, M�Os, Ru and Fe)
decrease down the group of the transition metals. In
comparison with the Fe and Ru systems, the incomplete
breaking of the C�H bond in the transition states of the Os
systems does not cause excessive destabilization; this leads to
small activation energies in these systems. The calculations
show that the intermediates TpOsMeINT and TpOsHINT are
even more stable than the corresponding �2-H�C and �2-H2


complexes. These results are related to the fact that the
electron-richer Os metal center has a greater tendency for
higher oxidation state. A previous theoretical study on the
hydrogen exchange between the hydride and methyl ligands
in [Cp*(dmpm)Os(CH3)H]� also showed that an OsIV com-
plex was the most stable point on the reaction profile.[27]


Indeed, several relevant OsIV complexes have been structur-
ally characterized.[28, 29] Although the barriers for the oxida-
tion addition of the C�H bond of methane at [Tp(PH3)OsH]
and [Tp(PH3)OsMe] are very low, the metathesis processes
may not be able to proceed to completion owing to the high
stability of the intermediate OsIV complexes which renders
the reductive elimination step unfavorable.


The metathesis process for [Tp(PH3)FeR] (R�H or CH3)
can only proceed by a one-step mechanism via a four-center
transition state; this is similar to the metathesis processes with
the early-transition-metal systems.[21, 22, 26] Although Fe is a
late transition metal, the metal does not favor a high oxidation
state. For comparison, we have also studied the metathesis
processes with the analogous complexes [Cp(PH3)FeR] (R�
H or CH3). As expected, the metathesis processes with the
Cp-containing [Cp(PH3)FeR] (R�H or CH3) complexes also
proceed by a one-step mechanism via a four-center transition
state. Moreover, the metathesis processes of the Cp-contain-
ing systems have lower barriers, 12.1 (10.6) and 16.6
(16.8) kcal mol�1 for the CpFeH and CpFeMe systems,
respectively, than those of the Tp-containing systems; this is
probably due to the fact that the Cp ligand is believed to be
more electron-donating, although exceptions have been found
for Fe complexes.[30±32]


The metathesis processes of the Ru systems have adopted a
mechanism somewhere in between the one- and two-step
ones. The reaction of [Tp(PH3)RuH] with CH4 proceeds by a
one-step mechanism in which the transition state is a
dihydride species [Tp(PH3)Ru(H)2(CH3)] formed under ox-
idative addition. Similarly, the reaction of Tp(PH3)RuCH3


with CH4 also proceeds approximately by a one-step mech-
anism. While the metathesis reactions of the Fe systems prefer
to proceed by a one-step mechanism with a four-center
transition state that involves significant interactions between
the Fe and transferring hydrogen atoms, the reactions of the
Os systems in contrast go by a two-step mechanism with an
intermediate formed under oxidative addition. The inter-
mediate behavior of the Ru systems reflects the periodic trend
of the triad. Because of the special feature in the reaction
mechanisms of the Ru systems, the ancillary ligands are
expected to play an important role in determining the
mechanistic pathway. More electron-rich ancillary ligands
may be able to promote the Ru systems in favor of a two-step


mechanism. Indeed, studies of the C�H activation by
[Cp(PH3)RuR] (R�H or CH3) show that the C�H activation
of methane by [Cp(PH3)RuR] (R�H or CH3) passes through
a two-step mechanism with a formally RuIV intermediate. The
RuIV intermediates are 6.8 (5.3) kcal mol�1 for R�H and 5.0
(3.6) kcal mol�1 for R�CH3 more stable than their transition
states. These results imply that the Cp ligand can stabilize the
intermediate RuIV complexes and that a two-step mechanism
is more favorable. The ability of stabilizing RuIV oxidation
state has been demonstrated by the characterization of
[Cp(PPh3)2RuH2]� and [Tp(PPh3)2Ru(�2-H2)]� com-
plexes;[33, 34] the Cp complex is a dihydride species, whereas
the Tp complex is a �2-dihydrogen one.,


Conclusion


Theoretical calculations on the metathesis process
[Tp(PH3)MR(�2-H�CH3)] � [Tp(PH3)M(CH3)(�2-H�R)]
(M�Fe, Ru, and Os; R�H and CH3) have been systemati-
cally carried out. This work illustrates a monotonous evolu-
tion of mechanisms that go from a one-step four-center
transition state mechanism to a two-step mechanism with an
intermediate formed under oxidative addition via a one-step
transition state, also formed under oxidative addition. Metal
centers from the first period, which in general do not favor
high oxidation states, prefer the one-step process with a four-
center transition state regardless the nature of ligands. Metal
centers from the third period favor, as expected, the two-step
process with an intermediate formed under oxidative addi-
tion. A special situation is obtained for the second period
metal centers, for which a one-step transition state formed
under oxidative addition or a two-step intermediate, also
formed under oxidative addition, are both possible. This is
paradoxical in part, because it is just not in the usual thinking
of a chemist to have species with geometries formed under
oxidative addition not being intermediates. The uniqueness of
this work is that we find it possible. The situation is related just
to the environment of the metal center, which does not
stabilize a sufficiently high oxidation state. This is why
changes in ligand appear to have a strong influence for this
family of metal centers. Better donating ligand turns the
transition state, formed under oxidative addition, into an
intermediate of variable stability. It is worth mentioning that
the four-center transition state will never turn into an
intermediate in the late-transition-metal systems, because
the stabilization from the metal center is always provided by
an occupied d orbital, thus turning a four-electron transition
state into a six-electron transition state, which is a character-
istic of a structure formed under oxidative addition.


Intrinsic reaction coordinate calculations of the systems
studied show that the movements of hydrogen transfer in the
metathesis processes are very similar; in each of the processes
the transferring hydrogen atom approaches the metal center
before completing the metathesis process. Scheme 2 summa-
rizes the findings we have in this study. In the newly
established scheme, a new one-step mechanistic pathway in
which the transition state corresponds to the oxidative
addition of the C�H bond to the metal center is added. In
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addition, the interaction between the metal center and the
transferring hydrogen atom is emphasized in the original one-
step pathway with a four-center transition state.


It cannot be excluded that the potential-energy surface for
these metal systems may be influenced by the use of the
different model ligands. However, the main idea, which has
not been emphasized before, is that a species formed under
oxidative addition can be a transition state under an
appropriate electronic environment. It is not intuitive that
electronic factors leading to a species, formed under oxidative
addition, can be present in a transition state and be not
sufficient important to change a transition state into an
intermediate. The idea of looking at the geometric change by
appropriate chemical modification has been at the heart of the
studies of crystal structures.[35]
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MTO and OsO4: An Efficient Catalytic Couple for Mild H2O2-Based
Asymmetric Dihydroxylation of Olefins


Sandra Y. Jonsson, Hans Adolfsson,* and Jan-E. B‰ckvall*[a]


Abstract: A novel and robust system for osmium-catalyzed asymmetric dihydrox-
ylation of olefins by aqueous H2O2 with methyltrioxorhenium (MTO) as electron
transfer mediator (ETM) has been developed. The MTO is catalyzing the H2O2


oxidation of the chiral ligand to its mono-N-oxide, which in turn reoxidizes OsVI to
OsVIII. Thus the (DHQD)2PHAL plays a dual role serving as the chiral inductor as
well as the tertiary amine generating the N-oxide required for the recycling of
osmium. The present catalytic system gives vicinal diols in good isolated yields and
high enantiomeric excess (up to 99% ee).


Keywords: asymmetric catalysis ¥
dihydroxylation ¥ hydrogen
peroxide ¥ osmium ¥ rhenium


Introduction


The cis-dihydroxylation of olefins mediated by osmium
tetroxide represents an important method for olefin function-
alization.[1, 2] With respect to its general applicability, this
protocol is probably the most powerful route toward 1,2-diols.
The active reagent, OsO4, being highly chemoselective
although at the same time toxic and expensive, emphasizes
the importance of developing good reoxidation systems for
osmium(��), rendering the dihydroxylation catalytic in osmi-
um. Several efficient processes for reoxidation of OsVI have
been developed in the past. Tertiary amine oxides, such as N-
methylmorpholine N-oxide (NMO), are commonly used
oxidants introduced by VanRheenen and co-workers at the
Upjohn company in 1976.[2] Sharpless and co-workers used
NMO as the reoxidant in the development of the catalytic
asymmetric dihydroxylation of olefins,[3] which under certain
reaction conditions gave high yields of the diol products in
high enantiomeric excess. Another addition to this list of co-
oxidants is potassium hexacyanoferrate(���) (K3[Fe(CN)6]),
which was introduced by Tsuji in the early 1990s as a
reoxidant for the osmium(��) species.[4] This iron salt was
found to be superior to NMO in the asymmetric version of the
reaction, giving diols with higher ee values.[5] Unfortunately,
substantial quantities of salts are produced from the latter
oxidant, which makes the method unpractical for large-scale


applications.[6] Hence, there is a need for the development of
methods employing alternative cheap environmentally benign
and selective oxidants, such as molecular oxygen or hydrogen
peroxide, for the osmium-catalyzed dihydroxylation of ole-
fins. These oxidants are highly attractive since, in contrast to
many commonly employed inorganic oxidants, they do not
produce any toxic waste products.
The use of hydrogen peroxide as reoxidant for osmium(��)


was already reported by Milas and co-workers in the 1930s.[7]


Catalytic cis-dihydroxylation using hydrogen peroxide result-
ed in good yields with certain olefins, but over-oxidation and
non-selective reactions constitute serious limitations of this
method. Apart from the Milas method,[7] only a few proce-
dures for reoxidation of osmium(��) by H2O2 or O2 are known.
Krief et al. have shown that O2 can reoxidize osmium(��) in
the presence of a selenium oxide under irradiation by visible
light.[8] Beller and co-workers have reported on a procedure
for aerobic osmium-catalyzed dihydroxylation of olefins
under strictly buffered conditions,[9] and our own group has
developed a mild H2O2-based osmium-catalyzed dihydroxy-
lation employing a flavin and N-methyl morpholine (NMM)
as co-catalysts (Scheme 1).[10] In the latter procedure OsVI is
reoxidized by NMO, generated from NMM and H2O2 with the
aid of a flavin.[11] Direct reoxidation of OsVI by H2O2 does not
work very well. In general, direct reoxidation of the reduced
form of a substrate-selective metal catalyst by O2 or H2O2 is
usually not trivial, since the energy barrier for electron
transfer can be high. In many biological oxidation systems,
nature has solved this problem by the introduction of efficient
electron transfer mediators (ETMs) between the substrate-
selective redox catalyst and the terminal oxidant (O2 or
H2O2).[12] The same principle is also used in several syntheti-
cally important non-biological biomimetic oxidation reac-
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tions,[13] (e.g. the Wacker process[13a]), where the reduced form
of the substrate-selective redox catalyst is reoxidized by the
oxidized form of a suitable ETM (ETMox). The reduced form
of the ETM (ETMred) is recycled by molecular oxygen or
hydrogen peroxide as the terminal oxidant. In the above
mentioned H2O2-based dihydroxylation system the formal
ETMs are NMM and a flavin (Scheme 1).[10]


Scheme 1. Triple catalytic system for osmium-catalyzed dihydroxylation of
olefins using H2O2 as the terminal oxidant.


With the objective to simplify the catalytic system accord-
ing to Scheme 1 and enhance the utility of the H2O2-based
dihydroxylation, attempts were made to replace the flavin by
a more robust and stable hydrogen peroxide activator. Some
success was achieved with VO(acac)2[14] but this system gave
lower activity and enantioselectivity compared to the catalytic
system employing flavin. In the flavin-based system shown in
Scheme 1 we recently discovered that the chiral ligand
(DHQD)2PHAL[15] can also serve as the tertiary amine in
the electron transfer system. This dual role simplifies the
oxidation system since no NMM is required.[16]


We have now found conditions that allow the use of
methyltrioxorhenium (MTO) as the hydrogen peroxide
activator in osmium-catalyzed asymmetric dihydroxylation.
MTO has previously been successfully used as a redox catalyst
in hydrogen peroxide oxidations.[17] In our new system we take
advantage of the dual role of the cinchona alkaloid
(DHQD)2PHAL, which leads to an efficient osmium-cata-
lyzed asymmetric dihydroxylation where the oxidant is
aqueous hydrogen peroxide and the only added co-catalyst
is MTO.


Results and Discussion


Asymmetric dihydroxylation by H2O2 with MeReO3 as ETM :
Several transition metal complexes are known to activate
hydrogen peroxide and have been employed in oxidation
reactions.[17±19] Vanadium complexes represent one such class
of transition metal complexes that often has been used as
catalysts in hydrogen peroxide oxidations.[19] For example,
vanadyl acetylacetonate, VO(acac)2, was found to catalyze
the hydrogen peroxide oxidation of NMM to NMO.[20] We
have previously shown that VO(acac)2 and NMM can be used
as efficient co-catalysts in the osmium-catalyzed dihydroxy-
lation of olefins with high chemo-selectivity by means of
hydrogen peroxide as the terminal oxidant (Scheme 2,
ETMred�VO(acac)2).[14] However, employing the vanadium-
based system in the presence of (DHQD)2PHAL in the
dihydroxylation of styrene, produced (1R)-1-phenyl-1,2-


Scheme 2. Triple catalytic biomimetic dihydroxylation system.


ethanediol in 65% yield and a modest 80% enantiomeric
excess.[14]


Over the past years methyltrioxorhenium (MTO) has been
shown to act as a powerful and versatile oxidation catalyst
with interesting selectivity behavior.[17, 21, 22±24] MTO readily
reacts with aqueous hydrogen peroxide forming mono- and
bis-peroxo complexes (Scheme 3). The peroxo-complexes
efficiently catalyze a number of oxidation reactions, for
example epoxidation of olefins[17, 22] and N-oxidation of
amines[23] and pyridines.[24]


Scheme 3. Reaction of MTO with H2O2.


In initial experiments we found that MTO catalyzes the
oxidation of NMM to NMO by hydrogen peroxide.[14]


Attempts to replace the flavin by MTO as ETM in the
H2O2-based dihydroxylation of trans-5-decene led to moder-
ate success and the corresponding diol was obtained in only
50% yield.[14] The MTO catalyst is known to be stable under
acidic reaction conditions; however, in basic reaction media,
under oxidative conditions, it decomposes into methanol and
catalytically inert perrhenate (ReO4


�).[25] A likely explanation
for the poor results obtained in the dihydroxylation reaction
using MTO as ETM is therefore that decomposition of the
rhenium catalyst occurs due to the rather high pH of the
reaction medium. A lowering of the NMM concentration,
which would decrease the pH, was therefore desirable.
We have recently observed that NMM can be omitted in the


triple-catalytic asymmetric dihydroxylation by H2O2


(Scheme 1) when a flavin is employed as H2O2 activator.[16]


In this reaction the cinchona alkaloid serves as the tertiary
amine, participating (via the N-oxide) in the oxygen transfer
from the flavin hydroperoxide to osmium(��). This process
will give a lower pH since there is no added tertiary amine
(NMM). It was therefore of great interest to try these NMM-
free conditions with the use of MTO as ETM in the
asymmetric dihydroxylation.
Osmium-catalyzed asymmetric dihydroxylation by H2O2


with (DHQD)2PHAL as the ligand and employing MTO as
the ETM under NMM-free conditions, led to a highly
effective catalytic process (Table 1). Reaction of styrene with
aqueous H2O2 in tBuOH/H2O in the presence of 2 mol% of
OsO4 and 6 mol% of (DHQD)2PHAL using 2 mol% ofMTO
as ETM gave styrene diol in 90% yield and 95% ee (Table 1,
entry 1). The olefin was added over a period of 9 h, since a low
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olefin concentration efficiently prevents the reaction from
entering the enantio-detrimental second catalytic cycle.[26]


Thus, for the first time an enantioselective cascade dihydrox-
ylation of alkenes by means of two homogeneously dissolved
transition metal catalysts was realized.[27] This kinetically
controlled protocol efficiently employs the chiral ligand
(DHQD)2PHAL as electron transfer mediator and source of
chirality, and H2O2 as the terminal oxidant (Scheme 4).


Scheme 4. Catalytic system with two transition metals using a chiral ligand
as a dual-function catalyst and H2O2 as the terminal oxidant.


Various aromatic olefins were efficiently dihydroxylated
employing this novel catalytic system. The results are
summarized in Table 1. Previous optimization studies have
revealed that a 3:1 ratio of tert-butyl alcohol and water was the
optimum solvent mixture.[6, 10] With the use of the above
conditions, excellent enantioselectivities were obtained in the
oxidation of trans-stilbene (entry 2) and in that of methyl
trans-cinnamate (entry 3). Initial experiments with trans-�-
methylstyrene, using a ligand concentration Os/L 1:3, were
rather disappointing giving an enantioselectivity of 73%.
However, by increasing the ligand concentration to Os/L 1:7.5
an enantioselectivity of 90% (entry 4) was realized. The tri-
substituted olefin 1-phenyl-1-cyclohexene (entry 6) gave a
substantially lower ee, even though the addition times of both
olefin and hydrogen peroxide were increased from 9 to 20 h
(Os/L 1:7.5). Interestingly, �-methylstyrene gave only an ee of
64%, even if the ligand concentration was increased to Os/L
1:7.5 (entry 5). The substantially lower enantioselectivity
(64% ee) observed in the dihydroxylation of �-methylstyrene
using the MTO system compared with that of the flavin-based
system (90% ee), could be explained by a competing epox-
idation by MTO and subsequent ring-opening reaction. This
was not a serious problem with the reaction of styrene, but the
enhanced reactivity of �-methylstyrene could lead some
MTO-catalyzed epoxidation.


Dihydroxylation by H2O2 with a flavin as ETM : The
analogous asymmetric dihydroxylation in which the cinchona
alkaloid serves as redox catalyst (via its N-oxide) as well as
chiral ligand can also be carried out using a flavin as the
hydrogen peroxide activator. The results from these asym-
metric dihydroxylations are given in Table 2. Performing the
asymmetric dihydroxylation on styrene using 2 mol% of
osmium tetroxide, 5 mol% of flavin 1 and 6 mol% of


(DHQD)2PHAL, the latter as chiral
ligand as well as ETM, gave the styrene
diol in 75% yield and 95% ee (Table 2,
entry 1). Dihydroxylation of trans-stil-
bene (entry 2) and �-methylstyrene (en-
try 3) gave the corresponding diols in 92
and 90% ee, respectively. Interestingly,


with trans-�-methylstyrene (entry 4) an ee of 99% was
obtained, a higher value than that obtained with MTO (see
above) and also than that obtained previously with the
method based on NMM.[10a] The results with the NMM-free
conditions using either MTO (Table 1) or flavin (Table 2) as
hydrogen peroxide activator complements one another.


Mechanistic considerations : The proposed catalytic cycle of
the reaction is depicted in Scheme 5. We envisage an ETM-
catalyzed formation of the mono-N-oxide of the ligand, which
via its non-oxidized tertiary amine coordinates to osmium
tetroxide (3).
In the next step, the olefin enters the binding pocket of the


ligand, which results in the enantioselective formation of an
osmium glycolate 4. Reoxidation of osmium(��) can now take
place, having the active oxidant within the complex 5.
Hydrolysis of the osmium-glycolate liberates the diol and
osmium tetroxide coordinated to the ligand 2, which can re-
enter the catalytic cycle. Thus, the ligand has a dual role in the
reaction, and participates in both enantiodifferentation and
oxygen transfer. The high activity and selectivity obtained
employing this protocol suggests that the system is operating
under strict kinetic control. Thus, MTO (or the flavin)
efficiently reacts with H2O2 forming the peroxo-complexes,
which are responsible for the mono-N-oxidation of the
alkaloid ligand. OsO4 selectively reacts with the olefin
substrate (via its alkaloid complex) and the reduced form of


Table 1. MTO and OsO4 as an efficient couple for asymmetric dihydroxylation
of olefins using H2O2 as the terminal oxidant.[a]


Entry Olefin Ligand and Os:L Yield
[%][b]


ee [%][c]


reoxidant[a]


1 (DHQD)2PHAL 1:3 90 95


2[d] (DHQD)2PHAL 1:3 85 97


3 (DHQD)2PHAL 1:3 87 98


4 (DHQD)2PHAL 1:7.5 87 90


5 (DHQD)2PHAL 1:7.5 85 64


6[e] (DHQD)2PHAL 1:7.5 68 77


[a] TEAA (2 equiv), (DHQD)2PHAL (0.06 equiv or 0.15 equiv), and MTO
(0.02 equiv) were dissolved in tBuOH (1.88 mL) and H2O (0.62 mL). After
cooling to 0 �C, OsO4 (0.02 equiv) was added, followed by 1³5 of the H2O2


(0.3 equiv, 30% aq). After stirring for 20 minutes, the olefin (0.5 mmol, 1 equiv)
and the remaining H2O2 (1.2 equiv) were added over 9 h. After complete
addition of the oxidant and olefin, the mixture was stirred for an additional 2 ±
7 h. [b] Isolated yields. [c] Enantiomeric excess was determined by HPLC
(Daicel Chiracel OJ or ODH column, iPrOH/Hexane). [d] Acetone/H2O 4.4:1
was employed. [e] The olefin and H2O2 were added over 20 h.







FULL PAPER J.-E. B‰ckvall et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2783 ± 27882786


the osmium catalyst is reoxidized by the ligand N-oxide.
Hence, the system brings about a mild kinetically controlled
electron transfer from the olefin to hydrogen peroxide.
Although reoxidation of osmium(��) by either of the MTO
peroxo-complexes, or directly from hydrogen peroxide can
not be excluded, these background processes are unlikely as


the major pathway. In fact, performing the dihydroxylation of
styrene under the above optimized conditions, omitting the
alkaloid ligand, resulted in the formation of the styrene glycol
in only 31% yield. Excluding OsO4 from the protocol resulted
in the formation of a complex mixture of products, where only
a small amount of the diol (� 10%) could be detected. The
latter diol is most likely the result of a nucleophilic ring-
opening reaction of the parent epoxide, formed by the MTO-
catalyst and hydrogen peroxide.
In a control experiment we demonstrated that


(DHQD)2PHAL is selectively oxidized to the mono-N-oxide
by H2O2 in the presence of catalytic amounts of MTO
[Eq. (1)] The mono-N-oxide was isolated in 89% yield and


fully characterized. The corresponding reaction using the
flavin/H2O2 system also gave the same N-oxide.[28] Further-
more, when the isolated (DHQD)2PHAL-mono-N-oxide was
used as the stoichiometric reoxidant and chirality transfer
agent in the dihydroxylation of styrene, the corresponding
diol was formed in 71% isolated yield and 98% ee [Eq. (2)].
This supports that the major catalytic pathway in the NMM-
free H2O2-based procedure involves the mono-N-oxide.
The high enantioselectivities obtained in this protocol


suggests that the catalytic reaction predominantly proceeds
via the proposed primary cycle.[26] Hence, for mono-substi-
tuted and 1,2-disubstituted olefins there is most likely only a


Table 2. Asymmetric dihydroxylation of olefins using a flavin as ETM and
H2O2 as the terminal oxidant.[a]


Entry Olefin Ligand and Yield [%][b] ee [%][c]


reoxidant[a]


1 (DHQD)2PHAL 75 95


2[d] (DHQD)2PHAL 89 92


3 (DHQD)2PHAL 81 90


4 (DHQD)2PHAL 61 99


5[e] (DHQD)2PHAL 58 70


[a] TEAA (2 equiv), (DHQD)2PHAL (0.06 equiv), and flavin 1
(0.05 equiv) were dissolved in tBuOH (1.88 mL) and H2O (0.62 mL).
Cooled down to 0 �C and OsO4 (0.02 equiv) was added followed by 1³5 of the
H2O2 (0.3 equiv, 30% aqueous). Stirred for 20 minutes, and then the olefin
(0.5 mmol, 1 equiv) and the remaining H2O2 (1.2 equiv) were added over
9 h. After complete addition of the oxidant and olefin, the mixture was
stirred for an additional 2 ± 7 h. [b] Isolated yields. [c] Enantiomeric excess
was determined by HPLC (Daicel Chiracel OJ or ODH column, iPrOH/
hexane). [d] Acetone/H2O 4.4:1 was employed. [e] The olefin and H2O2


were added over 20 h.


Scheme 5. The proposed catalytic cycle for the enantioselective dihydroxylation of olefins using (DHQD)2PHAL for oxygen transfer to OsVI and as source
of chirality.
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minor involvement of the secondary catalytic cycle, where the
intermediate OsVIII glycolate is reacting with a second
equivalent of olefin prior to hydrolysis.[29] Such a secondary
cycle would lead to significantly lower enantioselectivities, as
the formation of the OsVI bis-glycolate occurs in the absence
of chiral ligand. As outlined above, the observed enantiose-
lectivities with the NMM-free H2O2-based system are com-
parable to the data previously published by Sharpless and co-
workers. On the contrary, the more reactive 1,1-disubstituted
and trisubstituted olefins substrates, that is �-methylstyrene
and 1-phenyl-1-cyclohexene, were obtained in somewhat
lower enantioselectivites. The slow osmate hydrolysis ob-
served with highly functionalized olefins suggests that, in
these specific cases, there is an involvement of the secondary
catalytic cycle. Furthermore, the structural change of the
binding pocket in the alkaloid ligand,[1b] enforced by the
formation of the mono-N-oxide, could efficiently change the
mode of olefin selectivity and thus lower the enantioselectiv-
ity for certain olefins.
The two hydrogen peroxide-based catalytic systems dis-


cussed in this paper, in which the cinchona alkaloid plays a
dual role, utilize either MTO or a flavin as the hydrogen
peroxide activating catalyst. Both systems provide an efficient
and highly selective route for the production of enantiomeri-
cally enriched vicinal diols. The selectivities obtained using
the flavin system, were in some cases slightly higher than
those with the MTO-based protocol. However, the generally
higher chemical yields obtained employing the latter system
combined with the simplicity and stability of all components
are factors favoring the MTO protocol.


Conclusion


To the best of our knowledge, this is the first example of a
H2O2-based catalytic asymmetric dihydroxylation process,
relying on two homogeneously dissolved transition metal
catalysts, where the chiral ligand plays two such different and
important roles. The catalytic system is simple with a robust
electron transfer mediator (MTO) as the only added co-
catalyst. The realization of an efficient asymmetric dihydrox-
ylation process of alkenes, with a chiral amine-containing
ligand as the source of chirality and ETM, is conceptually new.
The reaction protocol based on MTO employs accessible
reagents, in combination with a simple operational setup, for
the selective dihydroxylation under mild and green conditions.


Experimental Section


General methods : 1H and 13C NMR spectra were recorded on a Varian
Unity 400 (400 MHz 1H, 100 MHz 13C) spectrometer. Chemical shifts (�)
are reported in ppm, using residual solvent as internal standard and
coupling constants (J) are given in hertz. Merck silica gel 60 (240 ±
400 mesh) was used for flash chromatography, and analytical thin-layer
chromatography was performed on Merck precoated silica gel 60-F254
plates. Analytical high-pressure liquid chromatography (HPLC) was
performed on a Waters liquid chromatograph using a Daicel Chiralcel
OD-H column or a Daicel Chiracel OJ column. Mass-spectra were
recorded on a Bruker BIFLEX MALDI-TOF. Slow additions of olefins


were carried out using a Sage Model 355 syringe pump. Plastic syringes and
a syringe pump Sage Model 365 were used for slow addition of H2O2.


All olefins were obtained from commercial suppliers and used without
further purification. Tetraethylammonium acetate tetrahydrate (TEAA,
99%), (DHQD)2PHAL (99%), H2O2 (30% aqueous), OsO4 (as a 2.5 wt%
solution in tBuOH) and methyltrioxorhenium(���) were purchased from
Aldrich. The flavin was synthesized according to a previously published
procedure.[11]


(1R)-1-Phenyl-1,2-ethanediol–General procedure for asymmetric dihy-
droxylation of styrene using OsO4-(DHQD)2PHAL-MTO : Tetraethylam-
monium acetate (261 mg, 1 mmol), (DHQD)2PHAL (23 mg, 0.03 mmol)
and MTO (2.5 mg, 0.01 mmol) were added to a flask charged with tBuOH
(1.88 mL) and H2O (0.62 mL). The mixture was stirred and cooled to 0 �C
and OsO4 (125 �L, 0.01 mmol) was added, followed by 1³5 of the H2O2 (1³5�
77 �L, 30% aqueous, 1³5� 0.75 mmol). The yellow reaction mixture was
stirred for 20 minutes and then the neat alkene (57 �L, 0.5 mmol) and the
rest of the H2O2 was added over a period of 9 h using separate syringe
pumps. After the addition was complete the resulting clear yellow solution
was stirred at 0 �C for an additional 2 h and then quenched by addition of
Na2S2O4 (60 mg) and magnesium silicate (120 mg). After 2 h of stirring the
mixture was diluted with ethyl acetate and filtered through a pad of Celite,
and the Celite pad was washed thoroughly with ethyl acetate. The solvent
was removed and the residue was purified by flash chromatography using a
mixture of pentane/EtOAc 80:20 to afford (1R)-1-phenyl-1,2-ethanediol
(0.062 g, 90%). Analysis by HPLC showed that the product was of 95% ee.
1H NMR (400 MHz, CDCl3): �� 7.34 ± 7.29 (m, 5H), 4.83 (dd, J� 3.6,
8.0 Hz, 1H), 3.77 (d, J� 10.8 Hz, 1H), 3.67 (dd, J� 8.4, 11.6 Hz, 1H), 2.56
(s, 2H); 13C NMR (400 MHz, CDCl3): �� 140.5, 128.6, 128.0, 126.0, 74.7,
68.1; HPLC (Daicel Chiralcel OD-H column, hexane/2-propanol 95:5, flow
rate 0.5 mLmin�1): tR(major)� 30.2 min, tR(minor)� 33.0 min.
(1R)-1-Phenyl-1,2-ethanediol–General procedure for asymmetric dihy-
droxylation of styrene using OsO4-(DHQD)2PHAL-flavin : The reaction
was carried out according to the procedure described above but MTO was
replaced by flavin 1 (6.7 mg, 0.025 mmol). Workup as described above
furnished (1R)-1-phenyl-1,2-ethanediol (0.051 g, 75%). HPLC analysis of
the pure diol showed an enantiomeric excess of 95%.


Oxidation of (DHQD)2PHAL with H2O2-MTO : MTO (2.5 mg, 0.01 mmol)
was added to a stirred solution of (DHQD)2PHAL (389 mg, 0.5 mmol) in
acetone (3.76 mL) and H2O (1.24 mL) at room temperature. This stirred
mixture was cooled to 0 �C and H2O2 (52 �L, 30% aqueous, 0.25 mmol) was
added dropwise. Stirring continued for 19 h, during which the mixture was
allowed to warm up to room temperature. The mixture was filtered through
Celite and concentrated in vacuo to give the mono-N-oxide (0.35 g, 89%).
1H NMR (400 MHz, CDCl3): �� 8.63 (d, J� 4.4 Hz, 2H), 8.32 (dd, J� 3.6,
6.4 Hz, 2H), 7.97 (d, J� 9.2 Hz, 2H), 7.93 (dd, J� 3.2, 5.6 Hz, 2H), 7.57 (d,
J� 2 Hz, 2H), 7.43 (d, J� 4.4 Hz, 2H), 7.34 (dd, J� 2.8, 9.2 Hz, 2H), 7.05 (d,
J� 5.6 Hz, 2H), 3.90 (s, 6H), 3.41 (q, J� 6.4 Hz, 2H), 2.85 ± 2.64 (m, 9H),
2.02 (t, J� 11.6 Hz, 2H), 1.71 (s, 2H), 1.55 ± 1 ± 40 (m, 11H), 0.79 (t, J�
6.8 Hz, 6H); 13C NMR (400 MHz, CDCl3): �� 158.4, 157.7, 156.6, 156.3,
155.3, 147.2, 146.9, 144.6, 142.8, 132.2, 131.5, 127.2, 127.0, 126.0, 123.1, 122.7,
122.5, 122.4, 122.2, 121.9, 121.8, 118.4, 116.9, 102.2, 102.0, 75.9, 72.1, 68.5,
65.9, 65.6, 60.0, 59.9, 56.2, 55.7, 50.7, 49.8, 38.4, 37.2, 26.9, 26.6, 26.2, 25.6,
25.3, 25.2, 23.0, 21.1, 11.8, 11.2; mass-spectral analysis showed that the
mono-N-oxide had been generated: MS (MALDI-TOF): m/z : calcd for
C48H55N6O5: 795.4234; found: 795.4261 [M�H]� .
(1R)-1-Phenyl-1,2-ethanediol–Asymmetric dihydroxylation of styrene
using OsO4-(DHQD)2PHAL-mono-N-oxide : Tetraethylammonium ace-
tate (157 mg, 0.6 mmol) and (DHQD)2PHAL-mono-N-oxide (239 mg,
0.3 mmol) were added to a flask charged with tBuOH (1.13 mL) and H2O
(0.37 mL). This stirred mixture was cooled down to 0 �C and OsO4 (75 �L,
0.006 mmol) was added, and then the neat alkene (34 �L, 0.3 mmol) was
added over a period of 9 h. After the addition was complete the resulting
clear yellow solution was stirred at 0 �C for an additional 9 h. Quenched by
addition of Na2S2O4 (36 mg) and magnesium silicate (72 mg). After 2 h of
stirring the mixture was diluted with ethyl acetate and filtered through a
pad of Celite, and the Celite bed was washed thoroughly with ethyl acetate.
The solvent was removed and the residue was purified by flash chroma-
tography using pentane/EtOAc (80:20) to afford (1R)-1-phenyl-1,2-etha-
nediol (0.030 g, 71%). Analysis by HPLC showed that the product was of
98% ee.
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(R,R)-1,2-Diphenyl-1,2-ethanediol : 1H NMR (400 MHz, CDCl3): ��
7.24 ± 7.12 (m, 10H), 4.72 (s, 2H), 2.83 (br s, 2H); 13C NMR (400 MHz,
CDCl3): �� 139.8, 128.1, 127.9, 126.9, 79.1; HPLC (Daicel Chiralcel OJ
column, hexane/2-propanol 90:10, flow rate 1.0 mLmin�1): tR(minor)�
11.3 min, tR(major)� 12.2 min.
(2R)-2-Phenylpropane-1,2-diol : 1H NMR (400 MHz, CDCl3): �� 7.47 ±
7.28 (m, 5H), 3.80 (d, J� 11.2 Hz, 1H), 3.63 (d, J� 7.6 Hz, 1H), 2.63 (s,
1H), 1.90 (s, 1H), 1.53 (s, 3H); 13C NMR (400 MHz, CDCl3): �� 144.9,
128.4, 127.2, 125.1, 74.8, 71.1, 26.0; HPLC (Daicel Chiralcel OJ column,
hexane/2-propanol 90:10, flow rate 1.0 mLmin�1): tR(minor)� 10.0 min,
tR(major)� 12.6 min.
(1R,2R)-1-Phenylpropane-1,2-diol : 1H NMR (400 MHz, CDCl3): �� 7.36 ±
7.30 (m, 5H), 4.37 (d, J� 7.6 Hz, 1H), 3.87 ± 3.84 (m, 1H), 2.60 (br s, 2H),
1.06 (d, J� 6.4, Hz, 3H); 13C NMR (400 MHz, CDCl3): �� 141.0, 128.5,
128.1, 126.8, 79.5, 72.2, 18.7; HPLC (Daicel Chiralcel OD-H column,
hexane/2-propanol 95:5, flow rate 0.5 mLmin�1): tR(major)� 24.2 min,
tR(minor)� 26.2 min.
(1R,2R)-1-Phenyl-1,2-cyclohexanediol : 1H NMR (400 MHz, CDCl3): ��
7.52 ± 7.24 (m, 5H), 3.99 (dd, J� 4.8, 11.2 Hz, 1H), 2.59 (s, 2H), 1.91 ± 1.38
(m, 8H); 13C NMR (400 MHz, CDCl3): �� 146.3, 128.5, 127.0, 125.1, 75.5,
74.5, 38.5, 29.2, 24.3, 21.1; HPLC (Daicel Chiralcel OJ column, hexane/2-
propanol 90:10, flow rate 1 mLmin�1): tR(minor)� 8.0 min, tR(major)�
9.8 min.


(2S,3R)-Methyl 2,3-dihydroxy-3-phenylpropionate : 1H NMR (400 MHz,
CDCl3): �� 7.41 ± 7.31 (m, 5H), 5.02 (dd, J� 2.7, 7.2 Hz, 1H), 4.38 (dd, J�
3.0, 5.7 Hz, 1H), 3.83 (s, 3H), 3.05 (d, J� 5.7 Hz, 1H), 2.66 (d, J� 7.2 Hz,
1H); 13C NMR (400 MHz, CDCl3): �� 173.1, 139.9, 128.4, 128.0, 126.2, 74.7,
74.4, 52.8; HPLC (Daicel Chiralcel OJ column, hexane/2-propanol 90:10,
flow rate 1 mLmin�1): tR(minor)� 20.7 min, tR(major)� 25.8 min.
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Substrate-Controlled Highly Diastereoselective Synthesis of Primary and
Secondary Diorganozinc Reagents by a Hydroboration/Boron ±Zinc
Exchange Sequence


Eike Hupe, M. Isabel Calaza, and Paul Knochel*[a]


Abstract: The scope of substrate-controlled diastereoselective hydroborations can
be considerably enhanced by a boron ± zinc exchange reaction, providing organozinc
derivatives that react with a broad range of electrophiles. Even normally unreactive
boronic esters, obtained by Rh-catalyzed hydroboration with catecholborane, react
readily with iPr2Zn providing the corresponding zinc reagents in high diastereose-
lectivity.


Keywords: C�C coupling ¥
diastereoselective synthesis ¥
hydroboration ¥ transmetallation ¥
zinc organometallics


Introduction


The control of the relative stereochemistry in complex chiral
molecules is an important task in organic chemistry.[1]


Especially important are synthetic methods that allow this
stereocontrol and at the same time lead to the formation of
new C�C bonds. Some years ago, we showed that chiral
organozincs possess an excellent configurational stability
which is usually maintained in various transmetallations.[2, 3]


This chirality has been introduced by a hydroboration/
boron ± zinc exchange sequence.[4] Thus, starting from a
trisubstituted olefin, regioselective hydroboration with Et2BH
leads to an intermediate organoborane which can be trans-
metallated to the corresponding organozinc reagent with
retention of stereochemistry.[5] This organozinc reagent can
then be trapped with a broad range of electrophiles after
transmetallation to CuI or catalyzed by Pd0,[2c] giving the
desired products in reasonable overall yield and excellent
stereochemical control (Scheme 1).


R3 R1


R2H


Et2BH
R3


H


R2B H


R2
R1


iPr2Zn


CuI or Pd0


H


R2
R1R3


H


E


R3


H


iPrZn


R2
R1


H


E+


Scheme 1. Synthesis and reaction of chiral diorganozinc reagents obtained
by a hydroboration/boron ± zinc exchange sequence.


Substrate-controlled diastereoselective hydroboration is an
important reaction in organic synthesis.[6] One major draw-
back of this reaction is that the resulting chiral organoboranes
are usually not reactive enough to form new C�C bonds. The
aim of this work was to investigate whether the boron ± zinc
exchange reaction can be applied to convert various organo-
boranes and boronic esters, obtained after substrate-control-
led diastereoselective hydroborations, into the corresponding
diorganozinc reagents. These diorganozinc reagents could
then be easily reacted with a variety of different carbon
electrophiles to form new C�C bonds.


Results and Discussion


The hydroborating reagent of choice for performing a boron ±
zinc exchange reaction in previous studies[2] was Et2BH in
Me2S (ca. 7.3�). Addition of iPr2Zn to triorganoboranes,
obtained after hydroboration with this hydroborating reagent,
leads to a clean boron ± zinc exchange reaction usually within
5 h at 25 �C. In the course of our studies on substrate
controlled hydroboration on the decalin derivative 3, which
was obtained after diastereoselective Luche reduction[7] and
protection of the bicyclic system 1[8] (Scheme 2), we observed
that hydroboration under our standard conditions (3 equiv
Et2BH in Me2S, 50 �C, 16 h) gave very poor selectivities. Thus,
4 was obtained in a selectivity of 3:1 between the centers C(1)
and C(2). Optimization of the conditions for the hydrobora-
tion could significantly improve this selectivity. By using
CH2Cl2 as a cosolvent (CH2Cl2/Me2S �5:1) and performing
the hydroboration at 25 �C (3 equiv, 48 h) instead of 50 �C, the
intermediate organoborane 4 could be obtained in an
excellent selectivity of 97:3 between the centers C(1) and
C(2) (Scheme 2). Subsequent boron ± zinc exchange reaction
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Scheme 2. Hydroboration and subsequent boron ± zinc exchange reaction
on the decalin derivative 3 under improved conditions for the hydro-
boration; EOM�EtOCH2.


(iPr2Zn, 3 equiv, RT, 5 h) and CuI-mediated allylation of 4
(CuCN ¥ 2LiCl,[9] 0.7 equiv, �78 �C, 30 min, then allyl bro-
mide, 3 equiv, �78 �C to RT, 14 h) gave the desired allylated
product 5 in 65% overall yield and a selectivity of �98:2
between the centers C(2) and C(3), showing the configura-
tional stability of the formed diorganozinc compound (Sche-
me 2).[2b]


Since Et2BH undergoes substrate-controlled hydroboration
with many chiral olefins with only low diastereoselectivities,
we screened more sterically-hindered easily accessible hydro-
borating reagents such as ThBH2,[10] 9-BBN-H and catechol-
borane[10] for their ability to undergo the boron ± zinc
exchange reaction.[11] We have found that primary organo-
boranes and boronic esters, obtained after hydroboration, can
be directly transmetallated to the corresponding organozinc
reagents by using iPr2Zn (method A). For secondary organo-
boranes and boronic esters, a two-step transmetallation of the
organoborane/boronic ester to a diethylalkylborane, followed
by a boron ± zinc exchange with iPr2Zn was applied (meth-
od B). Thus, the hydroboration of 10-undecenyl pivalate with
9-BBN-H (2 equiv, RT, 12 h) provides the corresponding
organoborane 6a which, after treatment with iPr2Zn (5 equiv,
RT, 4 h, method A), transmetallation with CuCN ¥ 2LiCl[9]


and allylation with ethyl 2-(bromomethyl)acrylate furnishes
the desired product 7a in 66% yield (entry 1 of Table 1).
Similarly, hydroboration with thexylborane[10] (ThBH2)
(2 equiv, �30 �C to RT, 12 h) leads to the organoborane 6b.
Reaction of 6b with iPr2Zn (5 equiv, RT, 5 h) cleanly provides
the corresponding organozinc reagent, which after trans-
metallation with CuCN ¥ 2LiCl (1.5 equiv, �78 �C, 30 min)
and reaction with 1-bromopentyne (5 equiv, �40 �C, 36 h)
provides the desired alkyne 7b in 52% overall yield (entry 2,
Table 1). Finally, the rhodium-catalyzed hydroboration of 10-
undecenyl pivalate with catecholborane (1.1 equiv, 0 �C to RT,
5 h) in the presence of [RhCl(PPh3)3] (2 mol%)[10] gives the
boronic ester 6c. Subsequent transmetallation with iPr2Zn
(10 equiv) requires 36 h at 25 �C and leads, after a copper(�)-
mediated allylation, to the desired product 7c in 58% yield
(entry 3 of Table 1). These results indicate that primary
functionalized organoboranes are readily converted to the
corresponding organozinc species. Similar results are ob-
tained with secondary organoboranes. Thus, the hydrobora-
tion of 1-phenylcyclopentene with thexylborane gives the


corresponding organoborane 6d. After reaction with Et2BH
(5 equiv, 50 �C, 16 h) and iPr2Zn (5 equiv, RT, 5 h) (meth-
od B), the resulting secondary diorganozinc species can be
allylated with high retention of the trans stereochemistry
(94% trans ; entry 4 of Table 1). Benzylic zinc reagents can
also be prepared. Thus, the Rh-catalyzed hydroboration of
indene with catecholborane[12] leads to the boronic ester 6e.
The corresponding benzylic zinc reagent[13] is obtained after
treatment with Et2BH and iPr2Zn (method B). This organo-
zinc reagent then undergoes copper(�)-mediated reactions
with allyl bromide, 3-iodo-2-methyl-cyclopent-2-en-1-one and
propionyl chloride. The expected products 7e ± g are obtained
in 51 ± 58% yield (entries 5 ± 7 of Table 1). Although the B ±
Zn replacements are sometimes slow, we have not observed
effects on the chemoselectivity during the residue transfer.


Table 1. Products obtained by copper(�) mediated reactions of diorgano-
zinc reagents obtained by a boron ± zinc exchange reaction.


Entry Organoborane
of type 6


Method Product
of type 7


Yield
[%][a]


1 A 66


6a 7a


2 A 52


6b 7b


3 A 58


6c 7c


4 B 58[b]


6d 7d


5 B 54


6e 7e


6 6e B 58


7 f


7 6e B 51


7g


[a] Isolated yield of analytically pure compound. Piv� pivalate; ThBH�
thexylborane; 9-BBN� 9-borabicyclo[3.3.1]nonane. [b] For compound 7d,
relative configuration is shown.
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Thus, we have established a method that allows us to
convert various organoboranes and boronic esters into the
corresponding organozinc reagents which can be used for the
formation of new C�C bonds. The scope of substrate-
controlled diastereoselective hydroboration already descri-
bed in the literature can be considerably enhanced using the
boron ± zinc exchange sequence presented.


Fleming et al. have reported excellent diastereoselectivities
for hydroboration of a variety of different allylsilanes using
9-BBN-H. Thus, the hydroboration of the open-chain silane 8
with 9-BBN-H,[14] generates, after direct boron ± zinc ex-
change with iPr2Zn (4 equiv, RT, 4 h), the diastereomerically
pure (dr 99:1) primary organozinc reagent 9. After trans-
metallation with CuCN ¥ 2LiCl, the organozinc reagent 9 can
be quenched with electrophiles such as allyl bromide,
1-bromopentyne and propionyl chloride, leading to the
expected products 10a ± c (dr 99:1) in 72 ± 77% overall yield
(Scheme 3).
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dr  99 : 1
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Scheme 3. Hydroborations and boron ± zinc exchange reactions on the
acyclic allylsilane 8. i) 9-BBN-H (2 equiv, 25 �C, 36 h); ii) iPr2Zn (4 equiv,
25 �C, 4 h); iii) CuCN ¥ 2LiCl (1.5 equiv, �78 �C, 30 min); iv) allyl bromide
(3 equiv,�78� 25 �C, 12 h); v) 1-bromo-1-pentyne (3 equiv,�40 �C, 16 h);
vi) propionyl chloride (3 equiv, �78� 25 �C, 12 h).


The direct hydroboration of 8with Et2BH and reaction with
iPr2Zn provides 9 only with a 90:10 diastereoselectivity,
showing the advantage of this newly described procedure.


Still et al. showed that silylated allylic alcohols can be
diastereoselectively hydroborated with 9-BBN-H.[15] Apply-
ing the reported conditions for the hydroboration with
9-BBN-H (3 equiv, 0 �C to RT, 16 h) and after a subsequent
B ±Zn exchange, the anti diastereoisomer anti-12 was ob-
tained in good diastereoselectivities (dr 91:9). Hydroboration
of 11 with catecholborane (3 equiv, [RhCl(PPh3)3] (1 mol%),
0 �C to RT, 6 h) will result in the syn diastereoisomer as
described by Evans et al.[16] After transmetallation of the
resulting boronic ester with iPr2Zn (16 equiv, RT, 36 h), we
were able to obtain syn-12 in a syn :anti ratio of 96:4. The
copper(�)-mediated reactions of syn- and anti-12 provide the
desired syn- and anti-alcohol derivatives (syn- and anti-13), in
moderate to good yields (Scheme 4).


Similarly, the protected exo-methylidene cyclohexyl alcohol
14 was converted, after Rh-catalyzed hydroboration,[16] di-
rectly into the corresponding Zn reagent and then allylated,
yielding 16a ± b or alkynylated, affording 16c in excellent
diastereoselectivities (Scheme 5).
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Scheme 4. Hydroborations and boron ± zinc exchange reactions on the
protected allylic alcohol 11. i) 9-BBN-H (3.0 equiv, 0� 25 �C, 16 h);
ii) iPr2Zn (4 equiv, 25 �C, 4 h for anti-12 or 2� 8 equiv, 25 �C, 36 h for syn-
12); iii) CuCN ¥ 2LiCl (1.5 equiv, �78 �C, 30 min); iv) allyl bromide
(3 equiv, �78� 25 �C, 12 h for anti-13a or 5 equiv, �78� 25 �C, 12 h for
syn-13a); v) propionyl chloride (3 equiv, �78� 25 �C, 12 h); vi) 1-bromo-
1-pentyne (3 equiv, �40 �C, 16 h for anti-13c or 5 equiv, �40 �C, 16 h for
syn-13c); vii) catecholborane (3 equiv, 0� 25 �C, 6 h) and [RhCl(PPh3)3]
(0.01 equiv).
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Scheme 5. Hydroborations and boron ± zinc exchange reactions on the
protected exo-methylidene alcohol 14. i) catecholborane (3 equiv, 0�
25 �C, 6 h) and [RhCl(PPh3)3] (0.03 equiv); ii) iPr2Zn, 2� 8 equiv, 25 �C,
36 h); iii) CuCN ¥ 2LiCl (1.5 equiv, �78 �C, 30 min); iv) allylic bromide
(5 equiv, �78� 25 �C, 12 h for 16a or 5 equiv, �40 �C, 16 h for 16b); v) 1-
bromo-1-pentyne (5 equiv, �40 �C, 16 h).


Hydroboration of 14 with Et2BH and subsequent B ±Zn
exchange lead to only a 37:63 mixture of syn- and anti-15,
showing again the advantage of the methodology presented
herein.


Chiral amines can be hydroborated diastereoselectively as
described by Burgess et al.[17] Hydroboration of the allylic
amine 17 with 9-BBN-H (3 equiv, �78 �C to RT, 12 h),
followed by a B±Zn exchange with iPr2Zn (5 equiv, RT,
5 h) furnishes the primary organozinc reagent 18 as a 96:4
mixture of diastereoisomers. After copper(�)-mediated trans-
formations, amines 19a ± c are obtained in 49 ± 77% yield
(Scheme 6).
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Scheme 6. Hydroborations and boron ± zinc exchange reactions on the
protected amine 17. i) 9-BBN-H (3.0 equiv, �78� 25 �C, 12 h); ii) iPr2Zn
(5 equiv, 25 �C, 5 h); iii) CuCN ¥ 2LiCl (1.5 equiv, �78 �C, 30 min); iv) allyl
bromide (3.5 equiv, �78� 25 �C, 12 h); v) propionyl chloride (3.5 equiv,
�78� 25 �C, 10 h); vi) 1-bromo-1-pentyne (5 equiv, �40 �C, 3 d).


Conclusion


In summary, we have shown that a substrate-controlled
diastereoselective hydroboration on bicyclic chiral systems
such as 3 can be carried out under our improved standard
conditions. The chiral triorganoboranes obtained can be easily
converted into the corresponding zinc reagents with almost no
loss of stereochemistry. Furthermore, we have shown that a
range of triorganoboranes and boronic esters obtained after
substrate-controlled hydroboration with 9-BBN-H, thexyl-
borane and catecholborane can be converted into the
corresponding zinc-reagents and trapped with a variety of
electrophiles, thus considerably broadening the scope of
substrate-controlled diastereoselective hydroboration.


Experimental Section


General considerations : Unless otherwise indicated, all reactions were
carried out under argon. Solvents were dried and freshly distilled.
[RhCl(PPh3)3] was purchased from Lancaster and kept under an argon
atmosphere. Reactions were monitored by gas chromatography (GC and
GC-MS) or thin-layer chromatography (TLC). The ratios between
diastereoisomers were determined by NMR spectroscopy and/or GC-MS
analysis of crude reaction mixtures; GC-MS: HP-5MS (30 m� 250 �m�
0.25 �m); method A: 3 min at 50 �C, ramp of 25 �Cmin�1 to 150 �C, ramp of
50 �Cmin�1 to 250 �C; method B: 3 min at 70 �C, ramp of 50 �Cmin�1 to
250 �C, 8 min at 250 �C.


Starting materials


Diisopropylzinc : A 1.3� solution of isopropylmagnesium bromide in
diethyl ether was prepared from 2-bromopropane (38.8 g, 0.32 mol) and
magnesium (8.5 g, 0.35 mol) and transferred with a cannula to a 500 mL
two-necked flask. Zinc bromide (35.5 g, 0.16 mol) was dried (120 �C,
1 mmHg, 2 h) and dissolved in diethyl ether (150 mL, ca. 30 min). This
solution was carefully added to the Grignard reagent at 0 �C and the
resulting biphasic mixture stirred vigorously overnight. After distilling off
most of the diethyl ether at 40 ± 50 �C (ca. 2 h), a Schlenk tube equipped
with a magnetic stirring bar was connected to the distillation apparatus and
cooled with liquid nitrogen. Vacuum was applied (1 mmHg) and a mixture


of diisopropylzinc and diethyl ether was distilled from the remaining salts
by slowly raising the temperature from 25 �C to 100 �C (ca. 2 h). After
warming the condensate to 25 �C, excess diethyl ether was evaporated by
slowly lowering the pressure to 20 mmHg whilst stirring over 1 h. The
diisopropylzinc thus obtained (18 mL, ca. 60%) was approximately 5�
(titration with 1� I2 solution in tetrahydrofurane) and was stored in the
dark.


Preparation of starting materials not reported previously in the literature


1,2,3,4,4a,5,6,7-Octahydro-(1R*)-naphthalenol (2): 1,2,3,4,4a,5,6,7-Octahy-
dro-1-naphthalenol (2) was obtained by the Luche reduction[7] of
3,4,4a,5,6,7-hexahydro-1(2H)-naphthalen-on[8] (1). The �,�-unsaturated
ketone 1 (1.50 g, 10 mmol) was added to a solution of CeCl3 ¥ 7H2O in
MeOH (25 mL, 0.4�). NaBH4 (0.38 g, 10 mmol) was added in small
portions. The reaction mixture was stirred for 30 min at 25 �C then carefully
poured into a saturated aqueous NH4Cl solution (150 mL). After extraction
with Et2O (3� 150 mL) the combined organic phases were dried over
MgSO4. The solvent was removed and the crude product (1.49 g, 9.8 mmol,
98%) used directly for the next step. IR (film): �� � 3350 (s), 2854 (vs), 1671
(w), 1447 (s), 1354 (m), 1187 (w), 1103 (m), 1059 (m), 958 (m), 852 (m), 651
(w), 540 cm�1 (w); 1H NMR (CDCl3, 300 MHz): �� 5.69 (m, 1H), 3.96 (m,
1H), 2.12 ± 0.97 (brm, 13H); 13C NMR (CDCl3, 75 MHz): �� 143.0, 115.7,
72.5, 37.2, 36.4, 34.7, 30.5, 25.2, 23.8, 21.1; MS: m/z (%): 152 (82) [M�], 134
(37), 123 (100), 110 (82), 91 (61), 81 (65), 67 (34), 55 (20); HRMS (EI): m/z :
calcd for C16H16O: 152.1201; found: 152.1202 [M�].


(1R*)-(Ethoxymethoxy)-1,2,3,4,4a,5,6,7-octahydronaphthalene (3):
1-(Ethoxymethoxy)-1,2,3,4,4a ,5,6,7-octahydronaphthalene (3) was ob-
tained by protection[18] of the �,�-unsaturated alcohol 2. Diisopropylethyl
amine (1.53 g, 11.8 mmol, 2 equiv) and ethoxymethyl chloride (1.12 g,
11.8 mmol, 2 equiv) were added to a solution of 1,2,3,4,4a,5,6,7-Octahydro-
1-naphthalenol (2) (0.90 g, 5.9 mmol) in CH2Cl2 (12 mL) at 0 �C. The
solution was stirred for 12 h at 25 �C and then poured into a saturated
aqueous NaCl solution (150 mL). After extraction with Et2O (3� 150 mL)
the combined organic phases were dried over MgSO4. The solvent was
removed and the crude product purified by column chromatography
(pentane/Et2O 25:1). The desired protected alcohol 3 was obtained as one
diastereoisomer (0.93 g, 4.4 mmol, 75%). IR (film): �� � 2927 (s), 1447 (w),
1390 (w), 1114 (m), 1099 (s), 1046 (vs), 947 (w), 847 (w), 629 cm�1 (w);
1H NMR (CDCl3, 300 MHz): �� 5.70 (m, 1H), 4.78 (d, J� 6.9 Hz, 1H),
4.71 (d, J� 6.9 Hz, 1H), 3.88 (m, 1H), 3.76 ± 3.53 (brm, 2H), 2.11 ± 1.54
(brm, 8H), 1.51 ± 1.00 (brm, 5H), 1.21 (t, J� 7.1 Hz, 3H); 13C NMR
(CDCl3, 75 MHz): �� 140.2, 116.5, 93.9, 63.2, 43.1, 36.6, 34.8, 34.7, 30.4,
25.2, 24.0, 21.0, 15.2; MS: m/z (%): 210 (12) [M�], 181 (11), 164 (23), 151
(17), 136 (100), 123 (78), 110 (61), 91 (62), 59 (56); elemental analysis calcd
for C13H22O2 (210.3): C 74.24, H 10.54; found: C 74.60, H 10.84.


Preparation of the products


(1R*)-Allyl-(8R*)-(ethoxymethoxy)decahydronaphthalene (5): A flame-
dried 25 mL flask equipped with a magnetic stirring bar, an argon inlet and
a septum was charged with 1-(ethoxymethoxy)-1,2,3,4,4a,5,6,7-octahydro-
naphtalene (3) (0.210 g, 1 mmol) in CH2Cl2 (2 mL). Et2BH (0.4 mL, 7.3� in
Me2S, 3 equiv) was slowly added and the resulting mixture was stirred for
48 h at 25 �C. After pumping off the excess volatiles (0.1 mmHg, 25 �C, 2 h),
iPr2Zn (0.6 mL, 5� in Et2O, 3 equiv) was added and the mixture was stirred
for 5 h at 25 �C. The boron ± zinc conversion was approximately 80% as
monitored by GC analysis of oxidized aliquots (aqueous 3� NaOH/
aqueous 30% H2O2). The excess volatiles were pumped off (0.1 mm Hg,
25 �C, 0.5 h), the grey-black residue was diluted with THF (2.5 mL) and
cooled to �78 �C. A freshly prepared solution of CuCN ¥ 2LiCl (0.7 mL, 1�
in THF, 0.7 equiv) was added over 1 h. The mixture was stirred 30 min at
�78 �C. Allyl bromide (0.363 g, 3 mmol, 3 equiv) in anhydrous THF (1 mL)
was slowly added (40 min). After stirring for 1 h at�78 �C, the mixture was
allowed to warm up to room temperature overnight. It was then poured
into a saturated aqueous NH4Cl solution (150 mL) containing NH3(aq)


(2 mL, 30% in H2O). After extraction with Et2O (3� 100 mL) the
combined organic phases were dried over MgSO4. The solvent was
removed and the crude product purified by column chromatography (silica
gel, pentane/Et2O 98:2) affording 5 as a colorless oil (0.164 g, 0.65 mmol,
65%) and as a diastereomeric mixture: dr (1,2) 97:3 and dr (2,3) �98:2
(GC-MS, method A, 10.41 min and 10.42 min). IR (film): �� � 2946 (vs),
1443 (w), 1431 (m), 1117 (m), 1080 (vs), 856 cm�1(w); 1H NMR (CDCl3,
300 MHz): �� 5.85 (m, 1H), 4.99 ± 4.92 (m, 2H), 4.78 (d, J� 6.7 Hz, 1H),
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4.71 (d, J� 6.8 Hz, 1H), 3.65 (m, 1H), 3.55 (m, 1H), 3.31 (m, 1H), 2.62 (m,
1H), 2.17 (m, 2H), 1.74 ± 1.45 (brm, 5H), 1.35 ± 1.16 (brm, 4H), 1.20 (t, J�
7.1 Hz, 3H), 1.10 ± 0.95 (brm, 5H); 13C NMR (CDCl3, 75 MHz): �� 138.7,
114.9, 94.4, 82.9, 63.7, 50.8, 42.1, 41.8, 40.0, 34.3, 34.0, 33.8, 33.2, 25.8, 23.9,
15.1; MS: m/z (%): 252 (2) [M�], 234 (3), 206 (6), 188 (14), 175 (32), 147
(29), 135 (100), 93 (65), 80 (90), 59 (71); elemental analysis calcd (%) for
C16H28O2 (252.4): C 76.14, H 11.18; found: C 76.40, H 11.32.


General procedure I–Reactions proceeding by hydroboration with
9-BBN-H :[14, 15, 17] A flame-dried 25 mL flask equipped with a magnetic
stirring bar, an argon inlet and a septum was cooled to 0 �C and charged
with the olefin (0.5 mmol, 1.0 equiv). 9-BBN-H (2 mL, 1.0 mmol, 2 equiv,
0.5� solution in THF) was added dropwise over a period of 1 h and stirred
throughout at the temperature stated. After pumping off the volatiles
(0.1 mm Hg, 25 �C, 2 h), iPr2Zn (0.4 mL, 2.0 mmol, 4 equiv, 5.0� in Et2O)
was added and the mixture was stirred 4 h at 25 �C. The volatiles were
pumped off (0.1 mm Hg, 25 �C, 0.5 h) and the grey-black residue was
diluted with THF (2 mL) and cooled to�78 �C. A freshly prepared solution
of CuCN ¥ 2LiCl (0.75 mL, 0.75 mmol, 1.5 equiv, 1� in THF) was slowly
added over 40 min by a syringe pump and the mixture stirred for 30 min at
�78 �C. A solution of the electrophile (1.5 mmol, 3 equiv) in THF (1 mL)
was then slowly added over 40 min by a syringe pump. The mixture was
stirred for the time indicated and at the temperature stated. The solution
was then poured into a saturated aqueous NH4Cl solution (150 mL)
containing NH3(aq) (2 mL, 30% in H2O). After extraction with Et2O (3�
100 mL) the combined organic phases were dried over MgSO4. The solvent
was removed and the crude products purified by column chromatography
(silica gel) affording the desired products as colorless oils.


14-(2,2-Dimethyl-1-oxopropoxy)-2-methylene-ethyltetradecanoate (7a):
According to GP I, 10-undecenyl pivalate[19] (0.254 g, 1.00 mmol) was
reacted with 9-BBN-H (4 mL, 2.0 mmol, 2 equiv) at 25 �C for 12 h. After
the addition of iPr2Zn (1.0 mL, 5 mmol, 5 equiv), transmetallation with
CuCN ¥ 2LiCl (1.5 mL, 1.5 mmol, 1.5 equiv) and addition of ethyl 2-(bro-
momethyl)acrylate (0.072 g, 4.0 mmol, 4.0 equiv), the reaction mixture was
stirred at �40 �C for 2 d. After purification by column chromatography
(pentane), 7a was obtained as a colorless oil (0.243 g, 0.66 mmol, 66%). IR
(film): �� � 2928 (s), 1728 (s), 1632 (w), 1480 (m), 1463 (m), 1285 (m), 1158
(s), 1032 (w), 941 cm�1 (w); 1H NMR (CDCl3, 300 MHz): �� 6.04 (d, J�
0.9 Hz, 1H), 5.43 (d, J� 0.9 Hz, 1H), 4.13 (q, J� 7.1 Hz, 2H), 3.97 (t, J�
6.6 Hz, 2H), 2.21 (m, 2H), 1.53 (m, 2H), 1.37 (m, 2H), 1.25 ± 1.20 (m, 19H),
1.12 (s, 9H); 13C NMR (CDCl3, 75 MHz): �� 178.5, 167.3, 141.1, 124.0, 64.4,
60.4, 38.7, 31.8, 29.5, 29.48, 29.4, 29.3, 29.2, 28.6, 28.4, 27.1, 25.9, 14.1; MS:
m/z (%): 368 (1) [M�], 322 (17), 266 (6), 238 (15), 220 (7), 192 (8), 152 (8),
135 (7), 123 (12), 109 (21), 95 (30), 85 (30), 69 (22), 57 (100); HRMS (CI):
calcd for C22H41O4: 369.3005; found: 369.2995 [M��H].


General procedure II–Reactions proceeding by hydroboration with
thexylborane : A flame-dried 25 mL flask equipped with a magnetic stirring
bar, an argon inlet and a septum was cooled to 0 �C and charged with a
solution of freshly prepared thexylborane[10] (4 mL, 2.0 mmol, 2 equiv, 0.5�
in THF). The olefin (1.0 mmol, 1.0 equiv, 1� in THF) was added dropwise
over a period of 1 h. The solution was allowed to warm up to room
temperature overnight. After pumping off the volatiles (0.1 mm Hg, 25 �C,
2 h), Et2BH (0.69 mL, 5.0 mmol, 5 equiv, 7.3� in Me2S) was added and the
resulting mixture was stirred for 16 h at 50 �C. After pumping off the
volatiles (0.1 mmHg, 25 �C, 2 h), iPr2Zn (1.0 mL, 5.0 mmol, 5 equiv, 5.0� in
Et2O) was added and the mixture was stirred for 5 h at 25 �C. The volatiles
were pumped off (0.1 mm Hg, 25 �C, 0.5 h) and the grey-black residue was
diluted with THF (3 mL) and cooled to�78 �C. A freshly prepared solution
of CuCN ¥ 2LiCl (1.5 mL, 1.5 mmol, 1.5 equiv, 1� in THF) was added slowly
over 40 min with a syringe pump and the mixture stirred for 30 min at
�78 �C. A solution of the corresponding electrophile (5 mmol, 5 equiv) in
THF (1 mL) was then added slowly (40 min) with a syringe pump. The
solution was allowed to stir for the time indicated and the temperature
stated. The reaction mixture was poured into a saturated aqueous NH4Cl
solution (150 mL) containing NH3(aq) (2 mL, 30% in H2O). After extraction
with Et2O (3� 100 mL) the combined organic phases were dried over
MgSO4. The solvent was removed and the crude product purified by
column chromatography (silica gel) affording the desired products as
colorless oils.


2,2-Dimethyl-12-hexadecynylpropanoate (7b): According to GP II, thex-
ylborane was added to 10-undecenyl pivalate[19] (0.254 g, 1.00 mmol) at
�30 �C. The reaction mixture was allowed to warm up to 25 �C overnight.


For this primary diorganozinc compound, no equilibration with Et2BH was
carried out. After addition of iPr2Zn and transmetallation with CuCN ¥
2LiCl, 1-bromopentyne (0.588 g, 4 mmol, 4 equiv) was added. The reaction
mixture was stirred for 36 h at �40 �C. The desired product 7b was
obtained after purification by column chromatography (pentane) (0.168 g,
0.52 mmol, 52%) as a colorless oil. IR (film): �� � 2856 (s), 1731 (s), 1480
(m), 1463 (m), 1284 (m), 1156 (s), 1035 (w), 771 cm�1 (w); 1H NMR (CDCl3,
300 MHz): �� 3.97 (t, J� 6.6 Hz, 2H), 2.09 ± 2.02 (m, 4H), 1.57 ± 1.21 (m,
20H), 1.13 (s, 9H), 0.90 (t, J� 7.3 Hz, 3H); 13C NMR (CDCl3, 75 MHz):
�� 178.6, 80.3, 80.0, 64.4, 38.7, 29.5, 29.2, 29.15, 29.1, 28.8, 28.6, 27.2, 25.9,
22.5, 20.7, 18.7, 13.4; MS:m/z (%): 322 (�1) [M�], 265 (1) [M��C4H9], 220
(4), 191 (3), 177 (5), 163 (6), 149 (10), 135 (15), 121 (22), 109 (21), 96 (74), 82
(100), 67 (66), 57 (95); HRMS (EI): calcd for C21H38O2: 322.2872; found:
322.2888 [M�].


General procedure III–Reactions proceeding by Rh-catalyzed hydrobo-
rations with catecholborane


GP IIIA–Hydroboration catalysed by [RhCl(PPh3)3]:[16] A flame-dried
25 mL flask equipped with a magnetic stirring bar, an argon inlet and a
septum was charged with catalytic amount of [RhCl(PPh3)3]. THF (2 mL)
was added and the mixture stirred for 10 min at room temperature. The
olefin (0.5 mmol, 1.0 equiv) was added and the mixture cooled to 0 �C.
Catecholborane[10] (0.180 g, 1.5 mmol, 3 equiv) was added and the solution
was allowed to warm up to room temperature and stirred for 6 h. After
pumping off the volatiles (0.1 mm Hg, 25 �C, 3 h), iPr2Zn (1.6 mL,
8.0 mmol, 16 equiv, 5.0� in Et2O) was added in two portions and the
mixture was stirred for 36 h at 25 �C. The volatiles were pumped off
(0.1 mm Hg, 25 �C, 0.5 h, coevaporation with 2� 1 mL THF), the grey-
black residue was diluted with THF (2 mL) and cooled to�78 �C. A freshly
prepared solution of CuCN ¥ 2LiCl (0.75 mL, 0.75 mmol, 1.5 equiv, 1� in
THF) was slowly added over 40 min with a syringe pump and the mixture
stirred for 30 min at �78 �C. The electrophile (2.5 mmol, 5 equiv) in THF
(1 mL) was added slowly (40 min) with a syringe pump. The mixture was
stirred for the time indicated and at the temperature stated. The reaction
mixture was then poured into a saturated aqueous NH4Cl solution
(150 mL) containing NH3(aq) (2 mL, 30% in H2O). After extraction with
Et2O (3� 100 mL) the combined organic phases were dried over MgSO4.
The solvent was removed and the crude products purified by column
chromatography (silica gel) affording the desired compounds as colorless
oils.


2,2-Dimethyl-13-tetradecenylpropanoate (7c): According to GP IIIA,
catecholborane (0.132 g 1.1 mmol, 1.1 equiv) was added to 10-undecenyl
pivalate[19] (0.254 g, 1.0 mmol) and [RhCl(PPh3)3] (19 mg, 0.02 mmol,
0.02 equiv) in THF (2.6 mL) at 0 �C. The solution was allowed to warm
up to 25 �C over 5 h. After pumping off the volatiles (0.1 mm Hg, 25 �C,
3 h), iPr2Zn (2 mL, 10.0 mmol, 10 equiv, 5.0� in Et2O) was added in two
portions and the mixture was stirred for 36 h at 25 �C. The grey-black
residue was diluted with THF (2.5 mL). After transmetallation with
CuCN ¥ 2LiCl (1.5 mL, 1.5 mmol, 1.5 equiv), allyl bromide (0.605 g,
5 mmol, 5 equiv, 4� in THF) was added. The reaction mixture was allowed
to warm up to 25 �C overnight. The desired product 7c was obtained after
purification by column chromatography (pentane) (0.172 g, 0.58 mmol,
58%) as a colorless oil. IR (film): �� � 2855 (s), 1732 (s), 1480 (m), 1461 (m),
1285 (m), 1157 (s), 909 (m), 734 cm�1 (w); 1H NMR (CDCl3, 300 MHz): ��
5.73 (m, 1H), 4.95 ± 4.84 (m, 2H), 3.97 (t, J� 6.6 Hz, 2H), 1.97 (m, 2H), 1.54
(m, 2H), 1.36 ± 1.20 (m, 18H), 1.12 (s, 9H); 13C NMR (CDCl3, 75 MHz):
�� 178.5, 139.1, 114.0, 64.4, 38.7, 33.8, 29.6, 29.5, 29.45, 29.4, 29.2, 29.1, 28.9,
28.6, 27.2, 25.9; MS: m/z (%): 239 (�1) [M��C4H9], 194 (6), 166 (3), 152
(3), 138 (5), 124 (9), 110 (15), 96 (38), 82 (45), 68 (30), 57 (100); HRMS (CI):
calcd for C19H37O2: 297.2794; found: 297.28121 [M��H].


trans-1-Allyl-2-phenylcyclopentane[2a] (7d): According to GP II, thexyl-
borane was added to 1-phenylcyclopentene[20] (0.144 g, 1.00 mmol) at 0 �C.
The reaction mixture was allowed to warm up to 25 �C and stirred for 16 h.
After addition of allyl bromide (0.605 g, 5 mmol, 5 equiv, 4� in THF) the
reaction mixture was allowed to warm up to 25 �C overnight. The desired
product 7d was obtained as a diastereomeric mixture of 94:6 (GC-MS,
method A, 8.68 and 8.88 min) (0.108 g, 0.58 mmol, 58%; column chroma-
tography in pentane). 1H NMR (CDCl3, 300 MHz): �� 7.39 ± 7.20 (m, 5H),
5.88 ± 5.74 (m, 1H), 5.07 ± 4.96 (m, 2H), 2.67 ± 2.61 (m, 1H), 2.31 ± 2.20 (m,
1H), 2.18 ± 1.76 (m, 5H), 1.47 ± 1.41 (m, 2H), 0.97 ± 0.87 (m, 1H); 13C NMR
(CDCl3, 75 MHz): �� 145.5, 137.8, 128.3 (2C), 127.6 (2C), 125.9, 115.1,







FULL PAPER P. Knochel et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2789 ± 27962794


52.3, 47.7, 28.3, 35.5, 31.8, 24.1; MS: m/z (%): 186 (3) [M�], 157 (5), 144
(100), 129 (21), 117 (26), 104 (48), 91 (72), 77 (9), 67 (20), 41 (13).


GP IIIB–Hydroborations catalyzed by [Rh(cod)2]BF4 :[12] A flame-dried
25 mL flask equipped with a magnetic stirring bar, an argon inlet and a
septum was charged with [Rh(cod)2]BF4 (12 mg, 0.03 mmol, 0.03 equiv)
and 1,4-bis(diphenylphosphino)-butane (13 mg, 0.03 mmol, 0.03 equiv).
THF (1 mL) was added and the mixture stirred for 30 min at room
temperature. Indene (0.116 g, 1.0 mmol, 1.0 equiv) and catecholborane
(0.144 g, 1.2 mmol, 1.2 equiv) were added and the solution was stirred at
room temperature overnight. After pumping off the volatiles (0.1 mm Hg,
50 �C, 3 h), Et2BH (0.69 mL, 5.0 mmol, 5 equiv, 7.3� in Me2S) was added
and the resulting mixture was stirred for 16 h at 50 �C. After pumping off
the volatiles (0.1 mm Hg, 25 �C, 2 h), iPr2Zn (1.0 mL, 5.0 mmol, 5 equiv,
5.0� in Et2O) was added and the mixture was stirred for 5 h at 25 �C. The
volatiles were pumped off (0.1 mm Hg, 25 �C, 0.5 h), the grey-black residue
was diluted with THF (2 mL) and cooled to �78 �C. A freshly prepared
solution of CuCN ¥ 2LiCl (1.5 mL, 1.5 mmol, 1.5 equiv, 1� in THF) was
slowly added over 40 min with a syringe pump and the mixture stirred for
30 min at �78 �C. The electrophile (5 mmol, 5 equiv) in THF (1 mL) was
added slowly (40 min) with a syringe pump. The mixture was stirred for the
time and at the temperature stated. The reaction mixture was then poured
into a saturated aqueous NH4Cl solution (150 mL) containing NH3(aq)


(2 mL, 30% in H2O). After extraction with Et2O (3� 100 mL) the
combined organic phases were dried over MgSO4. The solvent was
removed and the crude products purified by column chromatography
(silica gel) affording the desired products as colorless oils.


1-Allylindane[21] (7e): According to GP IIIB, allyl bromide (0.605 g,
5 mmol, 5 equiv) was added to the reaction mixture, which was then
allowed to warm up to 25 �C overnight. After purification by column
chromatography (pentane) the desired product 7e was obtained as a
colorless oil (0.085 g, 0.54 mmol, 54%). 1H NMR (CDCl3, 300 MHz): ��
7.30 ± 7.15 (m, 4H), 6.00 ± 5.78 (m, 1H), 5.17 ± 5.04 (m, 2H), 3.33 ± 3.20 (m,
1H), 3.01 ± 2.80 (m, 2H), 2.71 ± 2.54 (m, 1H), 2.39 ± 2.21 (m, 2H), 1.86 ± 1.71
(m, 1H); 13C NMR (CDCl3, 75 MHz): �� 146.8, 144.1, 137.1, 126.3, 126.0,
124.4, 123.6, 115.9, 44.3, 39.3, 31.5, 31.3; MS:m/z (%): 158 (6) [M�], 128 (4),
117 (100), 91 (7), 65 (2), 51 (2).


3-(2,3-Dihydro-1H-inden-1-yl)-2-methyl-2-cyclopenten-1-one (7 f): Ac-
cording to GP IIIB, 3-iodo-2-methyl-cyclopent-2-en-1-one (1.110 g,
5 mmol, 5 equiv) was added to the reaction mixture which was then stirred
for 16 h at�20 �C. After purification by column chromatography (pentane/
Et2O 9:1) the desired product 7 f was obtained as a colorless oil (0.123 g,
0.58 mmol, 58%). IR (film): �� � 2921 (m), 1698 (vs), 1641 (s), 1477 (w),
1342 (w), 1088 (w), 759 (m), 619 cm�1 (w); 1H NMR (CDCl3, 300 MHz):
�� 7.35 ± 7.12 (brm, 3H), 6.95 (d, J� 7.7 Hz, 1H), 4.51 (t, J� 7.4 Hz, 1H),
3.0 (m, 2H), 2.49 ± 2.24 (brm, 5H), 2.14 ± 2.01 (brm, 1H), 1.84 (s, 3H);
13C NMR (CDCl3, 75 MHz): �� 210.2, 174.3, 144.2, 143.4, 136.8, 127.2,
126.6, 124.7, 124.1, 46.4, 34.0, 32.2, 30.7, 25.8, 8.3; MS: m/z (%): 212 (95)
[M�], 197 (10), 183 (12), 169 (100), 155 (85), 141 (42), 128 (23), 115 (49);
HRMS (EI): calcd for C15H16O [M�]: 212.1201; found: 212.1199.


1-(2,3-Dihydro-1H-inden-1-yl)-1-propanone (7g): According to GP IIIB,
propionyl chloride (0.463 g, 5 mmol, 5 equiv) was added to the reaction
mixture which was then allowed to warm up to 25 �C overnight. After
purification by column chromatography (pentane/Et2O 15:1) the desired
product 7g was obtained as a colorless oil (0.089 g, 0.51 mmol, 51%). IR
(film): �� � 2939 (s), 1737 (vs), 1458 (s), 1348 (m), 1188 (s), 1114 (m), 755 (s),
651 cm�1 (w); 1H NMR (CDCl3, 300 MHz): �� 7.36 ± 7.15 (m, 4H), 4.12 (t,
J� 7.5 Hz, 1H), 3.11 (m, 1H), 2.95 (m, 1H), 2.68 ± 2.47 (brm, 2H), 2.40 ±
2.26 (brm, 2H), 1.07 (t, J� 7.1 Hz, 3H); 13C NMR (CDCl3, 75 MHz): ��
211.4, 144.6, 141.2, 127.4, 126.4, 124.9, 124.7, 58.0, 33.6, 32.0, 28.8, 7.8; MS:
m/z (%): 174 (8) [M�], 117 (100), 91 (7), 57 (6); HRMS (EI): calcd for
C12H14O: 174.1045; found: 174.1039 [M�].


Dimethyl(2-methyl-1-phenyl-5-hexenyl)phenylsilane (10a): According to
GP I, dimethyl(2-methyl-1-phenyl-2-propenyl)phenylsilane[22] (8 ; 0.133 g,
0.50 mmol) was treated with 9-BBN-H at 25 �C for 36 h. After addition of
allyl bromide (0.181 g, 1.5 mmol, 3.0 equiv), the reaction mixture was
allowed to warm up to 25 �C overnight. The desired product 10a was
obtained as a diastereomeric mixture of 99:1 (0.114 g, 0.37 mmol, 74%;
column chromatography in pentane). IR (film): �� � 2958 (s), 1640 (w), 1596
(w), 1427 (m), 1248 (s), 1111 (m), 908 (m), 830 (s), 700 (vs), 639 cm�1 (w);
1H NMR (CDCl3, 300 MHz): �� 7.51 ± 6.93 (brm, 10H), 5.71 ± 5.53 (m,


1H), 4.90 ± 4.75 (m, 2H), 2.15 (d, J� 10.3 Hz, 1H), 2.10 ± 1.94 (m, 2H),
1.88 ± 1.75 (m, 1H), 1.46 ± 1.34 (m, 1H), 1.08 ± 0.94 (m, 1H), 0.92 (d, J�
6.3 Hz, 3H), 0.31 (s, 3H), 0.06 (s, 3H); 13C NMR (CDCl3, 75 MHz): ��
143.6, 139.5, 139.2, 133.6 (2C), 128.8, 128.6, 128.0, 127.6 (2C), 124.6,
114.0, 44.1, 35.4, 34.4, 30.8, 20.2, �1.3, �3.9; MS: m/z (%): 308 (1) [M�],
293 (7), 253 (4), 230 (5), 172 (5), 135 (100), 91 (6), 78 (4); HRMS (EI): m/z :
calcd for C21H28Si: 308.1960; found: 308.1949 [M�].


Dimethyl(2-methyl-1-phenyl-4-octynyl)phenylsilane (10b): According to
GP I, dimethyl(2-methyl-1-phenyl-2-propenyl)phenylsilane[22] (8 ; 0.133 g,
0.50 mmol) was treated with 9-BBN-H at 25 �C for 36 h. After addition of
1-bromo-1-pentyne (0.221 g, 1.5 mmol, 3.0 equiv), the reaction mixture was
stirred for 16 h at �40 �C. The desired product 10b was obtained as a
diastereomeric mixture of 99:1 (0.120 g, 0.36 mmol, 72%; column chro-
matography in pentane). IR (film): �� � 2961 (s), 1596 (m), 1487 (s), 1427 (s),
1249 (s), 1111 (s), 842 (s), 701 (vs), 644 (w); 1H NMR (CDCl3, 300 MHz):
�� 7.50 ± 6.98 (brm, 10H), 2.32 ± 2.01 (brm, 5H), 1.80 (m, 1H), 1.50 (m,
2H), 1.08 (d, J� 6.2 Hz, 3H), 0.98 (t, J� 7.3 Hz, 3H), 0.30 (s, 3H), 0.07 (s,
3H); 13C NMR (CDCl3, 75 MHz): �� 143.6, 139.2, 133.9, 128.7, 128.5, 128.1
(2C), 127.6, 124.7 (2C), 81.6, 78.5, 42.6, 35.2, 26.2, 22.6, 20.8, 20.5, 13.5,
�1.2, �3.9; MS: m/z (%): 334 (1) [M�], 319 (2), 291 (3), 256 (3), 198 (10),
169 (5), 135 (100), 91 (4), 53 (2); HRMS (EI): calcd for C23H30Si: 334.2117,
found: 334.2112 [M�]; elemental analysis calcd (%) for C23H30Si (334.57): C
82.57, H 9.04; found: C 82.36, H 9.02.


6-[Dimethyl(phenyl)silyl]-5-methyl-6-phenyl-3-hexanone (10c): Accord-
ing to GP I, dimethyl(2-methyl-1-phenyl-2-propenyl)phenylsilane[22] (8 ;
0.133 g, 0.50 mmol) was treated with 9-BBN-H at 25 �C for 36 h. After
addition of propionyl chloride (0.139 g, 1.5 mmol, 3.0 equiv), the reaction
mixture was allowed to warm up to 25 �C overnight. The desired product
10c was obtained as a diastereomeric mixture of 99:1 (0.125 g, 0.39 mmol,
77%; column chromatography in pentane/Et2O 9:1). IR (film): �� � 2971
(s), 1712 (vs), 1596 (m), 1427 (m), 1249 (s), 1111 (s), 998 (w), 831 (s), 702
(vs), 649 cm�1 (w); 1H NMR (CDCl3, 300 MHz): �� 7.57 ± 7.01 (brm, 10H),
2.68 (m, 1H), 2.41 ± 2.04 (brm, 5H), 0.96 (m, 6H), 0.39 (s, 3H), 0.14 (s, 3H);
13C NMR (CDCl3, 75 MHz): �� 211.7, 143.2, 138.9, 133.8 (2C), 128.7, 128.6
(2C), 128.2, 127.6, 124.9, 49.6, 43.8, 36.4, 31.7, 21.3, 7.5,�1.4, �4.2; MS: m/z
(%): 309 (1) [M��CH3], 206 (12), 191 (11), 177 (8), 135 (100), 118 (12), 75
(21), 58 (5); HRMS (EI): calcd for C20H25OSi: 309.1675; found: 309.1696
[M��CH3]; elemental analysis calcd for C21H28OSi (324.53): C 77.72, H
8.70; found: C 77.26, H 8.28.


tert-Butyl[(1-butyl-2-methyl-5-hexenyl)oxy]dimethylsilane (anti-13a): Ac-
cording to GP I, tert-butyl[(1-butyl-2-methyl-2-propenyl)oxy]dimethylsi-
lane[15, 23] (11; 0.121 g, 0.50 mmol) was treated with 9-BBN-H (3.0 mL,
1.5 mmol, 3 equiv) at 25 �C for 16 h. After addition of allyl bromide
(0.181 g, 1.5 mmol, 3.0 equiv), the reaction mixture was allowed to warm up
to 25 �C overnight. The desired product anti-13a was obtained as a
diastereomeric mixture of 91:9 (quant. 13C NMR, e.g. �� 75.9 and 75.6)
(0.114 g, 0.4 mmol, 80%; column chromatography in pentane). IR (film):
�� � 2957 (vs), 1641 (w), 1462 (m), 1378 (m), 1254 (s), 1117 (w), 1082 (s), 909
(m), 835 (s), 664 cm�1 (s); 1H NMR (CDCl3, 300 MHz): �� 5.82 (m, 1H),
4.98 (m, 2H), 3.51 (m, 1H), 2.14 (m, 1H), 1.99 (m, 1H), 1.65 ± 1.12 (brm,
10H), 0.93 ± 0.82 (m, 14H), 0.04 (s, 3H), 0.03 (s, 3H); 13C NMR (CDCl3,
75 MHz): �� 139.2, 114.2, 75.9, 37.8, 31.9, 31.8, 31.7, 28.1, 25.9 (3C), 22.9,
18.2, 14.5, 14.1, �4.4 (2C); MS: m/z (%): 283 (1) [M��H], 269 (2), 227
(51), 201 (53), 185 (3), 145 (6), 115 (7), 95 (8), 75 (100); HRMS (EI): calcd
for C17H35OSi: 283.2457; found: 283.2472 [M��H].


6-{[tert-Butyl(dimethyl)silyl]oxy}-5-methyl-3-decanone (anti-13b): Ac-
cording to GP I, tert-butyl[(1-butyl-2-methyl-2-propenyl)oxy]dimethylsi-
lane[15, 23] (11; 0.121 g, 0.50 mmol) was treated with 9-BBN-H (3.0 mL,
1.5 mmol, 3 equiv) at 25 �C for 16 h. After addition of propionyl chloride
(0.139 g, 1.5 mmol, 3.0 equiv), the reaction mixture was allowed to warm up
to 25 �C overnight. The desired product anti-13b was obtained as a
diastereomeric mixture of 91:9 (quant. 13C NMR, e.g. �� 75.8 and 75.7)
(0.072 g, 0.24 mmol, 48%; column chromatography in pentane/Et2O 39:1).
IR (film): �� � 2932 (vs), 1716 (s), 1462 (m), 1379 (m), 1255 (m), 1082 (m),
1050 (s), 937 (w), 836 (s), 774 (s), 667 cm�1 (w); 1H NMR (CDCl3,
300 MHz): �� 3.48 (m, 1H), 2.54 ± 2.35 (brm, 3H), 2.18 (m, 2H), 1.42 ± 1.14
(brm, 6H), 1.05 (t, J� 7.3 Hz, 3H), 0.94 ± 0.84 (m, 15H), 0.05 (s, 3H), 0.04
(s, 3H); 13C NMR (CDCl3, 75 MHz): �� 211.7, 75.7, 44.8, 36.5, 33.7, 33.3,
27.5, 25.9 (3C), 22.9, 18.1, 16.4, 14.1, 7.9, �4.2, �4.5; MS: m/z (%): 299 (1)
[M��H], 285 (2), 243 (100), 225 (4), 201 (43), 115 (9), 95 (7), 75 (63), 57
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(12); HRMS (EI): calcd for C17H35O2Si: 299.2406; found: 299.2427
[M��H].


tert-Butyl[(1-butyl-2-methyl-4-octynyl)oxy]dimethylsilane (anti-13c): Ac-
cording to GP I, tert-butyl[(1-butyl-2-methyl-2-propenyl)oxy]dimethylsi-
lane[15, 23] (11; 0.121 g, 0.50 mmol) was treated with 9-BBN-H (3.0 mL,
1.5 mmol, 3 equiv) at 25 �C for 16 h. After addition of 1-bromo-1-pentyne
(0.221 g, 1.5 mmol, 3.0 equiv), the reaction mixture was stirred for 16 h at
�40 �C. The desired product anti-13c was obtained as a diastereomeric
mixture of 90:10 (GC-MS, method A, 9.41 and 9.44 min) (0.121 g,
0.39 mmol, 78%; column chromatography in pentane). IR (film): �� �
2932 (vs), 1463 (m), 1360 (w), 1254 (s), 1077 (s), 937 (m), 836 (s), 773 (s),
665 cm�1 (w); 1H NMR (CDCl3, 300 MHz): �� 3.62 (m, 1H), 2.24 ± 2.01
(m, 4H), 1.77 (m, 1H), 1.50 (m, 2H), 1.42 ± 1.23 (m, 5H), 1.01 ± 0.83 (brm,
19H), 0.05 (s, 3H), 0.04 (s, 3H); 13C NMR (CDCl3, 75 MHz): �� 80.9, 79.2,
74.7, 37.8, 32.5, 27.1, 25.9 (3C), 23.0, 22.6, 22.0, 20.8, 18.1, 15.3, 14.1, 13.5,
�4.3, �4.6; MS: m/z (%): 309 (1) [M��H], 295 (2), 253 (100), 201 (37),
177 (23), 145 (6), 115 (7), 75 (95); HRMS (EI): calcd for C19H37OSi:
309.2614; found: 309.2601 [M��H]; elemental analysis calcd for C19H38O-
Si (310.59): C 73.47, H 12.33; found: C 73.85, H 12.45.


tert-Butyl[(1-butyl-2-methyl-5-hexenyl)oxy]dimethylsilane (syn-13a): Ac-
cording to GP III-A, tert-butyl[(1-butyl-2-methyl-2-propenyl)oxy]dime-
thylsilane[15, 23] (11; 0.121 g, 0.50 mmol) was reacted with [RhCl(PPh3)3]
(5 mg, 0.01 equiv, 0.005 mmol). After addition of allyl bromide (0.303 g,
2.5 mmol, 5.0 equiv), the reaction mixture was allowed to warm up to 25 �C
overnight. The desired product syn-13a was obtained as a diastereomeric
mixture of �96:4 (quant. 13C NMR, e.g. �� 75.9 and 75.6) (0.091 g,
0.32 mmol, 63%; column chromatography in pentane). IR (film): �� � 2957
(vs), 1641 (w), 1462 (m), 1380 (m), 1253 (s), 1117 (w), 1080 (s), 909 (m), 835
(s), 666 cm�1 (s); 1H NMR (CDCl3, 300 MHz): �� 5.80 (m, 1H), 4.99 (m,
2H), 3.52 (m, 1H), 2.19 ± 1.94 (brm, 2H), 1.61 ± 1.09 (brm, 10H), 0.92 ± 0.76
(m, 14H), 0.04 (s, 3H), 0.03 (s, 3H); 13C NMR (CDCl3, 75 MHz): �� 139.3,
114.1, 75.6, 37.1, 33.2, 31.9, 31.8, 28.2, 26.0 (3C), 22.9, 18.2, 14.1, 14.1, �4.2,
�4.4; MS: m/z (%): 283 (1) [M��H], 269 (3), 227 (81), 201 (64), 185 (5),
145 (9), 115 (8), 95 (6), 75 (100); HRMS (EI): calcd for C17H35OSi:
283.2457; found: 283.2471 [M��H].


tert-Butyl[(1-butyl-2-methyl-4-octynyl)oxy]dimethylsilane (syn-13c): Ac-
cording to GP III-A, tert-butyl[(1-butyl-2-methyl-2-propenyl)oxy]dime-
thylsilane[15, 23] (11; 0.121 g, 0.50 mmol) was treated with [RhCl(PPh3)3]
(5 mg, 0.01 equiv, 0.005 mmol). After addition of 1-bromo-1-pentyne
(0.368 g, 2.5 mmol, 5.0 equiv), the reaction mixture was stirred for 16 h at
�40 �C. The desired product syn-13c was obtained as a diastereomeric
mixture of �96:4 (GC-MS, method A, 9.41 and 9.44 min) (0.073 g,
0.24 mmol, 47%; column chromatography in pentane). IR (film): �� �
2931 (vs), 1463 (m), 1380 (w), 1252 (s), 1090 (s), 938 (m), 836 (s), 774 (s),
667 cm�1 (w); 1H NMR (CDCl3, 300 MHz): �� 3.71 (m, 1H), 2.31 (t, J�
7.1 Hz, 1H), 2.25 ± 1.96 (m, 3H), 1.71 (m, 1H), 1.61 ± 1.18 (m, 7H), 1.04 ±
0.84 (brm, 19H), 0.05 (s, 3H), 0.04 (s, 3H); 13C NMR (CDCl3, 75 MHz):
�� 80.7, 79.7, 73.9, 37.5, 33.9, 27.8, 25.9 (3C), 23.0, 22.7, 22.0, 20.8, 18.2, 14.1,
13.5, 13.4, �4.3, �4.6; MS: m/z (%): 309 (1) [M��H], 295 (2), 253 (100),
201 (28), 177 (24), 145 (5), 115 (7), 75 (98); HRMS (EI): calcd for
C19H37OSi: 309.2614; found: 309.2614 [M��H].


{[2-(3-Butenyl)cyclohexyl]oxy}(tert-butyl)dimethylsilane (16a): According
to GP III-A, tert-butyl(dimethyl)[(2-methylenecyclohexyl)oxy]silane[24]


(14 ; 0.113 g, 0.50 mmol) was treated with [RhCl(PPh3)3] (14 mg, 0.03 equiv,
0.015 mmol). After addition of allyl bromide (0.303 g, 2.5 mmol, 5.0 equiv),
the reaction mixture was allowed to warm up to 25 �C overnight. The
desired product 16a was obtained as a diastereomeric mixture of �96:4
(GC-MS, method A, 7.90 and 7.94 min) (0.070 g, 0.26 mmol, 52%; column
chromatography in pentane). IR (film): �� � 2856 (vs), 1641 (w), 1472 (w),
1253 (m), 1022 (s), 909 (m), 835 (s), 773 (m), 671 cm�1 (w); 1H NMR
(CDCl3, 300 MHz): �� 5.90 ± 5.74 (brm, 1H), 5.03 ± 4.81 (brm, 2H), 3.83
(m, 1H), 2.02 (m, 2H), 1.74 ± 1.14 (brm, 11H), 0.90 (s, 9H), 0.04 (s, 3H),
0.03 (s, 3H); 13C NMR (CDCl3, 75 MHz): �� 139.4, 114.0, 69.8, 41.7, 33.8,
31.6, 31.3, 26.7, 25.9 (3C), 25.6, 20.6, 18.2, �4.3, �4.9; MS: m/z (%): 267 (1)
[M��H], 253 (2), 211 (78), 193 (8), 135 (7), 115 (9), 75 (100), 59 (3);
HRMS (EI): calcd for C16H31OSi: 267.2144; found: 267.2147 [M��H].


Ethyl 2-[2-(2-{[tert-butyl(dimethyl)silyl]oxy}cyclohexyl)ethyl]acrylate
(16b): According to GP III-A, tert-butyl(dimethyl)[(2-methylenecyclohex-
yl)oxy]silane[24] (14 ; 0.113 g, 0.50 mmol) was treated with [RhCl(PPh3)3]
(14 mg, 0.03 equiv, 0.015 mmol). After addition of ethyl 2-(bromomethy-


l)acrylate[25] (0.483 g, 2.5 mmol, 5.0 equiv), the reaction mixture was stirred
for 16 h at �40 �C. The desired product 16b was obtained as a
diastereomeric mixture of �96:4 (GC-MS, method B, 7.79 min) (0.078 g,
0.23 mmol, 46%, column chromatography in pentane/Et2O 49:1). IR
(film): �� � 2857 (vs), 1720 (vs), 1632 (m), 1463 (m), 1369 (w), 1251 (m), 1184
(m), 1023 (s), 939 (w), 901 (w), 836 (s), 774 (m), 671 cm�1 (m); 1H NMR
(CDCl3, 300 MHz): �� 6.12 (m, 1H), 5.48 (m, 1H), 4.20 (q, J� 7.3 Hz, 2H),
3.84 (m, 1H), 2.28 (m, 2H), 1.70 ± 1.16 (m, 11H), 1.29 (t, J� 7.4 Hz, 3H),
0.89 (s, 9H), 0.03 (s, 3H), 0.02 (s, 3H); 13C NMR (CDCl3, 75 MHz): ��
167.5, 141.4, 123.8, 70.0, 60.5, 41.9, 33.7, 30.8, 29.2, 26.7, 25.9 (3C), 25.4, 20.6,
18.2, 14.2, �4.3, �4.9; MS: m/z (%): 325 (2) [M��CH3], 295 (3), 283
(100), 237 (15), 163 (6), 143 (11), 93 (6), 75 (43), 59 (7); HRMS (EI): calcd
for C19H35O3Si: 339.2355; found: 339.2339 [M��H].


tert-Butyl{[2-(2-hexynyl)cyclohexyl]oxy}dimethylsilane (16c): According
to GP III-A, tert-butyl(dimethyl)[(2-methylenecyclohexyl)oxy]silane[24]


(14 ; 0.113 g, 0.50 mmol) was treated with [RhCl(PPh3)3] (14 mg, 0.03 equiv,
0.015 mmol). After addition of 1-bromo-1-pentyne (0.368 g, 2.5 mmol,
5.0 equiv), the reaction mixture was stirred for 16 h at �40 �C. The desired
product 16c was obtained as a diastereomeric mixture of �96:4 (GC-MS,
method A, 9.51 and 9.52 min) (0.072 g, 0.25 mmol, 49%; column chroma-
tography in pentane). IR (film): �� � 2957 (vs), 1471 (w), 1338 (w), 1250 (m),
1113 (m), 1022 (s), 835 (s), 773 (m), 671 (w), 561 cm�1 (w); 1H NMR
(CDCl3, 300 MHz): �� 3.98 (m, 1H), 2.12 (m, 3H), 2.00 (m, 1H), 1.75 ±
1.17 (brm, 11H), 0.97 (t, J� 7.1 Hz, 3H), 0.90 (s, 9H), 0.06 (s, 3H), 0.04 (s,
3H); 13C NMR (CDCl3, 75 MHz): �� 80.6, 79.6, 68.7, 42.7, 33.7, 26.5, 25.9
(3C), 25.6, 22.6, 22.3, 20.8, 20.2, 18.2, 13.5, �4.5, �5.0; MS: m/z (%): 293
(1) [M��H], 279 (2), 237 (51), 161 (22), 119 (4), 95 (8), 75 (100), 59 (4);
HRMS (EI): calcd for C18H33OSi: 293.2301; found: 293.2274 [M��H].


N-Benzyl-N-(1-isobutyl-2-methyl-5-hexenyl)-4-methylbenzene sulfona-
mide (19a): Following GP I, 9-BBN-H (3.0 mL, 1.5 mmol, 3 equiv) was
added to N-benzyl-N-(1-isobutyl-2-methyl-2-propenyl)-4-methylbenzene-
sulfonamide[17] (17; 0.186 g, 0.50 mmol) in THF (1.9 mL) at �78 �C. The
reaction mixture was allowed to warm up to 25 �C overnight. After addition
of iPr2Zn (0.5 mL, 2.5 mmol, 5 equiv), the reaction mixture was stirred for
5 h at 25 �C. After transmetallation with CuCN ¥ 2LiCl (0.75 mL,
0.75 mmol, 1.5 equiv) and addition of allyl bromide (0.212 g, 1.75 mmol,
3.5 equiv), the reaction mixture was allowed to warm up to 25 �C overnight.
The desired product 19a was obtained as a diastereomeric mixture of
�96:4 (quant. 13C NMR, e.g. �� 129.3 and 129.2) (0.159 g, 0.39 mmol,
77%; column chromatography in pentane/Et2O 30:1). IR (film): �� � 2956
(s), 1599 (w), 1456 (m), 1338 (s), 1155 (s), 1092 (s), 1028 (m), 912 (m), 857
(m), 724 (m), 658 (s), 546 cm�1 (m); 1H NMR (CDCl3, 300 MHz): �� 7.56
(d, J� 8.5 Hz, 2H), 7.26 ± 7.13 (m, 7H), 5.60 (m, 1H), 4.78 ± 4.89 (m, 2H),
4.37 (d, J� 15.9 Hz, 1H), 4.12 (d, J� 15.9 Hz, 1H), 3.60 (m, 1H), 2.32 (s,
3H), 1.95 (m, 1H), 1.79 (m, 1H), 1.47 ± 1.31 (m, 3H), 1.27 ± 0.91 (m, 3H),
0.72 (d, J� 6.0 Hz, 3H), 0.61 (d, J� 7.0 Hz, 3H), 0.51 (d, J� 6.6 Hz, 3H);
13C NMR (CDCl3, 75 MHz): �� 142.7, 138.6, 138.5, 138.0, 129.2, 128.5,
128.2, 127.4, 127.3, 114.5, 61.7, 48.2, 39.3, 35.9, 32.9, 31.1, 24.2, 23.1, 21.6, 21.4,
17.1; MS: m/z (%): 412 (�1) [M�], 356 (1), 330 (100), 155 (2), 132 (2), 91
(96), 65 (3), 55 (2); elemental analysis calcd for C25H35NO2S (413.6): C
72.60, H 8.53, N 3.39, S 7.75; found: C 72.58, H 8.61, N 3.55, S 7.75.


N-Benzyl-N-(1-isobutyl-2-methyl-4-oxohexyl)-4-methylbenzene sulfona-
mide (19b): Following GP I, 9-BBN-H (3.0 mL, 1.5 mmol, 3 equiv) was
added to N-benzyl-N-(1-isobutyl-2-methyl-2-propenyl)-4-methylbenzene-
sulfonamide[17] (17; 0.186 g, 0.50 mmol) in THF (1.9 mL) at �78 �C. The
reaction mixture was allowed to warm up to 25 �C overnight. After addition
of iPr2Zn (0.5 mL, 2.5 mmol, 5 equiv), the reaction mixture was stirred for
5 h at 25 �C. After transmetallation with CuCN ¥ 2LiCl (0.75 mL,
0.75 mmol, 1.5 equiv) and addition of propionyl chloride (0.162 g,
1.75 mmol, 3.5 equiv), the reaction mixture was allowed to warm up to
25 �C overnight. The desired product 19b was obtained as a diastereomeric
mixture of �96:4 (quant. 13C NMR, e.g. �� 138.3 and 138.2) (0.133 g,
0.31 mmol, 62%; column chromatography in pentane/Et2O 6:1). IR (film):
�� � 2957 (s), 1714 (s), 1599 (w), 1456 (m), 1337 (s), 1158 (s), 1092 (s), 859
(w), 816 (w), 725 (m), 659 (m), 550 cm�1 (m); 1H NMR (CDCl3, 300 MHz):
�� 7.55 (d, J� 8.3 Hz, 2H), 7.29 ± 7.16 (m, 7H), 4.32 (d, J� 16.3 Hz, 1H),
4.18 (d, J� 16.3 Hz, 1H), 3.72 (m, 1H), 2.52 (dd, J� 17 and 5 Hz, 1H), 2.33
(s, 3H), 2.31 ± 1.99 (m, 4H), 1.33 (m, 1H), 1.16 (m, 1H), 0.95 (t, J� 7.3 Hz,
3H), 0.91 ± 0.81 (m, 1H), 0.70 (d, J� 6.0 Hz, 3H), 0.59 (d, J� 6.7 Hz, 3H),
0.53 (d, J� 6.7 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 210.5, 143.0,
138.2, 137.8, 129.4, 128.3, 128.2, 127.5, 127.3, 60.0, 48.3, 46.5, 38.8, 36.2, 31.1,
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24.4, 22.5, 22.4, 21.4, 16.5, 7.7; MS: m/z (%): 429 (�1) [M�], 372 (1) [M��
C4H9], 330 (100), 274 (2), 216 (1), 174 (1), 160 (2), 155 (2), 132 (2), 91 (85),
65 (3), 57 (4); HRMS (CI): calcd for C25H36NO3S: 430.2416; found 430.2393
[M��H]; elemental analysis calcd for C25H35NO3S (429.6): C 69.89, H 8.21,
N 3.26, S 7.46; found: C 69.86, H 8.22, N 3.23, S 7.20.


N-Benzyl-N-(1-isobutyl-2-methyl-4-octynyl)-4-methylbenzene sulfona-
mide (19c): Following GP I, 9-BBN-H (3.0 mL, 1.5 mmol, 3 equiv) was
added to N-benzyl-N-(1-isobutyl-2-methyl-2-propenyl)-4-methylbenzene-
sulfonamide[17] (17; 0.186 g, 0.50 mmol) in THF (1.9 mL) at �78 �C. The
reaction mixture was allowed to warm up to 25 �C overnight. After addition
of iPr2Zn (0.5 mL, 2.5 mmol, 5 equiv), the reaction mixture was stirred for
5 h at 25 �C. After transmetallation wit CuCN ¥ 2LiCl (0.75 mL, 0.75 mmol,
1.5 equiv) and addition of 1-bromo-1-pentyne (0.367 g, 2.5 mmol,
5.0 equiv), the reaction mixture was stirred for 3 d at �40 �C. The desired
product 19c was obtained as a diastereomeric mixture of �96:4 (quant.
13C NMR, e.g. �� 138.7 and 138.6) (0.108 g, 0.25 mmol, 49%; column
chromatography in pentane/Et2O 30:1). IR (film): �� � 2959 (s), 1456 (m),
1338 (s), 1158 (s), 1092 (m), 857 (w), 815 (w), 727 (w), 658 (m), 559 cm�1


(w); 1H NMR (CDCl3, 300 MHz): �� 7.59 (d, J� 8.7 Hz, 2H), 7.25 ± 7.16
(m, 7H), 4.40 (d, J� 15.4 Hz, 1H), 4.08 (d, J� 15.4 Hz, 1H), 3.80 (m, 1H),
2.34 (s, 3H), 2.06 (m, 4H), 1.61 (m, 1H), 1.49 ± 1.39 (m, 3H), 1.15 ± 1.04 (m,
2H), 0.92 (t, J� 7.4 Hz, 3H), 0.75 (d, J� 6.1 Hz, 3H), 0.69 (d, J� 6.6 Hz,
3H), 0.51 (d, J� 6.6 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 142.8, 138.7,
137.8, 129.2, 128.8, 128.3, 127.53, 127.5, 82.4, 76.9, 60.9, 40.0, 35.7, 24.2, 24.0,
23.3, 22.5, 21.6, 21.5, 20.8, 17.7, 13.6; MS: m/z (%): 382 (1) [M��C4H9], 330
(79), 284 (5), 254 (1), 226 (1), 207 (9), 155 (2), 139 (1), 132 (1), 117 (1), 105
(1), 91 (100), 79 (2), 65 (3), 55 (2); HRMS (CI): calcd for C27H38NO2S:
440.2623; found 440.2641 [M��H]; elemental analysis calcd for
C27H37NO2S (439.6): C 73.76, H 8.48, N 3.19; found: C 73.57, H 8.38, N 3.32.
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Synthesis of Enantiomerically Enriched Propargylamines by
Copper-Catalyzed Addition of Alkynes to Enamines


Christopher Koradin, Nina Gommermann, Kurt Polborn, and Paul Knochel*[a]


Abstract: The first copper(�) bromide/
Quinap-catalyzed synthesis of enantio-
merically enriched propargylamines by
addition of alkynes to enamines is re-
ported. Various functionalized terminal
alkynes add smoothly to N-protected
enamines to afford the corresponding
amines in good to high yields and


moderate to good enantiomeric excess-
es. The influence of the metal salt, the
ligand, and the protecting group on the


conversion, the reaction rate, and the
stereoselectivity of the reaction are
investigated. The scope of the reaction
and further transformations of the re-
sulting propargylamines (deprotection,
Pauson ± Khand reaction) are also de-
scribed.


Keywords: alkynes ¥ amines ¥
asymmetric catalysis ¥ C�H
activation ¥ copper catalysis


Introduction


One of the most challenging tasks in organic synthesis is the
efficient preparation of complex molecules starting from
easily available raw materials. Therefore, the development of
new C�C bond coupling reactions which proceed with good
atom economy is of great importance.[1] The selective elab-
oration of stereogenic centers and the chemoselective intro-
duction of functional groups are especially of fundamental
importance.[2] Amines and their derivatives are very wide-
spread functional groups which are found in various natural
products, pharmaceuticals, and fine biologically important
chemicals.[3] Propargylamines are both biologically relevant
and useful synthetic intermediates for the preparation of
polyfunctional amino derivatives.[4] Several diastereoselective
and enantioselective syntheses of propargylamines have been
reported,[5] but a metal-catalyzed enantioselective prepara-
tion has not yet been described.[6] Recently, Li[7] and our
group[8] independently reported an enantioselective copper-
catalyzed addition of alkynes[9] to imines and enamines,
respectively.[10] In this paper we disclose detailed studies on
the different parameters influencing the outcome of this
asymmetric reaction. Furthermore, we demonstrate its broad
scope and synthetic utility.


Results and Discussion


In our previous investigations we reported that only copper
salts satisfactorily catalyze the addition of alkynes 2 to
enamines 1 to afford propargylamines of type 3 (Scheme 1).[11]


Scheme 1. Synthesis of propargylamines of type 3 by the addition of
alkynes 1 to enamines 2.


The use of other transition metal salts, for example,
AgOAc, AuI, AuBr3, Sc(OTf)3, Yb(OTf)3, La(OTf)3, Ru-
(acac)3, Rh(acac)3, Rh(acac)cod, and Zn(OTf)2, gave in all
cases no or inferior conversions to the desired propargyl-
amines. Among all the copper salts tested, copper(�) and
copper(��) bromide (max. 5 mol %) proved to be the most
active catalysts for this transformation. The solvent of choice
is toluene and its use resulted in higher conversions to the
desired products compared with Et2O, THF, N-methylpyrro-
lidinone (NMP), or others. We chose enamines with readily
removable protecting groups as substrates. The substituents
attached to the enamine nitrogen atom play a crucial role in
the success of the reaction (Table 1). Only bisalkylated
enamines (R3, R4 � alkyl) yielded the propargylamines 3,
whereas the replacement of one alkyl group by a trimethyl-
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Table 1. Propargylamines of type 3 obtained by the copper(�) bromide-catalyzed addition of alkynes 2 to enamines 1.


Entry 1 2 R5 3 treaction [h] Yield [%][a]


1 a a Ph a 16 98


2 b a Ph b 16 82
3 b b nHex c 4 75
4 b c H d 4 69


5 c a Ph e 21 73


6 d a Ph f 9 85


7 e a Ph g 44 78


8 f a Ph h 20 91


9 g a Ph i 27 75
10 g d 1-cyclohexenyl j 20 77
11 g e (CH2)3CN k 5 82[b]


12 g f (CH2)3Cl l 67 78
13 g g CH2OMe m 3 84
14 g h CH2OTBDPS n 24 93
15 g i TMS o 16 70
16 g j CH(OEt)2 p 4 66
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Table 1 (continued).


Entry 1 2 R5 3 treaction [h] Yield [%][a]


17 h a Ph q 5 99


18 i a Ph r 18 91
19 i k nBu s 24 89


20 j a Ph t 24 99
21 j l TIPS u 7 88[b]


22 j m (CH3)2OTMS v 20 85[b]


23 k a Ph w 27 94[b]


24 k n pBrPh x 18 90[b]


25 l b nHex y 24 80[b]


26 m b nHex z 15 82


27 n a Ph aa 24 75[b]


28 o a Ph ab 3 86[c]


29 p b nHex ac 18 79[c]


[a] Isolated yield of analytically pure product. [b] The reaction was performed at 60 �C. [c] The reaction was performed at 80 �C.
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silyl, acetyl, or tosyl group (R, R2 �H, R1 �Me or
Pr, R3 �Bn, R4 �TMS,[12] C(O)CH3,[13] or Ts[14])
leads to no formation of 3.


By increasing the steric hindrance of the pro-
tecting groups, the rate of the addition decreased
((All)2 � (All)Bn�Bn2). Furthermore, the sub-
stituents at the enamine double bond had a strong
influence on the reaction rate. Disubstituted en-
amines were usually more reactive than trisubsti-
tuted ones (compare entries 9 and 20 or 23) and
�,��-trisubstituted enamines needed less activation
than �,��-trisubstituted enamines (compare en-
tries 26 and 27). Also, electronic effects influence
the outcome of the reaction. For example, the
conjugated, disubstituted enamine 1p is less reactive than the
unconjugated trisubstituted enamine 1m. As can be seen from
Table 1, various functionalized alkynes undergo the addition.
The reaction tolerates the presence of a double bond,
different protected alcohols, a cyano, a chloride, silyl groups,
and an acetal moiety. In the case of the cyclic enamine 1o,
which is in equilibrium with a dimeric structure,[15] the
reaction was carried out at 80 �C (3 h; entry 28 of Table 1).
Remarkably, acetylene itself (2c) reacted with good selectiv-
ity (�9:1) to give the monopropargylamine 3d in good yield
(entry 4, 69 %). For a second addition higher temperatures
were required (Scheme 2). We were able to combine a whole


range of different enamines 1 leading to 1,4-diamines like 4 as
1:1 mixtures of diastereoisomers in good to very good yields.


After these studies, we turned our attention to the
enantioselective addition reaction. Firstly, we screened vari-
ous chiral ligands, for example, diphosphanes, aminophos-
phanes, and diamines (Table 2, Scheme 3).


Generally, an added chiral ligand decreased the reactivity
enormously. In most cases there was no detectable conversion
to the amine 3r at room temperature. Only (R)-Quinap (5),[16]


using one equivalent relative to copper(�) bromide, was
suitable to induce good enantioselectivity with very good
conversion. Interestingly, with two equivalents of the catalyst
5, conversion to the propargylamine 3r was first achieved at
60 �C but without any enantioselectivity. We have investigated
the influence of the copper salt on the selectivity and the rate
of the reaction with the same enamine 1 i (Table 3).


The counterion had a dramatic effect on both parameters.
The most reactive copper source (CuBr) is also the most


selective one. Except for CuCl,
all other tested copper salts gave
poorer results. We have exam-
ined the effect of the protecting
groups on the enamine nitrogen
atom by using phenylacetylene
(2a) as the alkyne under these
optimized conditions (Table 4).


As in the case of the racemic
reaction, increasing the steric


bulk of the protecting group leads to a drop of reactivity. In
some cases partial decomposition of the enamines 1c ± e was
observed during the reaction, and the corresponding prop-
argylamines 3c ± e could only be isolated in low yields.
Initially, the enantioselectivity (%ee) increased with the size
of the protecting group. For example, the ee increased from
diallyl (77 %ee, entry 1) to allyl benzyl (82 %ee, entry 2) to


Pr
NBn2 Pr


NBn2


H


Pr
NBn2


NAll21) 2i
    CuBr (5 mol%)
    toluene, rt


2) TBAF
    THF, rt


1i
CuBr (5 mol%)


toluene, 80 °C


4: 74 % overall yield
    d.r. = 1:1


1g 3ad


Scheme 2. Synthesis of 1,4-diamines.


Table 2. Ligand screening for the chiral addition reaction.


NBn2 Ph


NBn2


PhCuBr (5 mol%)
L* (5.5 mol%)


toluene, rt
+


1i 2a 3r


Ligand Conversion [%][a] ee [%][b]


(R)-Binap 0 ±
(R)-Binap(O) 0 ±
(R)-Binap(O)[c] 40 0
(1R,2R)-Trost ligand 0 ±
(R)-Quinap (5) 100 85
(1R)-trans-(CF3SO2NH)2C6H10 100 0
(R)-Pybox 55 32
(R)-MOP 87 0


[a] Conversions determined by GC analysis with n-decane as an internal
standard. [b] Enantiomeric excess determined by HPLC with a Chiracel
OD column (n-heptane/iPrOH). [c] [Cu]:L*� 1:2.


PPh2


PPh2


(R)-Binap


PPh2


PPh2


O


(R)-Binap(O)


HNNH
OO


PPh2


Ph2P


N


PPh2


OMe


PPh2


(R)-Quinap (5) (R)-Mop


HNNH TfTf


N
O


N N


O


(R)-Pybox


(1R, 2R)- Trost ligand (1R)-trans-(CF3SO2NH)2C6H1


Scheme 3. Ligands for the chiral addition reaction.


Table 3. Influence of the copper salt on the enantioselectivity and the
reaction rate.


Cu salt Conversion [%][a] t [h] ee [%][b]


CuCl 90 28 81
CuBr 100 18 85
CuI 75 168 62
CuOTf ¥ 0.5 C6H6 70 168 16
CuOTf2 40 120 28
CuTc[c] 50 144 40
CuOAc2 40 120 12
CuCN 0 120 ±
Cu(MeCN)4PF6 3 240 ±


[a] Conversions determined by GC analysis with n-decane as an internal
standard. [b] Enantiomeric excess determined by HPLC with a Chiracel
OD column (n-heptane/iPrOH). [c] CuTC: copper(�) thiophene-2-carbox-
ylate.
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dibenzyl (83 %ee, entry 7). The exchange of the allyl group in
1b by a methallyl group in 1 f furnished the highest ee
(86 %ee, entry 6). In contrast, the mixed enamines 1c ± e gave
only moderate ee values, perhaps due to the degradation of
these enamines.


For further investigations of the scope of the enantioselec-
tive reaction, we chose the dibenzyl group as the protecting
group, because of its availability, good ee of the products, and


the easy separation of the corresponding propargylamines by
chiral HPLC analysis (Table 5).


As shown in Table 5, polyfunctional propargylamines can
be prepared in 54 ± 90 %ee and in moderate to high yields. In
general, the heteroatom-functionalized alkynes afforded low-
er ee values than the unfunctionalized alkynes. Surprisingly,
both 2- and 3-pyridinylacetylene (2o, 2p) yielded the amines
3ae and 3af, respectively, with 70 %ee (entries 7 and 8). A
second substituent at the �-carbon of the enamine (entries 11
and 12) raised the enantioselectivity further. Enamine 1k and
1-bromo-4-ethynylbenzene (2n) yielded propargylamine 3x
with the highest enantioselectivity (90 %ee, 83 % yield). The
absolute (S)-configuration of 3x was established by X-ray
analysis (Figure 1).[17]


Figure 1. Structure of the propargylamine 3x in the solid state. Selected
bond lengths [ä] and angles [�]: C1�C2 1.481(4), C1�C10 1.541(4), C1�N1
1.479(4), C2�C3 1.189(5), C7�Br1 1.895(3); N1-C1-C10 113.4(3), C2-C1-
C10 112.9(2), N1-C1-C2 111.6(3), C3-C2-C1 175.2(3), C2-C3-C4 178.0(4).


The propargylamines 3 obtained can be selectively depro-
tected by known literature methods (Scheme 4). Thus, treat-
ment of the mixed (allyl)propargylamine 3b with thiosalicylic
acid (6) in the presence of a palladium(0) catalyst (5 mol %
[Pd(dba)2] and 5 mol% dppb) led to the monoprotected
propargylamine 7a in 90 % yield.[18] With the same catalyst,
the monoallylated amine 7d was obtained in 75 % yield
starting from 3a. Treatment of 3 f with an excess of
triethylsilane (5 equiv) in refluxing trifluoroacetic acid also
yielded the monoallylated amine 7d in 88 % yield.[19] By using
Guibe¬×s method (5 mol % [Pd(PPh3)4], 1,3-dimethylbarbituric
acid (8, 3 equiv)), 3e was converted into the monoprotected
amine 7b in 99 % yield.[20] Furthermore, the absolute config-
uration of the propargylic amine 3a was determined by its
transformation into the amine 7c (91 %) and comparison of its
optical rotation with literature data.[5e] Primary amines can be
obtained by hydrogenation of dibenzyl-protected propargyl-
amines in good yields. For example, the amine 3w is hydro-
genated to the amine 7e in 70 % yield. To demonstrate further
synthetic application, the allyl-protected amines 3b and 3g
were used in Pauson ± Khand reactions (Scheme 5).[21] Treat-


Table 4. Influence of the protecting group on the enantioselectivity.


N
Pr R4


R3


Ph Pr
N


Ph


R4R3


CuBr (5 mol%)
(R)-Quinap (5.5 mol%)


toluene, rt
+


2a1a-h 3a-q


Entry 1 3 Yield [%][a] ee [%][b]


1 a a 99 77[c]


2 b b 91 82[d]


3 c e 10 76[e]


4 d f 30 50[c]


5 e g 35 68[f]


6 f h 99 86[d]


7 g i 78 83


8 h q 99 66[g]


[a] Isolated yield of analytically pure product. [b] Enantiomeric excess
determined by HPLC with a Chiracel OD-H column (n-heptane/iPrOH).
[c] Enantiomeric excess determined after deprotection to 7d. [d] Enantio-
meric excess determined after deprotection to 7a. [e] Enantiomeric excess
determined after deprotection to 7b. [f] Enantiomeric excess determined
after transformation to 10. [g] Enantiomeric excess determined after
complexation with Co2(CO)8 (1.1 equiv, 90 % yield).
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ment of 3b and 3g with Co2(CO)8 (1.1 equiv), followed by
oxidation with Me3NO (5 equiv) afforded the bicyclic com-
pounds 9 and 10 as single diastereoisomers in 50 and 38 %
yield, respectively.[22]


We were able to isolate the complex [BrCu(Quinap)]2 (11)
as a yellow, air-stable solid, which was characterized by X-ray
crystallography (Figure 2).[23] Complex 11 has a dimeric


structure with the typical planar
four-membered Cu2(�-Br)2 ring.
The coordination spheres of
both copper atoms are distorted
tetrahedral, but they are not
identical. The Cu1 ± N1 distance
(2.348 ä) is much shorter than
the Cu2 ± N2 distance (2.725 ä).
In both cases the long Cu ± N
distances indicate the absence of
direct bonding, but they are
shorter than the sum of the
van der Waals radii of Cu and
N. Interestingly, the P and the
N atoms of the two Quinap mol-
ecules are cisoid-orientated, in
contrast to monodentate P ± N
complexes of CuBr.[24]


Preliminary mechanistic stud-
ies showed that the acetylenic
deuterium of [D1]phenylacety-


lene (2q) is transferred to the �-position of the enamine 1g
(�90 % deuterium incorporated), leading to 12 in 91 % yield
(Scheme 6).


We suggest the tentative mechanism described in Scheme 7.
The dimeric copper complex 11 dissociates first affording the
monomeric copper species 13, which after successive com-
plexation of alkyne 2 and enamine 1 results in the zwitterionic


Table 5. Enantioselective synthesis of propargylamines 3 by the copper(�) bromide/(R)-Quinap (5)-catalyzed addition of alkynes 2 to enamines 1.


Entry 1 2 R5 3 Yield [%][a] ee [%][b]


1 g d 1-cyclohexenyl j 84 74
2 g e (CH2)3CN k 50 54
3 g f (CH2)3Cl l 58 60
4 g g CH2OMe m 76 55
5 g h CH2OTBDPS n 85 72
6 g i TMS o 73 86[c]


7 g o 2-pyr ae 73 70
8 g p 3-pyr af 57 70


9 i a Ph r 99 85
10 i k nBu s 56 76


11 j a Ph t 64 87


12 k a Ph w 79 88
13 k n pBrPh x 83 90


[a] Isolated yield of analytically pure product. [b] Enantiomeric excess determined by HPLC with a Chiracel OD-H or OD column (n-heptane/iPrOH).
[c] Enantiomeric excess determined after conversion to 3 i {i) TBAF; ii) PhI, Pd0 cat. , CuI cat. ; 77 % overall yield}.
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Scheme 5. Pauson ± Khand reaction of propargylamines 3.


Figure 2. Structure of the complex [BrCu(Quinap)]2 (11) in the solid state
(the hydrogen atoms and crystallized solvent molecules are omitted for
clarity). Selected bond lengths [ä] and angles [�]: Cu1�Br1 2.4728(8),
Cu2�Br2 2.4150(8), Cu1�P1 2.199(2), Cu2�P2 2.1827(13); P2-Cu2-Br2
129.28(4), P2-Cu2-Br1 122.75(4), Br2-Cu2-Br1 104.18(3).
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Scheme 7. Proposed mechanism.


intermediate 14. After intramolecular transfer of the alkyne
moiety to the imminium ion, the copper-complexed product
15 is formed. Decomplexation produces the free propargylic
amine 3 and regenerates the catalyst 13.


In summary, we have reported the first copper(�)/Quinap-
catalyzed addition of functionalized alkynes to enamines with
up to 90%ee and high yields. The mild reaction conditions,
the broad scope of the reaction, and the selective deprotection


of the propargylamine products illustrate the good synthetic
utility of this method.


Experimental Section


General methods : Unless otherwise indicated all reactions were carried out
under argon and with dried solvents (THF, Et2O, toluene, dichloromethane,
pentane, acetonitrile, methanol). Reactions were monitored by gas
chromatography (GC, GC-MS) or thin-layer chromatography (TLC)
analysis of hydrolyzed aliquots.


Starting materials : The following starting materials were prepared accord-
ing to literature procedures: enamines 1a ± p,[11±13] 4-bromophenylacety-
lene,[25] and tert-butyl(diphenyl)(2-propynyloxy)silane.[26]


N,N-Diallyl-1-phenyl-1-heptyn-3-amine (3a)


Typical procedure A (racemic reaction): CuBr (22 mg, 0.15 mmol,
5.0 mol %) was suspended in toluene (3 mL) in a 25 mL Schlenk tube. A
solution of enamine 1a (0.645 g, 3.90 mmol, 1.3 equiv), phenylacetylene
(2a) (0.306 g, 3.00 mmol), and n-decane (0.300 g, 2.11 mmol) as an internal
standard in toluene (3 mL) was added at room temperature. The reaction
mixture was stirred for 16 h at room temperature. Standard workup and
column chromatographic purification (silica gel, pentane/Et2O 98:2)
afforded 3a as a colorless oil (0.790 g, 2.95 mmol, 98%).


Typical procedure B (chiral reaction): CuBr (3.6 mg, 0.025 mmol,
5.0 mol %) and (R)-(�)-Quinap (12.1 mg, 0.0275 mmol, 5.5 mol %) were
suspended in toluene (2 mL) in a 10 mL Schlenk tube. After 30 min, a
solution of enamine 1a (124 mg, 0.75 mmol, 1.5 equiv), phenylacetylene
(2a) (51 mg, 0.50 mmol), and n-decane (50 mg, 0.35 mmol) as an internal
standard in toluene (2 mL) was added at room temperature. After stirring
for 20 h, standard workup and column chromatographic purification (silica
gel, pentane/Et2O 98:2) yielded 3a (133 mg, 0.50 mmol, 99%, ee deter-
mined as 10) as a colorless oil. [�]20


D ��112 (c� 0.80 in CHCl3); 1H NMR
(CDCl3, 300 MHz): �� 7.38 ± 7.30 (m, 2H), 7.24 ± 7.15 (m, 3H), 5.86 ± 5.70
(m, 2H), 5.20 ± 5.00 (m, 4H), 3.64 (t, J� 7.6 Hz, 1H), 3.31 ± 3.22 (m, 2H),
2.91 (dd, J� 14.3, 7.8 Hz, 2 H), 1.68 ± 1.56 (m, 2 H), 1.45 ± 1.20 (m, 4H),
0.84 ppm (t, J� 7.3 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): �� 136.7, 131.7,
128.2, 127.7, 123.6, 117.0, 88.4, 85.0, 54.0, 53.1, 33.6, 28.8, 22.4, 14.0 ppm; IR
(film): �� � 3079 (m), 2957 (s), 2932 (s), 2861 (m), 2815 (m), 1642 (m), 1598
(w), 1490 (s), 919 (s), 755 (vs), 691 cm�1 (s); MS: m/z (%): 210 (100) [M��
C4H9], 167 (4), 141 (6), 128 (11), 115 (22), 91 (5), 77 (2); HRMS (EI): m/z :
calcd for C19H24N [M��H]: 266.1909; found: 266.1929; elemental analysis
calcd (%) for C19H24N: C 85.34, H 9.42, N 5.24; found: C 84.89, H 9.80, N
5.17.


N-Allyl-N-benzyl-1-phenyl-1-heptyn-3-amine (3b): The reaction was car-
ried out according to procedure A with enamine 1b (0.711 g, 3.30 mmol,
1.1 equiv), phenylacetylene (2a) (0.306 g, 3.00 mmol), CuBr (22 mg,
0.15 mmol, 5.0 mol %), and n-decane (0.300 g, 2.11 mmol) in toluene
(6 mL) at room temperature for 16 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) afforded 3b
(0.784 g, 2.47 mmol, 82%) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1b
(162 mg, 0.75 mmol, 1.5 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 24 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) yielded 3b
(132 mg, 0.42 mmol, 83 %, ee determined as 7) as a colorless oil. [�]20


D �
�128 (c� 1.07 in CHCl3); 1H NMR (CDCl3, 300 MHz): �� 7.42 ± 7.34 (m,
2H), 7.33 ± 7.27 (m, 2 H), 7.26 ± 7.18 (m, 5H), 7.17 ± 7.10 (m, 1 H), 5.86 ± 5.72
(m, 1H), 5.22 ± 5.13 (m, 1 H), 5.07 ± 5.00 (m, 1H), 3.84 (d, J� 13.9 Hz, 1H),
3.58 (t, J� 7.8 Hz, 1 H), 3.37 (d, J� 13.9 Hz, 1H), 3.30 ± 3.18 (m, 1H), 3.00 ±
2.90 (dd, J� 14.1, 7.9 Hz, 1 H), 1.69 ± 1.59 (m, 2 H), 1.41 ± 1.30 (m, 2H), 1.21
(sext, J� 7.1 Hz, 2H), 0.81 ppm (t, J� 7.3 Hz, 3 H); 13C NMR (CDCl3,
75 MHz): �� 140.0, 136.8, 131.8, 128.8, 128.2, 128.1, 127.8, 126.8, 123.6,
117.0, 88.4, 85.0, 54.9, 54.0, 52.7, 33.7, 28.7, 22.4, 14.0 ppm; IR (film): �� � 3082
(w), 3030 (w), 2956 (m), 2932 (s), 1642 (w), 1599 (w), 1490 (s), 1454 (s), 918
(s), 756 (vs), 740 (s), 691 cm�1 (vs); MS: m/z (%): 316 (0.1) [M��H], 260
(100), 128 (9), 115 (21), 91 (77); HRMS (EI):m/z : calcd for C23H26N [M��
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H]: 316.2065; found: 316.2060; elemental analysis calcd (%) for C23H26N: C
87.02, H 8.57, N 4.41; found: C 87.06, H 8.13, N 4.36.


N-Allyl-N-benzyl-6-tridecyn-5-amine (3c): The reaction was carried out
according to procedure A with enamine 1b (0.474 g, 2.20 mmol, 1.1 equiv),
1-octyne (2b) (0.220 g, 2.00 mmol), CuBr (22 mg, 0.15 mmol, 5.0 mol %),
and n-decane (0.200 g, 1.41 mmol) in toluene (4 mL) at room temperature
for 4 h. Standard workup and column chromatographic purification (silica
gel, pentane/Et2O 98:2) afforded 3c (0.500 g, 1.54 mmol, 74 %) as a
colorless oil. 1H NMR (CDCl3, 300 MHz): �� 7.30 ± 7.14 (m, 5 H), 5.85 ±
5.65 (m, 1 H), 5.20 ± 5.08 (m, 1H), 5.00 (d, J� 9.8 Hz, 1 H), 3.74 (d, J�
14.2 Hz, 1H), 3.37 ± 3.25 (m, 1 H), 3.27 (d, J� 13.9 Hz, 1 H), 3.19 ± 3.06 (m,
1H), 2.85 (dd, J� 14.1, 8.0 Hz, 1 H), 2.16 (td, J� 6.9, 2.0 Hz, 2H), 1.62 ± 1.10
(m, 14 H), 0.84 (t, J� 6.7 Hz, 3 H), 0.79 ppm (t, J� 7.3 Hz, 3 H); 13C NMR
(CDCl3, 75 MHz): �� 140.3, 137.1, 128.8, 128.1, 126.6, 116.6, 84.8, 78.2, 54.8,
53.9, 52.3, 33.9, 31.4, 29.2, 28.7, 28.5, 22.6, 22.4, 18.7, 14.1, 14.0 ppm; IR
(film): �� � 3064 (w), 3028 (w), 2927 (vs), 2853 (s), 1495 (w), 1450 (s), 918
(m), 738 (s), 698 cm�1 (s); MS: m/z (%): 268 (100) [M��C4H9], 196 (1),
131 (2), 91 (36); HRMS (EI): m/z : calcd for C23H34N [M��H]: 324.2691;
found: 324.2678; elemental analysis calcd (%) for C23H34N: C 84.86, H
10.84, N 4.30; found: C 85.16, H 10.51, N 3.96.


N-Allyl-N-benzyl-1-heptyn-3-amine (3d): Acetylene was bubbled through
a solution of CuBr (43 mg, 0.30 mmol) in toluene (6 mL). After 5 min a
solution of enamine 1b (1.29 g, 6.00 mmol) and n-decane (1.00 g,
7.03 mmol) in toluene (6 mL) was added. The reaction mixture was stirred
with a constant acetylene flow at room temperature for 4 h. Standard
workup and purification by column chromatography (silica gel, pentane/
Et2O 98:2) afforded 3d (1.07 g, 4.27 mmol, 69 %) as a colorless oil. 1H NMR
(CDCl3, 300 MHz): �� 7.30 ± 7.10 (m, 5 H), 5.82 ± 5.66 (m, 1H), 5.22 ± 5.10
(m, 1 H), 5.05 ± 4.95 (m, 1H), 3.77 (d, J� 14.0 Hz, 1 H), 3.38 (td, J� 7.6,
2.2 Hz, 1 H), 3.27 (d, J� 14.1 Hz, 1 H), 3.20 ± 3.10 (m, 1 H), 2.85 (dd, J�
14.4, 8.3 Hz, 1H), 2.17 (d, J� 2.2 Hz, 1 H), 1.66 ± 1.48 (m, 2H), 1.38 ± 1.10
(m, 4H), 0.79 ppm (t, J� 7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): ��
139.9, 136.7, 128.7, 128.2, 126.8, 117.0, 82.4, 72.2, 54.7, 53.8, 51.9, 33.5, 28.5,
22.3, 14.0 ppm; IR (film): �� � 3304 (s), 3029 (w), 2957 (vs), 2934 (vs), 2861
(s), 1643 (w), 1495 (m), 1454 (s), 920 (s), 738 (s), 698 (vs), 643 cm�1 (s); MS:
m/z (%): 184 (100) [M��C4H9], 146 (5), 131 (5), 115 (2), 91 (84); HRMS
(EI): m/z : calcd for C17H22N [M��H]: 240.1752; found: 240.1725;
elemental analysis calcd (%) for C17H22N: C 84.59, H 9.60, N 5.80; found:
C 84.13, H 9.79, N 5.75.


N-Allyl-N-ferrocenylmethyl-1-phenyl-1-heptyn-3-amine (3e): The reac-
tion was carried out according to procedure A with enamine 1c (0.905 g,
2.80 mmol, 1.4 equiv), phenylacetylene (2a) (0.204 g, 2.00 mmol), CuBr
(14 mg, 0.10 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in
toluene (4 mL) at room temperature for 21 h. Standard workup and
column chromatographic purification (silica gel, pentane/Et2O 15:1)
afforded 3e (0.624 g, 1.47 mmol, 73%) as an orange-brown oil.


The reaction was carried out according to procedure B with enamine 1c
(242 mg, 0.75 mmol, 1.5 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 72 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 15:1) yielded 3e
(20 mg, 0.05 mmol, 10%, ee determined as 7b) as an orange-brown oil.
1H NMR (300 MHz, CDCl3): �� 7.48 ± 7.45 (m, 2H), 7.35 ± 7.31 (m, 3H),
5.92 ± 5.79 (m, 1 H), 5.27 (dd, J� 17.2, 1.3 Hz, 1H), 5.14 (d, J� 10.2 Hz, 1H),
4.23 (d, J� 9.7 Hz, 2 H), 4.12 (s, 7 H), 3.72 ± 3.65 (m, 2 H), 3.39 ± 3.28 (m,
2H), 2.98 (dd, J� 14.2, 7.9 Hz, 1 H), 1.68 (q, J� 7.1 Hz, 2 H), 1.48 ± 1.25 (m,
4H), 0.90 ppm (t, J� 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 137.0,
131.7, 128.2, 127.7, 123.7, 116.8, 88.6, 85.11, 85.08, 70.2, 69.6, 68.5, 68.0, 67.4,
53.8, 52.7, 50.5, 33.6, 28.8, 22.4, 14.1 ppm; MS: m/z (%): 425 (21) [M�], 200
(25), 199 (100), 170 (13), 121 (70); HRMS (EI): m/z : calcd for C27H31NFe
[M�]: 425.1806; found: 425.1820; IR (film): �� � 2955 (s), 2932 (s), 1490 (m),
1106 (m), 818 (m), 756 (vs), 691 (s), 484 cm�1 (m); elemental analysis calcd
(%) for C27H31NFe: C 76.23, H 7.35, N 3.29; found: C 76.03, H 7.53, N 3.26.


N-Allyl-N-benzhydryl-1-phenyl-1-heptyn-3-amine (3 f): The reaction was
carried out according to procedure A with enamine 1d (0.874 g, 3.00 mmol,
1.5 equiv), phenylacetylene (2a) (0.153 g, 1.50 mmol), CuBr (11 mg,
0.08 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in toluene
(4 mL) at room temperature for 9 h. Standard workup and column


chromatographic purification (silica gel, pentane/Et2O 99:1) afforded 3 f
(0.506 g, 1.29 mmol, 86 %) as a light yellow oil.


The reaction was carried out according to procedure B with enamine 1d
(219 mg, 0.75 mmol, 1.5 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 96 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 99:1) yielded 3e
(60 mg, 0.15 mmol, 30 %, ee determined as 7d) as a light yellow oil.
1H NMR (300 MHz, CDCl3): �� 7.51 ± 7.16 (m, 15H), 6.05 ± 5.92 (m, 1H),
5.04 ± 4.93 (m, 2 H), 5.02 (s, 1H), 3.76 (t, J� 7.5 Hz, 1 H), 3.48 (ddt, J� 15.9,
6.5, 1.3 Hz, 1H), 3.24 (ddt, J� 15.9, 6.1, 1.3 Hz, 1H), 1.86 ± 1.63 (m, 2H),
1.49 ± 1.22 (m, 4 H), 0.90 ppm (t, J� 7.5 Hz, 3H); 13C NMR (75 MHz,
CDCl3): �� 143.5, 142.9, 138.6, 131.7, 128.5, 128.4, 128.3, 128.2, 128.2, 127.7,
127.0, 126.8, 123.7, 114.9, 89.6, 85.3, 72.1, 53.4, 51.8, 34.8, 28.8, 22.4,
14.0 ppm; MS: m/z (%): 393 (1) [M�], 337 (10), 336 (35), 168 (15), 167
(100), 165 (16), 152 (10); HRMS (EI): m/z : calcd for C29H31N [M�]:
393.2456; found: 393.2483; IR (film): �� � 2956 (s), 2930 (s), 2860 (m), 1490
(s), 1453 (m), 756 (vs), 705 (vs), 692 cm�1 (vs); elemental analysis calcd (%)
for C29H31N: C 88.50, H 7.94, N 3.56; found: C 88.06, H 8.08, N 3.55.


N-Allyl-N-(4-methoxybenzyl)-1-phenyl-1-heptyn-3-amine (3g): The reac-
tion was carried out according to procedure A with enamine 1e (0.638 g,
2.60 mmol, 1.3 equiv), phenylacetylene (2a) (0.204 g, 2.00 mmol), CuBr
(14 mg, 0.10 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in
toluene (4 mL) at room temperature for 44 h. Standard workup and
column chromatographic purification (silica gel, pentane/Et2O 95:5)
afforded 3g (0.542 g, 1.56 mmol, 78%) as a light yellow oil.


The reaction was carried out according to procedure B with enamine 1e
(244 mg, 0.75 mmol, 1.5 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 120 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 95:1) yielded 3e
(60 mg, 0.17 mmol, 35 %, ee determined as 10) as an light yellow oil.
1H NMR (300 MHz, CDCl3): �� 7.49 ± 7.46 (m, 2H), 7.33 ± 7.29 (m, 5H),
6.87 (d, J� 8.8 Hz, 2H), 5.95 ± 5.81 (m, 1 H), 5.27 (d, J� 17.3 Hz, 1 H), 5.13
(d, J� 10.2 Hz, 1 H), 3.86 (d, J� 13.8 Hz, 1H), 3.80 (s, 3 H), 3.67 (t, J�
7.6 Hz, 1 H), 3.40 (d, J� 13.6 Hz, 1 H), 3.32 (ddt, J� 14.2, 4.4, 1.8 Hz, 1H),
3.02 (dd, J� 14.7, 8.0 Hz, 1 H), 1.73 (qd, J� 7.1, 3.0 Hz, 2 H), 1.50 ± 1.40 (m,
2H), 1.31 (sext, J� 7.8 Hz, 2H), 0.91 ppm (t, J� 7.0 Hz, 3H); 13C NMR
(75 MHz, CDCl3): �� 158.5, 137.0, 132.0, 131.8, 129.9, 128.2, 127.7, 123.6,
116.8, 113.6, 88.4, 84.9, 55.2, 54.3, 53.8, 52.5, 33.6, 28.7, 22.4, 14.0 ppm; MS:
m/z (%): 347 (1) [M�], 291 (12), 290 (54), 122 (10), 121 (100); HRMS (EI):
m/z : calcd for C24H29NO [M�]: 347.2249; found: 347.2209; IR (film): �� �
2955 (s), 2933 (s), 1612 (m), 1512 (vs), 1464 (m), 1249 (vs), 1038 (m), 756 (s),
691 cm�1 (m); elemental analysis calcd (%) for C24H29NO: C 82.95, H 8.41,
N 4.03; found: C 82.92, H 8.38, N 4.03.


N-Benzyl-N-(2-methyl-2-propenyl)-1-phenyl-1-heptyn-3-amine (3h): The
reaction was carried out according to procedure A with enamine 1 f
(0.642 g, 2.80 mmol, 1.4 equiv), phenylacetylene (2a) (0.204 g, 2.00 mmol),
CuBr (14 mg, 0.10 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in
toluene (4 mL) at room temperature for 20 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 99:1) afforded 3h
(0.602 g, 1.82 mmol, 91 %) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1 f
(172 mg, 0.75 mmol, 1.5 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 72 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 99:1) yielded 3h
(164 mg, 0.49 mmol, 99 %, ee determined as 7d) as a colorless oil. [�]20


D �
�201 (c� 0.84 in CHCl3); 1H NMR (300 MHz, CDCl3): �� 7.37 ± 7.34 (m,
2H), 7.28 ± 7.26 (m, 2H), 7.22 ± 7.11 (m, 6H), 4.90 (s, 1H), 4.76 (s, 1H), 3.78
(d, J� 14.2 Hz, 1 H), 3.50 (t, J� 7.4 Hz, 1H), 3.28 (d, J� 14.0 Hz, 1 H), 3.04
(d, J� 13.8 Hz, 1 H), 2.86 (d, J� 13.1 Hz, 1 H), 1.65 (s, 3 H), 1.64 ± 1.55 (m,
2H), 1.39 ± 1.27 (m, 2H), 1.17 (sext, J� 7.2 Hz, 2 H), 0.77 ppm (t, J� 7.2 Hz,
3H); 13C NMR (75 MHz, CDCl3): �� 143.7, 140.1, 131.8, 128.8, 128.2, 128.1,
127.7, 126.8, 123.7, 113.0, 88.2, 84.9, 57.4, 54.8, 52.1, 33.5, 28.7, 22.4, 20.8,
14.0 ppm; MS:m/z (%): 331 (1) [M�], 275 (23), 274 (100), 115 (10), 91 (39).
HRMS (EI): m/z : calcd for C24H28N [M��H]: 330.2222; found: 330.2207;
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IR (film): �� � 2956 (s), 2934 (s), 2860 (m), 1490 (m), 1454 (m), 1444 (m), 898
(m), 756 (vs), 741 (m), 691 cm�1 (m); elemental analysis calcd (%) for
C24H28N: C 86.96, H 8.82, N 4.23; found: C 86.82, H 8.95, N 4.33.


N,N-Dibenzyl-1-phenyl-1-heptyn-3-amine (3 i): The reaction was carried
out according to procedure A with enamine 1g (0.557 g, 2.10 mmol,
1.1 equiv), phenylacetylene (2a) (0.204 g, 2.00 mmol), CuBr (7.2 mg,
0.05 mmol, 2.50 mol %), and n-decane (0.250 g, 1.76 mmol) in toluene
(4 mL) at room temperature for 24 h and at 60 �C for 3 h. Standard workup
and purification by column chromatographic purification (silica gel,
pentane/Et2O 98:2) afforded 3 i (0.550 g, 1.50 mmol, 75 %) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1g
(173 mg, 0.65 mmol, 1.3 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 24 h. Standard workup and purification by
column chromatographic purification (silica gel, pentane/Et2O 98:2)
yielded 3 i (144 mg, 0.39 mmol, 78%, 83% ee) as a colorless oil. [�]20


D �
�239 (c� 1.00 in CHCl3); HPLC (OD-H, 99% n-heptane/1 % isopropanol,
0.2 mL min�1): tr (min)� 45.4 (�), 53.8 (�); 1H NMR (CDCl3, 300 MHz):
�� 7.44 ± 7.10 (m, 15H), 3.80 (d, J� 13.7 Hz, 2H), 3.51 (t, J� 7.4 Hz, 1H),
3.40 (d, J� 13.8 Hz, 2H), 1.78 ± 1.56 (m, 2 H), 1.46 ± 1.23 (m, 2H), 1.14 (sext,
J� 7.2 Hz, 2H), 0.78 ppm (t, J� 7.1 Hz, 3H); 13C NMR (CDCl3, 75 MHz):
�� 139.9, 131.8, 128.8, 128.3, 128.2, 127.8, 126.8, 123.6, 88.1, 85.2, 55.0, 52.2,
33.6, 28.6, 22.3, 13.5 ppm; IR (film): �� � 3062 (w), 3029 (w), 2955 (s), 2932
(s), 1599 (m), 1490 (s), 1454 (s), 755 (vs), 698 cm�1 (vs); MS: m/z (%): 310
(100) [M��C4H9], 218 (3), 128 (2), 115 (7), 91 (57); HRMS (EI): m/z :
calcd for C27H28N [M��H]: 366.2222; found: 366.2215; elemental analysis
calcd (%) for C27H28N: C 88.24, H 7.95, N 3.81; found: C 87.85, H 7.84, N
3.73.


N,N-Dibenzyl-1-(1-cyclohexen-1-yl)-1-heptyn-3-amine (3 j): The reaction
was carried out according to procedure A with enamine 1g (0.690 g,
2.60 mmol, 1.3 equiv), 1-ethinyl-1-cyclohexene (2d) (0.212 g, 2.00 mmol),
CuBr (14 mg, 0.10 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in
toluene (4 mL) at room temperature for 20 h. Standard workup and
purification by column chromatographic purification (silica gel, pentane/
Et2O 98:2) afforded 3j (0.570 g, 1.53 mmol, 77 %) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1g
(173 mg, 0.65 mmol, 1.3 equiv), 1-ethinyl-1-cyclohexene (2d) (53 mg,
0.50 mmol), CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap
(12.1 mg, 0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in
toluene (4 mL) at room temperature for 44 h. Standard workup and
purification by column chromatographic purification (silica gel, pentane/
Et2O 98:2) yielded 3 j (156 mg, 0.42 mmol, 84%, 74% ee) as a colorless oil.
[�]20


D ��172 (c� 1.03 in CHCl3). HPLC (OD-H, 99% n-heptane/1 %
isopropanol, 0.2 mL min�1): tr (min)� 30.3 (�), 35.1 (�); 1H NMR (CDCl3,
300 MHz): �� 7.36 ± 7.10 (m, 10H), 6.08 ± 6.00 (m, 1H), 3.73 (d, J� 14.2 Hz,
2H), 3.39 (t, J� 7.5 Hz, 1 H), 3.31 (d, J� 13.6 Hz, 2H), 2.17 ± 1.98 (m, 4H),
1.70 ± 1.44 (m, 6 H), 1.40 ± 1.18 (m, 2H), 1.10 (sext, J� 7.3 Hz, 2 H), 0.76 ppm
(t, J� 7.3 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 140.1, 133.8, 128.8,
128.1, 126.7, 120.8, 86.9, 85.0, 54.9, 52.1, 33.7, 29.9, 28.6, 25.6, 22.4, 22.3, 21.6,
14.0 ppm; IR (film): �� � 3063 (w), 3028 (m), 2932 (vs), 1604 (w), 1494 (s),
1454 (s), 1261 (m), 1028 (m), 802 (m), 746 (s), 698 cm�1 (vs); MS: m/z (%):
314 (100) [M��C4H9], 236 (1), 222 (2), 91 (45); HRMS (EI):m/z : calcd for
C25H33N [M�]: 371.2613; found: 371.2589; elemental analysis calcd (%) for
C25H33N: C 87.28, H 8.95, N 3.77; found: C 87.02, H 9.10, N 3.72.


7-(Dibenzylamino)-5-undecynenitrile (3k): The reaction was carried out
according to procedure A with enamine 1g (0.345 g, 1.30 mmol, 1.3 equiv),
5-hexynenitrile (2e) (0.093 g, 1.00 mmol), CuBr (7 mg, 0.05 mmol,
5.0 mol %), and n-decane (0.100 g, 0.70 mmol) in toluene (2 mL) at 60 �C
for 5 h. Standard workup and column chromatographic purification (silica
gel, pentane/Et2O 19:1 then 4:1) afforded 3k (0.295 g, 0.82 mmol, 82 %) as
a colorless oil.


The reaction was carried out according to procedure B with enamine 1g
(199 mg, 0.75 mmol, 1.5 equiv), 5-hexynenitrile (2e) (47 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 64 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 4:1) yielded 3k
(103 mg, 0.29 mmol, 51 %, 54% ee) as a colorless oil. [�]20


D ��91 (c� 1.01
in CHCl3); HPLC (OD-H, 99% n-heptane/1 % isopropanol, 0.6 mL min�1):


tr (min)� 17.2 (�), 21.2 (�); 1H NMR (CDCl3, 300 MHz): �� 7.35 ± 7.10 (m,
10H), 3.72 (d, J� 13.7 Hz, 2H), 3.26 (d, J� 13.7 Hz, 2H), 3.32 ± 3.22 (m,
1H), 2.45 (t, J� 7.1 Hz, 2H), 2.39 (td, J� 6.8, 2.0 Hz, 2H), 1.82 (quint, J�
7.2 Hz, 2H), 1.70 ± 1.42 (m, 2 H), 1.40 ± 1.20 (m, 2 H), 1.16 ± 1.04 (sext, J�
7.2 Hz, 2 H), 0.76 ppm (t, J� 7.0 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): ��
139.8, 128.7, 128.1, 126.8, 119.1, 81.8, 80.3, 54.8, 51.6, 33.7, 28.5, 25.0, 22.2,
17.9, 16.1, 13.9 ppm; IR (film): �� � 3062 (w), 3028 (w), 2955 (m), 2934 (m),
2248 (w), 1603 (w), 1494 (m), 1454 (s), 1122 (s), 747 (s), 699 cm�1 (vs); MS:
m/z (%): 301 (100) [M��C4H9], 181 (6), 91 (66), 65 (4); HRMS (EI): m/z :
calcd for C25H29N2 [M��H]: 357.2331; found: 357.2329; elemental analysis
calcd (%) for C25H29N2: C 83.75, H 8.43, N 7.81; found: C 83.41, H 8.30, N
8.21.


N,N-Dibenzyl-10-chloro-6-decyn-5-amine (3 l): The reaction was carried
out according to procedure A with enamine 1g (0.690 g, 2.60 mmol,
1.3 equiv), 5-chloro-1-pentyne (2 f) (0.205 g, 2.00 mmol), CuBr (14 mg,
0.10 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in toluene
(4 mL) at room temperature for 67 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) afforded 3 l
(0.575 g, 1.56 mmol, 78 %) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1g
(173 mg, 0.65 mmol, 1.3 equiv), 5-chloro-1-pentyne (2 f) (51 mg,
0.50 mmol), CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap
(12.1 mg, 0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in
toluene (4 mL) at room temperature for 64 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) yielded 3 l
(107 mg, 0.29 mmol, 58%, 60 % ee) as a colorless oil. [�]20


D ��100 (c� 0.86
in CHCl3). HPLC (OD-H, 99% n-heptane/1 % isopropanol, 0.2 mL min�1):
tr (min)� 58.2 (�), 66.3 (�); 1H NMR (CDCl3, 300 MHz): �� 7.34 ± 7.08
(m, 10 H), 3.72 (d, J� 13.7 Hz, 2H), 3.65 (t, J� 6.4 Hz, 2H), 3.28 (d, J�
14.2 Hz, 2H), 3.29 ± 3.20 (m, 1H), 2.40 (td, J� 6.7, 2.1 Hz, 2H), 1.93 (quint,
J� 6.7 Hz, 2 H), 1.68 ± 1.41 (m, 2 H), 1.40 ± 1.10 (m, 4 H), 0.76 ppm (t, J�
7.3 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 140.0, 128.8, 128.1, 126.8,
82.8, 79.3, 54.9, 51.7, 43.7, 33.8, 31.9, 28.6, 22.3, 16.2, 14.0 ppm; IR (film): �� �
3063 (w), 3028 (w), 2956 (m), 2932 (m), 1494 (m), 1454 (s), 1028 (m), 746 (s),
698 cm�1 (vs); MS: m/z (%): 310 (100) [M��C4H9], 196 (2), 181 (4), 91
(67); HRMS (EI): m/z : calcd for C24H29ClN [M��H]: 366.1989; found:
366.1952; elemental analysis calcd (%) for C24H29ClN: C 78.34, H 8.22, N
3.81; found: C 78.40, H 8.25, N 3.75.


N,N-Dibenzyl-1-methoxy-1-octyn-4-amine (3m): The reaction was carried
out according to procedure A with enamine 1g (0.690 g, 2.60 mmol,
1.3 equiv), 3-methoxy-1-propyne (2g) (0.140 g, 2.00 mmol), CuBr (14 mg,
0.10 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in toluene
(4 mL) at room temperature for 3 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) afforded 3m
(0.564 g, 1.68 mmol, 84 %) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1g
(173 mg, 0.65 mmol, 1.3 equiv), 3-methoxy-1-propyne (2g) (35 mg,
0.50 mmol), CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap
(12.1 mg, 0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in
toluene (4 mL) at room temperature for 20 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) yielded 3m
(128 mg, 0.38 mmol, 76 %, 55% ee) as a colorless oil. [�]20


D ��98 (c� 0.98
in CHCl3); HPLC (OD-H, 99% n-heptane/1 % isopropanol, 0.2 mL min�1):
tr (min)� 75.4 (�), 91.9 (�); 1H NMR (CDCl3, 300 MHz): �� 7.34 ± 7.10
(m, 10H), 4.14 (d, J� 1.8 Hz, 2 H), 3.75 (d, J� 13.8 Hz, 2 H), 3.37 (s, 3H),
3.32 (d, J� 13.8 Hz, 2H), 3.40 ± 3.31 (m, 1 H), 1.72 ± 1.45 (m, 2H), 1.41 ± 1.00
(m, 4H), 0.76 ppm (t, J� 7.3 Hz, 3H); 13C NMR (CDCl3, 75 MHz): ��
139.8, 128.8, 128.2, 126.8, 84.9, 80.3, 60.1, 57.4, 54.9, 51.7, 33.5, 28.5, 22.2,
13.9 ppm; IR (film): �� � 3063 (w), 3029 (w), 2955 (m), 2819 (m), 1604 (w),
1494 (m), 1454 (s), 1358 (m), 1102 (vs), 747 (s), 698 cm�1 (vs); MS:m/z (%):
278 (100) [M��C4H9], 218 (3), 196 (3), 181 (4), 91 (68); HRMS (EI): m/z :
calcd for C23H29NO [M�]: 335.2249; found: 335.2213; elemental analysis
calcd (%) for C23H29NO: C 82.34, H 8.71, N 4.18; found: C 81.74, H 8.57, N
4.11.


N,N-Dibenzyl-1-{[tert-butyl(diphenyl)silyl]oxy}-2-octyn-4-amine (3n):
The reaction was carried out according to procedure A with enamine 1g
(0.345 g, 1.30 mmol, 1.3 equiv), tert-butyl(diphenyl)(2-propynyloxy)silane
(2h) (0.294 g, 1.00 mmol), CuBr (7 mg, 0.05 mmol, 5.0 mol %), and n-
decane (0.300 g, 2.11 mmol) in toluene (2 mL) at room temperature for
24 h. Standard workup and column chromatographic purification (silica
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gel, pentane/Et2O 98:2) afforded 3n (0.521 g, 0.93 mmol, 93 %) as a
colorless oil.


The reaction was carried out according to procedure B with enamine 1g
(173 mg, 0.65 mmol, 1.3 equiv), tert-butyl(diphenyl)(2-propynyloxy)silane
(2h) (147 mg, 0.50 mmol), CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-
Quinap (12.1 mg, 0.0275 mmol, 5.5 mol %), and n-decane (150 mg,
1.05 mmol) in toluene (4 mL) at room temperature for 48 h. Standard
workup and column chromatographic purification (silica gel, pentane/Et2O
98:2) yielded 3n as a colorless oil (238 mg, 0.43 mmol, 85%, 72% ee);
[�]20


D ��69 (c� 0.90 in CHCl3); HPLC (OD-H, 99% n-heptane/1 %
isopropanol, 0.2 mL min�1): tr (min)� 53.3 (�), 57.8 (�); 1H NMR (CDCl3,
300 MHz): �� 7.74 ± 7.64 (m, 4 H), 7.39 ± 7.10 (m, 16H), 4.39 (d, J� 1.8 Hz,
2H), 3.67 (d, J� 13.8 Hz, 2 H), 3.25 (d, J� 13.8 Hz, 2 H), 3.30 ± 3.20 (m,
1H), 1.64 ± 1.20 (m, 6H), 1.02 (s, 9H), 0.75 ppm (t, J� 7.4 Hz, 3H);
13C NMR (CDCl3, 75 MHz): �� 140.0, 135.6, 133.5, 129.8, 128.8, 128.1,
127.7, 126.8, 83.5, 83.1, 54.8, 52.9, 51.6, 33.4, 28.5, 26.7, 22.2, 19.2, 14.0 ppm;
IR (film): �� � 3070 (w), 3029 (w), 2957 (m), 2859 (m), 1494 (m), 1454 (m),
1428 (m), 1113 (vs), 1075 (s), 739 (s), 700 cm�1 (vs); MS:m/z (%): 559 (0.2)
[M�], 502 (90), 307 (20), 229 (10), 199 (36), 91 (100); HRMS (EI): m/z :
calcd for C38H45NOSi [M�]: 559.3270; found: 559.3247; elemental analysis
calcd (%) for C38H45NOSi: C 81.52, H 8.10, N 2.50; found: C 81.27, H 8.31, N
2.48.


N,N-Dibenzyl-1-(trimethylsilyl)-1-heptyn-3-amine (3o): The reaction was
carried out according to procedure A with enamine 1g (0.345 g, 1.30 mmol,
1.3 equiv), trimethylsilylacetylene (2 i) (0.098 g, 1.00 mmol), CuBr (7 mg,
0.05 mmol, 5.0 mol %), and n-decane (0.100 g, 0.70 mmol) in toluene
(2 mL) at room temperature for 16 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) afforded 3o
(0.267 g, 0.73 mmol, 73%) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1g
(199 mg, 0.75 mmol, 1.5 equiv), trimethylsilylacetylene (2 i) (49 mg,
0.50 mmol), CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), and n-decane (50 mg,
0.35 mmol) in toluene (4 mL) at room temperature for 24 h. Standard
workup and column chromatographic purification (silica gel, pentane/Et2O
98:2) yielded 3o (128 mg, 0.35 mmol, 70%, ee determined as 3 i) as a
colorless oil. [�]20


D ��164 (c� 0.97 in CHCl3); 1H NMR (CDCl3,
300 MHz): �� 7.22 ± 7.00 (m, 10H), 3.62 (d, J� 13.7 Hz, 2 H), 3.19 (d, J�
13.7 Hz, 2 H), 3.21 ± 3.15 (m, 1 H), 1.59 ± 1.35 (m, 2H), 1.30 ± 1.10 (m, 2H),
1.10 ± 0.94 (sext, J� 7.3 Hz, 2 H), 0.66 (t, J� 7.3 Hz, 3H), 0.07 ppm (s, 9H);
13C NMR (CDCl3, 75 MHz): �� 139.5, 128.4, 127.7, 126.4, 104.3, 88.6, 54.4,
51.9, 32.9, 28.0, 21.8, 13.5, 0.00 ppm; IR (film): �� � 3064 (w), 3029 (w), 2958
(s), 2159 (m), 1495 (m), 1454 (m), 1250 (s), 842 (vs), 698 cm�1 (s); MS: m/z
(%): 348 (5) [M��CH3], 306 (100), 214 (4), 91 (85), 73 (12); HRMS (EI):
m/z : calcd for C24H32NSi [M��H]: 362.2304; found: 362.2333; elemental
analysis calcd (%) for C24H32NSi: C 79.28, H 9.15, N 3.85; found: C 79.19, H
9.15, N 3.83.


N,N-Dibenzyl-1,1-diethoxy-2-octyn-4-amine (3p): The reaction was carried
out according to procedure A with enamine 1g (0.345 g, 1.30 mmol,
1.3 equiv), 3,3-diethoxy-1-propyne (2 j) (0.128 g, 1.00 mmol), CuBr (7 mg,
0.05 mmol, 5.0 mol %), and n-decane (0.130 g, 2.11 mmol) in toluene
(2 mL) at room temperature for 4 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 19:1) afforded 3p
(0.260 g, 0.66 mmol, 66 %) as a colorless oil. 1H NMR (C6D6, 300 MHz):
�� 7.55 ± 7.45 (m, 4 H), 7.32 ± 7.15 (m, 6H), 5.59 (d, J� 1.4 Hz, 1 H), 4.02 (d,
J� 12.8 Hz, 2H), 4.10 ± 3.90 (m, 2H), 3.77 ± 3.64 (m, 3 H), 3.64 (d, J�
13.7Hz, 2 H), 1.88 ± 1.62 (m, 2H), 1.42 (quint, J� 7.5 Hz, 2 H), 1.30 (t, J�
7.1 Hz, 3H), 1.29 (t, J� 7.3 Hz, 3H), 1.16 (sext, J� 7.5 Hz, 2 H), 0.85 ppm (t,
J� 7.3 Hz, 3H); 13C NMR (C6D6, 75 MHz): �� 140.1, 129.2, 128.6, 127.3,
92.1, 83.7, 81.7, 60.8, 55.5, 52.0, 33.8, 28.8, 22.5, 15.4, 14.1 ppm; IR (film): �� �
3063 (w), 3029 (w), 2932 (m), 2874 (m), 2236 (w), 1495 (m), 1454 (m), 1132
(s), 1053 (vs), 747 (s), 699 cm�1 (vs); MS:m/z (%): 348 (12) [M��C2H5O],
336 (100) [M��C4H9], 234 (62), 91 (85); HRMS (EI): m/z : calcd for
C22H26NO2 [M��C4H9]: 336.1964; found: 336.1964; elemental analysis
calcd (%) for C22H26NO2: C 79.35, H 8.96, N 3.56; found: C 79.12, H 8.82, N
3.55.


N,N-Bis-(4-methoxybenzyl)-1-phenyl-1-heptyn-3-amine (3q): The reaction
was carried out according to procedure A with enamine 1h (1.300 g,
4.00 mmol, 2.0 equiv), phenylacetylene (2a) (0.204 g, 2.00 mmol), CuBr
(14 mg, 0.10 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in
toluene (4 mL) at room temperature for 5 h. Standard workup and column


chromatographic purification (silica gel, pentane/Et2O 4:1) afforded 3q
(0.851 g, 1.99 mmol, 99 %) as a light yellow oil.


The reaction was carried out according to procedure B with enamine 1h
(244 mg, 0.75 mmol, 1.5 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 96 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 4:1) yielded 3q
(212 mg, 0.49 mmol, 99%, 66 % ee, determined by complexation with
Co2(CO)8 (1.1 equiv) in pentane (room temperature, 45 min, silica gel,
pentane/Et2O 9:1, dark red oil, 90 %) as a light yellow oil. [�]20


D ��171 (c�
0.53 in CHCl3). HPLC (OD-H, 99% n-heptane/1 % isopropanol,
0.15 mL min�1): tr� 33.1 (�), 34.1 (�); 1H NMR (300 MHz, CDCl3): ��
7.53 ± 7.50 (m, 2 H), 7.36 ± 7.31 (m, 7 H), 6.87 (d, J� 8.7 Hz, 4 H), 3.82 (d, J�
13.4 Hz, 2H), 3.81 (s, 6H), 3.59 (t, J� 7.4 Hz, 1 H), 3.40 (d, J� 13.1 Hz,
2H), 1.86 ± 1.65 (m, 2 H), 1.53 ± 1.34 (m, 2H), 1.30 ± 1.18 (m, 2 H), 0.88 ppm
(t, J� 7.3 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 158.5, 131.9, 131.8,
129.9, 128.2, 127.8, 123.7, 113.6, 88.3, 85.0, 55.2, 54.1, 51.9, 33.5, 28.6, 22.3,
14.0 ppm; MS: m/z (%): 425 (0.1) [M�� 2H], 371 (13), 371 (13), 370 (45),
121 (100); HRMS (EI): m/z : calcd for C29H33NO2 [M�]: 427.2511; found:
427.2522; IR (film): �� � 2954 (s), 2933 (s), 2834 (m), 1612 (s), 1512 (vs), 1464
(m), 1301 (m), 1249 (s), 1171 (m), 1038 (s), 757 cm�1 (s); elemental analysis
calcd (%) for C29H33NO2: C 81.46, H 7.78, N 3.28; found: C 81.17, H 8.16, N
3.25.


N,N-Dibenzyl-5-methyl-1-phenyl-1-hexyn-3-amine (3r): The reaction was
carried out according to procedure A with enamine 1 i (0.583 g, 2.20 mmol,
1.1 equiv), phenylacetylene (2a) (0.204 g, 2.00 mmol), CuBr (14 mg,
0.10 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in toluene
(4 mL) at room temperature for 18 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) afforded 3r
(0.671 g, 1.83 mmol, 91 %) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1 i
(199 mg, 0.75 mmol, 1.5 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-Quinap (12.1 mg, 0.0275 mmol,
5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene (4 mL) at room
temperature for 19 h. Standard workup and column chromatographic
purification (silica gel, pentane/Et2O 98:2) yielded 3r (182 mg, 0.49 mmol,
99%, 85% ee) as a colorless oil. [�]20


D ��237 (c� 1.09 in CHCl3); HPLC
(OD, 99% n-heptane/1 % isopropanol, 0.1 mL min�1): tr (min)� 94.8 (�),
112.0 (�); 1H NMR (300 MHz, CDCl3): �� 7.44 ± 7.41 (m, 2H), 7.35 ± 7.32
(m, 4H), 7.28 ± 7.21 (m, 7 H), 7.17 ± 7.13 (m, 2H), 3.81 (d, J� 13.7 Hz, 2H),
3.60 (t, J� 7.1 Hz, 1H), 3.40 (t, J� 13.7 Hz, 2H), 1.84 (sept, J� 6.7 Hz, 1H),
1.70 ± 1.61 (m, 1H), 1.51 ± 1.42 (m, 1H), 0.74 (d, J� 6.7 Hz, 3 H), 0.62 ppm
(d, J� 6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 135.8, 131.8, 128.9,
128.3, 128.2, 127.8, 126.9, 123.6, 88.2, 85.1, 55.0, 50.2, 43.0, 24.6, 22.8,
21.9 ppm; MS: m/z (%): 365 (1) [M�� 2 H], 311 (23), 310 (100), 91 (64);
HRMS (EI): m/z : calcd for C27H29N [M��H]: 366.2222; found: 366.2224;
IR (film): �� � 2954 (s), 2932 (m), 1490 (s), 1454 (s), 755 (vs), 698 cm�1 (vs);
elemental analysis calcd (%) for C27H29N: C 88.24, H 7.95, N 3.81; found: C
88.03, H 8.33, N 3.81.


N,N-Dibenzyl-2-methyl-5-decyn-4-amine (3 s): The reaction was carried
out according to procedure A with enamine 1 i (0.583 g, 2.20 mmol,
1.1 equiv), 1-hexyne (2k) (0.164 g, 2.00 mmol), CuBr (14 mg, 0.10 mmol,
5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in toluene (4 mL) at room
temperature for 24 h and at 60 �C for 1 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) afforded 3s
(0.618 g, 1.78 mmol, 89 %) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1 i
(80 mg, 0.30 mmol, 1.2 equiv), 1-hexyne (2k) (21 mg, 0.25 mmol), CuBr
(1.8 mg, 0.0125 mmol, 5.0 mol %), (R)-Quinap (6.0 mg, 0.01375,
5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene (3 mL) at room
temperature for 120 h. Standard workup and column chromatographic
purification (silica gel, pentane/Et2O 98:2) yielded 3s (47 mg, 0.14 mmol,
56%, 76% ee) as a colorless oil. [�]20


D ��124 (c� 1.03 in CHCl3); HPLC
(OD-H, 99% n-heptane/1 % isopropanol, 0.1 mL min�1): tr (min)� 47.2
(�), 50.6 (�); 1H NMR (300 MHz, CDCl3): �� 7.40 ± 7.38 (m, 4H), 7.33 ±
7.20 (m, 6 H), 3.80 (d, J� 13.7 Hz, 2 H), 3.44 (tt, J� 7.8, 2.2 Hz, 1H), 3.37 (d,
J� 13.7 Hz, 2 H), 2.30 (td, J� 7.2, 2.3 Hz, 2H), 1.86 (sept, J� 6.6 Hz, 1H),
1.67 ± 1.36 (m, 6H), 0.98 (t, J� 7.0 Hz, 3 H), 0.78 (d, J� 6.6 Hz, 3H),
0.66 ppm (d, J� 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 140.1, 128.9,
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128.1, 126.7, 84.8, 78.1, 54.8, 49.7, 43.3, 31.4, 24.6, 22.8, 22.0, 21.9, 18.4,
13.6 ppm; MS: m/z (%): 291 (22) [M��C4H9], 290 (100), 91 (61); HRMS
(EI): m/z :calcd for C25H32N [M��H]: 346.2583; found: 346.2543; IR
(film): �� � 2956 (vs), 2932 (vs), 2869 (m), 1494 (m), 1454 (s), 745 (s),
698 cm�1 (vs); elemental analysis calcd (%) for C25H32N: C 86.40, H 9.57, N
4.03; found: C 86.18, H 9.70, N 4.00.


N,N-Dibenzyl-4-methyl-1-phenyl-1-pentyn-3-amine (3 t):[27] The reaction
was carried out according to procedure A with enamine 1 j (0.653 g,
2.60 mmol, 1.3 equiv), phenylacetylene (2a) (0.204 g, 2.00 mmol), CuBr
(14 mg, 0.10 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in
toluene (4 mL) at room temperature for 12 h and at 60 �C for 1 h. Standard
workup and column chromatographic purification (silica gel, pentane/Et2O
99:1) afforded 3t (0.702 g, 1.99 mmol, 99 %) as a colorless oil.


The reaction was carried out according to procedure B with enamine 1j
(189 mg, 0.75 mmol, 1.5 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 120 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 99:1) yielded 3t
(113 mg, 0.32 mmol, 64%, 87%ee) as a colorless oil. [�]20


D ��303 (c� 0.58
in CHCl3); HPLC (OD-H, 99% n-heptane/1 % isopropanol, 0.2 mL min�1):
tr (min)� 21.2 (�), 22.9 (�); 1H NMR (300 MHz, CDCl3): �� 7.48 ± 7.15 (m,
15H), 3.84 (d, J� 13.7 Hz, 2H), 3.42 (d, J� 13.6 Hz, 2 H), 3.07 (d, J�
10.1 Hz, 1 H), 2.01 ± 1.87 (m, 1 H), 0.97 (d, J� 6.1 Hz, 3 H), 0.96 ppm (d, J�
6.2 Hz, 3H); 13C NMR (75 MHz, CDCl3): �� 139.8, 131.8, 128.9, 128.3,
128.2, 127.8, 126.8, 123.7, 87.4, 86.0, 59.7, 55.1, 30.8, 21.0, 20.0 ppm; MS: m/z
(%): 353 (1) [M�], 311 (25), 310 (100), 91 (48).


N,N-Dibenzyl-4-methyl-1-(triisopropylsilyl)-1-pentyn-3-amine (3u): The
reaction was carried out according to procedure A with enamine 1j
(1.510 g, 6.00 mmol, 1.5 equiv), triisopropylacetylene (2 l) (0.720 g,
4.00 mmol), CuBr (28 mg, 0.20 mmol, 5.0 mol %), and n-decane (0.200 g,
1.41 mmol) in toluene (4 mL) at room temperature for 14 h and at 60 �C for
7 h. Standard workup and column chromatographic purification (silica gel,
pentane/Et2O 98:2) afforded 3u (1.530 g, 3.52 mmol, 88 %) as a colorless oil
which slowly crystallized. M.p. 43 �C; 1H NMR (300 MHz, CDCl3): ��
7.33 ± 7.30 (m, 4 H), 7.25 ± 7.12 (m, 6 H), 3.75 (d, J� 13.7 Hz, 2 H), 3.34 (d,
J� 13.7 Hz, 2H), 2.85 (d, J� 10.1 Hz, 1H), 1.90 ± 1.77 (m, 1 H), 1.22 ± 1.18
(m, 3 H), 1.08 (s, 18H), 0.93 (d, J� 6.6 Hz, 3H), 0.92 ppm (d, J� 6.6 Hz,
3H); 13C NMR (75 MHz, CDCl3): �� 139.8, 128.8, 128.2, 126.8, 105.5, 85.4,
59.9, 55.1, 30.2, 20.9, 19.9, 18.8, 11.4 ppm; MS: m/z (%): 433 (1) [M�], 391
(33), 390 (100), 91 (26); HRMS (EI): m/z : calcd for C29H42NSi [M��H]:
432.3087; found: 432.3054; IR (KBr): �� � 2942 (vs), 2865 (vs), 2157 (m),
1494 (m), 1454 (s), 1383 (m), 1365 (m), 1070 (m), 1017 (s), 883 (m), 746 (s),
697 (vs), 676 (s), 659 cm�1 (m); elemental analysis calcd (%) for C29H42NSi:
C 80.30, H 9.99, N 3.23; found: C 80.47, H 9.80, N 3.05.


N,N-Dibenzyl-2,6-dimethyl-6-[(trimethylsilyl)oxy]-4-heptyn-3-amine (3v):
The reaction was carried out according to procedure A with enamine 1j
(0.754 g, 3.00 mmol, 1.5 equiv), [(1,1-dimethyl-2-propynyl)oxy](trimethyl)-
silane (2m) (0.313 g, 2.00 mmol), CuBr (14 mg, 0.10 mmol, 5.0 mol %), and
n-decane (0.200 g, 1.41 mmol) in toluene (4 mL) at room temperature for
14 h and at 60 �C for 20 h. Standard workup and column chromatographic
purification (silica gel, pentane/Et2O 97:3) afforded 3v (0.691 g, 1.70 mmol,
85%) as a colorless oil which slowly crystallized. M.p. 59 �C; 1H NMR
(300 MHz, CDCl3): �� 7.33 ± 7.30 (m, 4H), 7.25 ± 7.12 (m, 6 H), 3.74 (d, J�
13.7 Hz, 2H), 3.30 (d, J� 13.8 Hz, 2 H), 2.83 (d, J� 10.7 Hz, 1 H), 1.91 ± 1.71
(m, 1 H), 1.51 (d, J� 2.0 Hz, 6 H), 0.93 (d, J� 6.6 Hz, 3H), 0.89 (d, J�
6.7 Hz, 3 H), 0.17 ppm (s, 9H); 13C NMR (75 MHz, CDCl3): �� 139.8,
128.8, 128.2, 126.8, 91.2, 80.4, 66.7, 59.1, 55.1, 33.9, 30.6, 20.9, 19.9, 2.1 ppm;
MS: m/z (%): 407 (1) [M�], 365 (29), 364 (100), 91 (39); HRMS (EI): m/z :
calcd for C26H35NOSi [M��H]: 406.2566; found: 406.2561; IR (KBr): �� �
2981 (s), 2959 (s), 1454 (m), 1248 (s), 1161 (s), 1033 (vs), 842 (vs), 746 (s),
698 cm�1 (s); elemental analysis calcd (%) for C26H35NOSi: C 76.60, H 9.15,
N 3.44; found: C 76.33, H 9.21, N 3.39.


N,N-Dibenzyl-1-cyclohexyl-3-phenyl-2-propyn-1-amine (3w): The reaction
was carried out according to procedure A with enamine 1k (1.049 g,
3.60 mmol, 1.2 equiv), phenylacetylene (2a) (0.306 g, 3.00 mmol), CuBr
(22 mg, 0.15 mmol, 5.0 mol %), and n-decane (0.300 g, 2.11 mmol) in
toluene (6 mL) at room temperature for 24 h and at 60 �C for 3 h. Standard
workup and column chromatographic purification (silica gel, pentane/Et2O
98:2) afforded 3w (1.115 g, 2.83 mmol, 94 %) as a white solid.


The reaction was carried out according to procedure B with enamine 1k
(219 mg, 0.75 mmol, 1.5 equiv), phenylacetylene (2a) (51 mg, 0.50 mmol),
CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap (12.1 mg,
0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in toluene
(4 mL) at room temperature for 96 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) yielded 3w
(155 mg, 0.39 mmol, 79%, 88% ee) as a white solid. [�]20


D ��231 (c� 0.50
in CHCl3); HPLC (OD-H, 99% n-heptane/1 % isopropanol, 0.2 mL min�1):
tr (min)� 41.3 (�), 46.2 (�); 1H NMR (CDCl3, 300 MHz): �� 7.46 ± 7.11
(m, 15 H), 3.80 (d, J� 13.7 Hz, 2H), 3.39 (d, J� 13.8 Hz, 2H), 3.17 (d, J�
10.3 Hz, 1 H), 2.25 (d, J� 12.9 Hz, 1H), 1.99 (d, J� 12.80 Hz, 1H), 1.68 ±
1.45 (m, 4 H), 1.23 ± 0.55 ppm (m, 5H); 13C NMR (CDCl3, 75 MHz): ��
139.8, 131.8, 128.9, 128.3, 128.2, 127.8, 126.8, 123.7, 87.1, 86.2, 58.4, 55.1, 39.8,
31.4, 30.3, 26.6, 26.2, 26.0 ppm; IR (KBr): �� � 3061 (w), 3030 (w), 2928 (vs),
2850 (s), 1598 (w), 1489 (m), 1450 (m), 756 (s), 747 (s), 698 (s), 692 cm�1 (s);
MS: m/z (%): 310 (100) [M��C6H11], 218 (3), 191 (2), 115 (5), 91 (51);
HRMS (EI): m/z : calcd for C29H30N [M��H]: 392.2378; found: 392.2349.


N,N-Dibenzyl-3-(4-bromophenyl)-1-cyclohexyl-2-propyn-1-amine (3x):
The reaction was carried out according to procedure A with enamine 1k
(0.758 g, 2.60 mmol, 1.3 equiv), 4-bromophenylacetylene (2n) (0.362 g,
2.00 mmol), CuBr (14 mg, 0.10 mmol, 5.0 mol %), and n-decane (0.360 g,
2.53 mmol) in toluene (4 mL) at room temperature for 14 h and at 60 �C for
4 h. Standard workup and column chromatographic purification (silica gel,
pentane/Et2O 98:2) afforded 3x (0.855 g, 1.81 mmol, 90 %) as a white solid.


The reaction was carried out according to procedure B with enamine 1k
(219 mg, 0.75 mmol, 1.5 equiv), 4-bromophenylacetylene (2n) (91 mg,
0.50 mmol), CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap
(12.1 mg, 0.0275 mmol, 5.5 mol %), and n-decane (100 mg, 0.70 mmol) in
toluene (4 mL) at room temperature for 44 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) yielded 3x
(197 mg, 0.42 mmol, 83%, 90% ee) as a white solid. [�]20


D ��239 (c� 0.80
in CHCl3); HPLC (OD-H, 99% n-heptane/1 % isopropanol, 0.2 mL min�1):
tr (min)� 21.1 (�), 22.9 (�); 1H NMR (CDCl3, 300 MHz): �� 7.41 ± 7.11
(m, 14 H), 3.80 (d, J� 13.7 Hz, 2H), 3.36 (d, J� 14.1 Hz, 2H), 3.15 (d, J�
10.4 Hz, 1H), 2.30 ± 2.16 (m, 1 H), 2.10 ± 1.88 (m, 1 H), 1.68 ± 1.48 (m, 4H),
1.25 ± 0.91 (m, 3H), 0.88 ± 0.60 ppm (m, 2H); 13C NMR (CDCl3, 75 MHz):
�� 139.7, 133.3, 131.5, 128.8, 128.2, 126.9, 122.6, 121.9, 88.5, 85.2, 58.4, 55.1,
39.7, 31.3, 30.3, 26.6, 26.1, 26.9 ppm; IR (KBr): �� � 3062 (w), 3028 (w), 2932
(vs), 2850 (m), 1603 (w), 1485 (vs), 1452 (m), 1070 (m), 827 (s), 747 (s),
698 cm�1 (vs); MS: m/z (%): 310 (100) [M��C6H11], 218 (3), 191 (2), 115
(5), 91 (51); HRMS (EI): m/z : calcd for C29H29BrN [M��H]: 470.1483;
found: 470.1495; elemental analysis calcd (%) for C29H29BrN: C 73.72, H
6.40, N 2.96; found: C 73.52, H 6.55, N 2.94.


N-Allyl-N-benzyl-1-cyclohexyl-2-nonyn-1-amine (3y): The reaction was
carried out according to procedure A with enamine 1 l (0.531 g, 2.60 mmol,
1.3 equiv), 1-octyne (2b) (0.220 g, 2.00 mmol), CuBr (7 mg, 0.05 mmol,
2.5 mol %), and n-decane (0.200 g, 1.41 mmol) in toluene (4 mL) at 60 �C
for 24 h. Standard workup and column chromatographic purification (silica
gel, pentane/Et2O 98:2) afforded 3y (0.570 g, 1.62 mmol, 80%) as a
colorless oil. 1H NMR (CDCl3, 300 MHz): �� 7.32 ± 7.10 (m, 5 H), 5.82 ±
5.64 (m, 1H), 5.19 ± 5.09 (m, 1H), 5.04 ± 4.95 (m, 1 H), 3.74 (d, J� 13.8 Hz,
1H), 3.25 (d, J� 13.7 Hz, 1H), 3.17 ± 3.05 (m, 1H), 2.97 (dt, J� 10.1, 2.3 Hz,
1H), 2.81 (dd, J� 14.5, 8.1 Hz, 1 H), 2.17 (td, J� 6.8, 2.0 Hz, 2H), 2.15 ±
2.05 (m, 1 H), 1.98 ± 1.85 (m, 1H), 1.68 ± 0.66 (m, 17H), 0.84 ppm (t, J�
6.9 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 140.4, 137.3, 128.7, 128.1,
126.6, 116.5, 85.6, 77.1, 58.2, 54.9, 53.7, 40.2, 31.4, 31.3, 30.4, 29.3, 28.5, 26.7,
26.2, 26.0, 22.6, 18.7, 14.1 ppm; IR (film): �� � 3065 (w), 3029 (w), 2957 (s),
2932 (vs), 2859 (m), 1494 (w), 1455 (m),918 (m), 737 (m), 698 cm�1 (m);
MS: m/z (%): 268 (100) [M��C6H11], 196 (2), 146 (2), 131 (2), 91 (45);
HRMS (EI): m/z : calcd for C23H33N [M��C2H4]: 323.2613; found:
323.2598.


N,N-Diallyl-1-cyclohexyl-2-nonyn-1-amine (3z): The reaction was carried
out according to procedure A with enamine 1m (0.631 g, 3.30 mmol,
1.1 equiv), 1-octyne (2b) (0.331 g, 3.00 mmol), CuBr (22 mg, 0.15 mmol,
5.0 mol %), and n-decane (0.300 g, 2.11 mmol) in toluene (4 mL) at room
temperature for 15 h. Standard workup and column chromatographic
purification (silica gel, pentane/Et2O 98:2) afforded 3z (0.754 g, 2.50 mmol,
82%) as a colorless oil. 1H NMR (CDCl3, 300 MHz): �� 5.86 ± 5.72 (m,
2H), 5.23 ± 5.20 (m, 1H), 5.17 ± 5.14 (m, 1H), 5.10 ± 5.07 (m, 1 H), 5.06 ± 5.03
(m, 1 H), 3.60 ± 3.14 (m, 2H), 3.09 (dt, J� 10.1, 2.0 Hz, 1H), 2.83 (dd,
J� 14.4, 8.1 Hz, 2 H), 2.21 (td, J� 6.9, 2.2 Hz, 2H), 2.10 ± 1.90 (m, 2H),
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1.77 ± 1.02 (m, 16H), 0.98 ± 0.74 (m, 1 H), 0.88 ppm (t, J� 6.9 Hz, 3H);
13C NMR (CDCl3, 75 MHz): �� 137.3, 116.4, 85.4, 77.2, 58.3, 53.9, 40.3, 31.3,
31.2, 30.4, 29.2, 28.5, 26.7, 26.2, 26.0, 22.6, 18.7, 14.0 ppm; IR (film): �� � 3079
(w), 2925 (vs), 2853 (s), 1839 (w), 1643 (m), 1448 (s),918 cm�1 (s); MS: m/z
(%): 300 (1) [M��H], 218 (100), 192 (3), 162 (6), 146 (2), 120 (8), 106 (7),
91 (8); HRMS (EI): m/z : calcd for C21H36N [M��H]: 302.2848; found:
302.2860; elemental analysis calcd (%) for C21H36N: C 83.65, H 11.70, N
4.65; found: C 83.72, H 11.93, N 4.67.


N,N-Diallyl-1-(phenylethynyl)cyclohexanamine (3aa): The reaction was
carried out according to procedure A with enamine 1n (0.585 g, 3.30 mmol,
1.1 equiv), phenylacetylene (2a) (0.306 g, 3.00 mmol), CuBr (22 mg,
0.15 mmol, 5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in toluene
(6 mL) at 60 �C for 24 h. Standard workup and column chromatographic
purification (silica gel, pentane/Et2O 98:2) afforded 3aa (0.626 g,
2.24 mmol, 75%) as a colorless oil. 1H NMR (CDCl3, 300 MHz): ��
7.37 ± 7.30 (m, 2 H), 7.25 ± 7.17 (m, 3H), 5.90 (m, 2 H), 5.07 (dd, J� 1.8,
17.3 Hz, 2 H), 4.98 (dd, J� 1.8, 10.2 Hz, 2 H), 3.29 (d, J� 6.3 Hz, 4H), 2.04 ±
1.92 (m, 2 H), 1.68 ± 1.40 (m, 7 H), 1.22 ± 0.80 ppm (m, 1 H); 13C NMR
(CDCl3, 75 MHz): �� 137.7, 131.5, 128.2, 127.6, 123.8, 115.7, 92.5, 85.4, 59.1,
51.8, 37.3, 25.6, 23.1 ppm; IR (film): �� � 3077 (w), 2933 (vs), 2856 (m), 1642
(w), 1598 (w), 1490 (m), 1444 (m), 915 (s), 755 (vs), 690 cm�1 (m); MS: m/z
(%): 278 (100) [M��H], 264 (48), 250 (62), 236 (55), 222 (24), 208 (72), 115
(48), 91 (19); HRMS (EI): m/z : calcd for C20H24N [M��H]: 278.1909;
found: 278.1902; elemental analysis calcd (%) for C20H24N: C 85.97, H 9.02,
N 5.01; found: C 85.83, H 8.96, N 5.02.


1-Benzyl-2-(phenylethynyl)piperidine (3ab): The reaction was carried out
according to procedure A with enamine 1o (0.347 g, 2.00 mmol), phenyl-
acetylene (2a) (0.225 g, 2.20 mmol, 1.1 equiv), CuBr (14 mg, 0.10 mmol,
5.0 mol %), and n-decane (0.200 g, 1.41 mmol) in toluene (4 mL) at 80 �C
for 3 h. Standard workup and column chromatographic purification (silica
gel, pentane/Et2O 9:1) afforded 3ab (0.476 g, 1.73 mmol, 86 %) as a
colorless oil. 1H NMR (CDCl3, 300 MHz): �� 7.43 ± 7.11 (m, 10H), 3.64 (d,
J� 13.3 Hz, 1 H), 3.64 ± 3.55 (m, 1 H), 3.56 (d, J� 13.4 Hz, 1H), 2.60 ± 2.49
(m, 1H), 2.48 ± 2.34 (m, 1H), 1.80 ± 1.38 ppm (m, 6H); 13C NMR (CDCl3,
75 MHz): �� 138.6, 131.7, 129.2, 128.2, 128.1, 127.8, 126.9, 123.6, 87.5, 86.7,
60.5, 51.7, 49.2, 31.4, 25.8, 20.8 ppm; IR (film): �� � 3063 (w), 3028 (w), 2955
(m), 2934 (m), 2248 (m), 1603 (w), 1494 (s), 1454 (s), 1028 (m), 747 (s),
699 cm�1 (vs); MS: m/z (%): 275 (82) [M�], 246 (37), 184 (100), 156 (19),
128 (52), 115 (39), 91 (87); HRMS (EI): m/z : calcd for C20H21N [M�]:
275.1674; found: 275.1663. elemental analysis calcd (%) for C20H21N: C
87.23, H 7.69, N 5.09; found: C 87.28, H 7.97, N 5.08.


N,N-Diallyl-1-phenyl-3-decyn-2-amine (3ac): The reaction was carried out
according to procedure A with enamine 1p (0.518 g, 2.60 mmol, 1.3 equiv),
1-octyne (2b) (0.220 g, 2.00 mmol), CuBr (14 mg, 0.10 mmol, 5.0 mol %),
and n-decane (0.200 g, 1.41 mmol) in toluene (4 mL) at 60 �C for 20 h.
Standard workup and column chromatographic purification (silica gel,
pentane/Et2O 98:2) afforded 3ac (0.489 g, 1.58 mmol, 79%) as a colorless
oil. 1H NMR (300 MHz, CDCl3): �� 7.37 ± 7.23 (m, 5H), 5.93 ± 5.79 (m,
2H), 5.28 ± 5.25 (m, 1H), 5.22 ± 5.20 (m, 1H), 5.18 ± 5.16 (m, 1 H), 5.15 ± 5.12
(m, 1 H), 3.84 ± 3.76 (m, 1H), 3.42 ± 3.33 (m, 2H), 3.10 ± 2.86 (m, 4 H), 2.25
(td, J� 6.9, 2.3 Hz, 2 H), 1.60 ± 1.28 (m, 8 H), 0.98 ppm (t, J� 6.9 Hz, 3H);
13C NMR (75 MHz, CDCl3): �� 139.1, 136.6, 129.4, 127.9, 126.1, 116.9, 86.0,
77.4, 54.7, 53.9, 40.6, 31.3, 29.0, 28.5, 22.2, 18.6, 14.0 ppm; MS: m/z (%): 218
(100) [M��C7H8], 162 (3), 146 (3), 128 (3), 106 (3), 91 (13); HRMS (EI):
m/z : calcd for C22H32N [M��H]: 310.2535; found: 310.2557; IR (film): �� �
3079 (w), 2956 (vs), 2930 (s), 2858 (m), 1642 (w), 1496 (w), 1454 (m), 919 (s),
698 cm�1 (s); elemental analysis calcd (%) for C22H32N: C 85.38, H 10.10, N
4.53; found: C 85.22, H 10.45, N 4.51.


N,N-Dibenzyl-1-heptyn-3-amine (3ad): The reaction was carried out
according to procedure A with enamine 1g (1.274 g, 4.80 mmol, 1.2 equiv),
trimethylsilylacetylenene (2 i) (0.392 g, 4.00 mmol), CuBr (28 mg,
0.20 mmol, 5.0 mol %), and n-decane (0.400 g, 2.81 mmol) in toluene
(8 mL) at room temperature for 20 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) afforded 3o
(1.142 g, 3.14 mmol, 79%) as a colorless oil. Propargylamine 3o (0.909 g,
2.5 mmol) was dissolved in THF (10 mL) and TBAF (1� in THF, 2.75 mL,
2.75 mmol, 1.1 equiv) was added dropwise at room temperature. The
reaction mixture was stirred for 30 min, hydrolyzed, and extracted with
Et2O. The combined organic layers were dried over MgSO4 and the crude
product purified by column chromatography (silica gel, pentane/Et2O 98:2)
to afford 3ad (0.694 g, 2.40 mmol, 95 %) as a light yellow oil. 1H NMR


(300 MHz, CDCl3): �� 7.32 ± 7.30 (m, 4H), 7.25 ± 7.12 (m, 6 H), 3.75 (d, J�
13.7 Hz, 2 H), 3.34 ± 3.28 (m, 3H), 2.23 (d, J� 2.2 Hz, 1H), 1.72 ± 1.49 (m,
2H), 1.39 ± 1.22 (m, 2H), 1.17 ± 1.05 (m, 2H), 0.76 ppm (d, J� 7.4 Hz, 3H);
13C NMR (75 MHz, CDCl3): �� 139.7, 128.8, 128.2, 126.9, 82.2, 72.4, 54.7,
51.4, 33.4, 28.4, 22.2, 13.9 ppm; MS: m/z (%): 290 (1) [M��H], 235 (22),
234 (98), 181 (11), 92 (100), 65 (10); HRMS (EI): m/z : calcd for C21H24N
[M��H]: 290.1909; found: 290.1885; IR (film): �� � 3302 (m), 2956 (s),
2934 (s), 2860 (m), 1494 (m), 1454 (s), 746 (s), 698 cm�1 (vs); elemental
analysis calcd (%) for C21H24N: C 86.55, H 8.65, N 4.81; found: C 86.84, H
8.80, N 4.97.


N,N-Dibenzyl-1-(2-pyridinyl)-1-heptyn-3-amine (3ae): The reaction was
carried out according to procedure A with enamine 1g (0.318 g, 1.20 mmol,
1.2 equiv), 2-pyridinylacetylene (2o) (0.103 g, 1.00 mmol), CuBr (7 mg,
0.05 mmol, 5.0 mol %), and n-decane (0.100 g, 0.70 mmol) in toluene
(2 mL) at 60 �C for 48 h. Standard workup and column chromatographic
purification (silica gel, pentane/Et2O 9:1, then pentane/Et2O 1:1) afforded
3ae (0.173 g, 0.47 mmol, 47%) as a yellow oil.


The reaction was carried out according to procedure B with enamine 1g
(199 mg, 0.75 mmol, 1.5 equiv), 2-pyridinylacetylene (2o) (52 mg,
0.50 mmol), CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap
(12.1 mg, 0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in
toluene (4 mL) at room temperature for 76 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 9:1 then 1:1) yielded
3ae (135 mg, 0.37 mmol, 73 %, 70% ee) as a yellow oil. [�]20


D ��174 (c�
0.98 in CHCl3); HPLC (OD-H, 99% n-heptane/1 % isopropanol,
0.5 mL min�1): tr (min)� 17.3 (�), 18.8 (�); 1H NMR (CDCl3, 300 MHz):
�� 8.54 ± 8.50 (m, 1 H), 7.55 (td, J� 7.7, 1.8 Hz, 1 H), 7.42 ± 7.30 (m, 4H),
7.25 ± 7.19 (m, 4H), 7.17 ± 7.09 (m, 4H), 3.83 (d, J� 13.6 Hz, 2 H), 3.56 (t, J�
7.6 Hz, 1 H), 3.50 (d, J� 13.6 Hz, 2 H), 1.81 ± 1.60 (m, 2 H), 1.42 ± 1.22 (m,
2H), 1.12 (sext, J� 7.4 Hz, 2H), 0.76 ppm (t, J� 7.3 Hz, 3H); 13C NMR
(CDCl3, 75 MHz): �� 149.9, 143.6, 139.7, 136.0, 128.8, 128.1, 127.4, 126.8,
122.5, 88.6, 84.8, 54.9, 52.0, 33.3, 28.4, 22.2, 13.9 ppm; IR (film): �� � 3062
(m), 3029 (m), 2955 (s), 2932 (s), 2860 (m), 2214 (w), 1582 (vs), 1463 (vs),
1427 (s), 779 (s), 740 (s), 690 cm�1 (vs); MS: m/z (%): 311 (100) [M��
C4H9], 219 (6), 194 (9), 130 (5), 91 (65); HRMS (EI): m/z : calcd for
C22H19N2 [M��C4H9]: 311.1548; found: 311.1522; elemental analysis calcd
(%) for C22H19N2: C 84.74, H 7.66, N 7.60; found: C 84.28, H 7.61, N 7.43.


N,N-Dibenzyl-1-(3-pyridinyl)-1-heptyn-3-amine (3af): The reaction was
carried out according to procedure A with enamine 1g (0.318 g, 1.20 mmol,
1.2 equiv), 3-pyridinylacetylene (2p) (0.103 g, 1.00 mmol), CuBr (7 mg,
0.05 mmol, 5.0 mol %), and n-decane (0.100 g, 0.70 mmol) in toluene
(2 mL) at 60 �C for 48 h. Standard workup and column chromatographic
purification (silica gel, pentane/Et2O 9:1, then pentane/Et2O 1:1) afforded
3af (0.215 g, 0.58 mmol, 58%) as a yellow oil.


The reaction was carried out according to procedure B with enamine 1g
(199 mg, 0.75 mmol, 1.5 equiv), 3-pyridinylacetylene (2p) (52 mg,
0.50 mmol), CuBr (3.6 mg, 0.025 mmol, 5.0 mol %), (R)-(�)-Quinap
(12.1 mg, 0.0275 mmol, 5.5 mol %), and n-decane (50 mg, 0.35 mmol) in
toluene (4 mL) at room temperature for 48 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 9:1 then 1:1) yielded
3af (104 mg, 0.28 mmol, 57 %, 70% ee) as a yellow oil. [�]20


D ��190 (c�
0.91 in CHCl3); HPLC (OD-H, 99% n-heptane/1 % isopropanol,
0.5 mL min�1): tr (min)� 17.3 (�), 18.5 (�); 1H NMR (CDCl3, 300 MHz):
�� 8.65 (br s, 1 H), 8.43 (d, J� 4.0 Hz, 1 H), 7.66 (dt, J� 7.8, 2.0 Hz, 1H),
7.36 ± 7.10 (m, 11H), 3.81 (d, J� 13.7 Hz, 2H), 3.54 (t, J� 7.7 Hz, 1H), 3.38
(d, J� 13.7 Hz, 2H), 1.80 ± 1.56 (m, 2H), 1.46 ± 1.22 (m, 2 H), 1.13 (sext, J�
7.3 Hz, 2 H), 0.78 ppm (t, J� 7.3 Hz, 3 H); 13C NMR (CDCl3, 75 MHz): ��
152.5, 148.2, 139.6, 138.6, 128.7, 128.2, 127.1, 126.9, 122.9, 91.8, 81.9, 54.9,
52.2, 33.3, 28.4, 22.2, 13.9 ppm; IR (film): �� � 3062 (w), 3028 (m), 2955 (m),
2932 (m), 2228 (vw), 1604 (w), 1494 (s), 1454 (s), 804 (m), 747 (s), 699 cm�1


(vs); MS:m/z (%): 311 (100) [M��C4H9], 219 (3), 194 (4), 116 (3), 91 (67);
HRMS (EI): m/z : calcd for C22H19N2 [M��C4H9]: 311.1548; found:
311.1558.


N 4,N 4-Diallyl,N 7,N 7-dibenzyl-2-methyl-5-undecyne-4,7-diamine (4): The
reaction was carried out according to procedure A with enamine 1 i
(0.149 g, 0.90 mmol, 1.2 equiv), N,N-dibenzyl-1-heptyn-3-amine (3ad)
(0.219 g, 0.75 mmol), CuBr (5.4 mg, 0.0375 mmol, 5.0 mol %), and n-decane
(0.100 g, 0.70 mmol) in toluene (2 mL) at 60 �C for 19 h. Standard workup
and column chromatographic purification (silica gel, pentane/Et2O 93:7)
afforded 4 (0.342 g, 0.74 mmol, 99%, diastereomeric ratio 1:1) as a
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colorless oil. 1H NMR (400 MHz, CDCl3): �� 7.32 ± 7.30 (m, 4 H), 7.23 (t,
J� 8.0 Hz, 4 H), 7.17 ± 7.13 (m, 2 H), 5.85 ± 5.75 (m, 2H), 5.18 (d, J� 17.0 Hz,
2H), 5.06 (d, J� 10.0 Hz, 2H), 3.75 (d, J� 13.7 Hz, 2 H), 3.63 (t, J� 7.6 Hz,
1H), 3.33 (d, J� 13.7 Hz, 2H), 3.34 ± 3.24 (m, 3 H), 2.90 (dd, J� 14.0,
6.1 Hz, 2H), 1.82 (sept, J� 6.8 Hz, 1H), 1.67 ± 1.51 (m, 2H), 1.48 (t, J�
7.1 Hz, 2 H), 1.40 ± 1.24 (m, 2H), 1.18 ± 1.08 (m, 2H), 0.89 (d, J� 6.7 Hz,
3H), 0.86 (d, J� 6.8 Hz, 3 H), 0.78 ppm (t, J� 7.3 Hz, 3 H); 13C NMR
(75 MHz, CDCl3): �� 140.0, 136.9, 128.8, 128.2, 126.8, 116.9, 82.9, 82.5,
55.0, 54.2, 51.8, 50.8, 43.4, 33.9, 28.6, 25.2, 22.8, 22.5, 22.3, 14.0 ppm; MS:
m/z (%): 400 (19) [M��C4H9], 399 (62), 266 (10), 234 (27), 166 (10), 134
(22), 91 (100); HRMS (EI): m/z : calcd for C32H45N [M��H]: 457.3583;
found: 457.3607; IR (film): �� � 2955 (vs), 2932 (vs), 2870 (m), 2812 (m), 1454
(m), 919 (m), 698 cm�1 (s); elemental analysis calcd (%) for C32H45N: C
84.16, H 9.71, N 6.11; found: C 84.09, H 10.09, N 6.03.


N-Benzyl-1-phenyl-1-heptyn-3-amine (7a)


Typical procedure C : Pd(dba)2 (29 mg, 0.05 mmol, 5 mol %) and dppb
(21 mg, 0.05 mmol, 5 mol %) were dissolved in THF (1 mL) and the
reaction mixture was stirred at room temperature for 15 min. In a second
flask, thiosalicylic acid (6) (0.170 g, 1.10 mmol, 1.1 equiv) was dissolved in
THF (2 mL), propargylamine 3b (0.317 g, 1.00 mmol) was added and the
reaction mixture stirred for 15 min. The catalyst solution was then added
dropwise to the amine solution and stirred at room temperature for 5 h.
After dilution with Et2O, extraction with saturated Na2CO3 solution, and
drying over MgSO4, the crude product was purified by column chromatog-
raphy (silica gel, pentane/Et2O 4:1) to afford 7a (0.249 g, 0.90 mmol, 90%)
as a colorless oil.


The chiral reaction was similarly performed with Pd(dba)2 (12 mg,
0.021 mmol, 5 mol %), dppb (9 mg, 0.021 mmol, 5 mol %), 6 (96 mg,
0.62 mmol, 1.5 equiv), and 3b (132 mg, 0.42 mmol) at room temperature
for 2 h. Standard workup and column chromatographic purification (silica
gel, pentane/Et2O 4:1) yielded 7a (105 mg, 0.38 mmol, 91%, 82% ee) as a
colorless oil. [�]20


D ��66 (c� 0.38 in CHCl3); HPLC (OD-H, 99 % n-
heptane/1 % isopropanol, 0.9 mL min�1): tr (min)� 30.6 (�), 41.8 (�);
1H NMR (CDCl3, 300 MHz): �� 7.40 ± 7.10 (m, 10H), 4.00 (d, J� 12.8 Hz,
1H), 3.80 (d, J� 12.9 Hz, 1H), 3.50 (t, J� 6.8 Hz, 1 H), 1.73 ± 1.55 (m, 2H),
1.50 ± 1.35 (m, 3H), 1.28 (sext, J� 7.2 Hz, 2H), 0.83 ppm (t, J� 7.3 Hz, 3H);
13C NMR (CDCl3, 75 MHz): �� 140.1, 131.6, 128.34, 128.32, 128.2, 127.8,
126.9, 123.4, 91.1, 83.9, 51.5, 50.0, 35.8, 28.3, 22.5, 13.9 ppm; IR (film): �� �
3083 (w), 3029 (w), 2956 (s), 2931 (s), 2205 (vw), 1622 (w), 1599 (w), 1490
(s), 1454 (s), 756 (vs), 692 cm�1 (vs); MS: m/z (%): 277 (1) [M�], 220 (100),
128 (3), 115 (7), 91 (39); HRMS (EI): m/z : calcd for C20H24N [M��H]:
278.1909; found: 278.1895; elemental analysis calcd (%) for C20H24N: C
86.59, H 8.36, N 5.05; found: C 86.27, H 8.26, N 5.10.


N-Ferrocenylmethyl-1-phenyl-1-heptyn-3-amine (7b)


Typical procedure D : Pd(PPh3)4 (17 mg, 0.015 mmol, 5 mol %) and 8
(140 mg, 0.90 mmol, 3 equiv) were dissolved in CH2Cl2 (2.5 mL). A
solution of 3e (0.128 g, 0.30 mmol) in CH2Cl2 (2.5 mL) was added at room
temperature and the reaction mixture was stirred for 2 h. After evaporation
of CH2Cl2 in vacuo, the residue was dissolved in Et2O. The organic phase
was extracted with saturated K2CO3 solution and dried over MgSO4.
Column chromatographic purification (silica gel, pentane/Et2O 2:1)
afforded 7b (0.116 g, 0.30 mmol, 99 %) as an orange-brown oil.


The chiral reaction was similarly performed with [Pd(PPh3)4] (3.0 mg,
0.0025 mmol, 5 mol %), 8 (23 mg, 0.15 mmol, 3 equiv) and 3e (21 mg,
0.05 mmol) in CH2Cl2 (2 mL). Standard workup and column chromato-
graphic purification (silica gel, pentane/Et2O 2:1) yielded 7b (15 mg,
0.04 mmol, 78 %, 76% ee) as an orange-brown oil. [�]20


D ��32 (c� 0.55 in
CHCl3); HPLC (OD-H, 99 % n-heptane/1 % isopropanol, 0.2 mL min�1): tr
(min)� 61.8 (�), 66.2 (�); 1H NMR (300 MHz, CDCl3): �� 7.49 ± 7.46 (m,
2H), 7.35 ± 7.30 (m, 3 H), 4.27 ± 4.24 (m, 2H), 4.15 (s, 5 H), 4.12 ± 4.11 (m,
2H), 3.81 (d, J� 13.0 Hz, 1 H), 3.65 (t, J� 6.8 Hz, 1 H), 3.60 (t, J� 12.8 Hz,
1H), 1.77 ± 1.68 (m, 2H), 1.58 ± 1.35 (m, 5 H), 0.94 ppm (t, J� 7.2 Hz, 3H);
13C NMR (75 MHz, CDCl3): �� 131.6, 128.3, 127.9, 123.5, 91.3, 86.9, 83.3,
68.6, 68.4, 68.0, 67.7, 67.6, 50.3, 46.4, 35.8, 28.3, 22.5, 14.0 ppm; MS:m/z (%):
385 (20) [M�], 353 (19), 352 (91), 288 (16), 287 (100), 200 (15), 199 (38), 173
(18), 145 (22), 121 (24); HRMS (EI): m/z : calcd for C24H27FeN [M�]:
385.1493; found: 385.1521; IR (film): �� � 2956 (s), 2931 (s), 2859 (m), 1490
(m), 1443 (m), 1105 (m), 818 (m), 756 (vs), 691 (vs), 484 cm�1 (m).


1-Phenyl-1-heptyn-3-amine (7c): The reaction was carried out according to
procedure D with Pd(PPh3)4 (58 mg, 0.005 mmol, 5 mol %), 8 (0.937 g,


6.00 mmol, 6 equiv), and 3a (0.267 g, 1.00 mmol) in CH2Cl2 (3 mL) at room
temperature for 90 min. Purification of the crude product (solution in
Et2O) was achieved by extraction with HCl solution (2�), then treatment
with saturated K2CO3 solution (pH� 8), extraction of the aqueous layers
with CH2Cl2 and drying over MgSO4 to yield 7c (0.170 g, 0.91 mmol, 91%)
as a yellow oil.


The chiral reaction was similarly performed with [Pd(PPh3)4] (11 mg,
0.009 mmol, 5 mol %), 8 (175 mg, 1.12 mmol, 6 equiv), and 3a (50 mg,
0.19 mmol) in CH2Cl2 (2 mL) at room temperature for 90 min and yielded
7c (28 mg, 0.15 mmol, 80%) as a yellow oil. [�]20


D ��5 (c� 1.02 in CHCl3);
1H NMR (CDCl3, 300 MHz): �� 7.35 ± 7.28 (m, 2H), 7.23 ± 7.15 (m, 3H),
3.68 (t, J� 6.5 Hz, 1 H), 1.70 ± 1.10 (m, 6 H), 0.86 ppm (t, J� 7.2 Hz, 3H);
13C NMR (CDCl3, 75 MHz): �� 131.5, 128.2, 127.8, 123.3, 93.1, 82.4, 44.0,
38.0, 28.2, 22.4, 14.0 ppm; IR (film): �� � 3370 (w), 3057 (w), 2931 (s), 2957
(vs), 2859 (m), 1682 (w), 1598 (m), 1490 (s), 756 (vs), 692 cm�1 (vs); MS:
m/z (%): 186 (1) [M��H], 130 (100), 115 (3), 103 (11), 77 (7); HRMS (EI):
m/z : calcd for C13H16N [M��H]: 186.1283; found: 186.1281.


N-Allyl-1-phenyl-1-heptyn-3-amine (7d)


Starting from 3a : The reaction was carried out according to procedure C
with Pd(dba)2 (29 mg, 0.05 mmol, 5 mol %), dppb (21 mg, 0.05 mmol,
5 mol %), 6 (0.185 g, 1.2 mmol, 1.2 equiv), and 3a (0.267 g, 1.00 mmol) in
THF (3 mL) at 0 �C for 2 h. Standard workup and column chromatographic
purification (silica gel, pentane/Et2O 1:1) yielded 7d (0.170 g, 0.75 mmol,
75%) as a colorless oil. The chiral reaction was similarly performed with
[Pd(dba)2] (5.4 mg, 0.009 mmol, 5 mol %), dppb (4.0 mg, 0.009 mmol,
5 mol %), 6 (35 mg, 0.22 mmol, 1.2 equiv), and 3a (50 mg, 0.19 mmol) in
THF (3 mL) at 0 �C for 2 h. Standard workup and column chromatographic
purification (silica gel, pentane/Et2O 1:1) yielded 7d (25 mg, 0.11 mmol,
62%, 77 % ee) as a colorless oil. [�]20


D ��46 (c� 0.75 in CHCl3); HPLC
(OD-H, 99 % n-heptane/1 % isopropanol, 0.6 mL min�1): tr (min)� 8.6 (�),
11.2 (�); 1H NMR (CDCl3, 300 MHz): �� 7.38 ± 7.30 (m, 2 H), 7.25 ± 7.15
(m, 3 H), 5.95 ± 5.80 (m, 1H), 5.22 ± 5.02 (m, 2 H), 3.56 ± 3.44 (m, 2 H), 3.33 ±
3.22 (m, 1 H), 1.72 ± 1.54 (m, 2 H), 1.52 ± 1.11 (m, 4 H), 0.86 ppm (t, J�
7.2 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 136.5, 131.6, 128.2, 127.9,
123.4, 116.2, 91.0, 83.8, 51.5, 50.2, 35.9, 28.3, 22.5, 14.0 ppm; IR (film): �� �
3316 (m), 3080 (w), 2957 (s), 2931 (s), 1598 (w), 1490 (m), 918 (m), 756 (vs),
691 cm�1 (s); MS: m/z (%): 226 (1) [M��H], 170 (100), 128 (18), 115 (11),
91 (3), 77 (2); HRMS (EI): m/z : calcd for C16H22N [M��H]: 228.1752;
found: 228.1759; elemental analysis calcd (%) for C16H22N: C 84.53, H 9.31,
N 6.16; found: C 84.76, H 9.74, N 6.09.


Starting from 3 f: Propargylamine 3 f (78 mg, 0.20 mmol) was dissolved in
CF3CO2H (3 mL). Et3SiH (116 mg, 1.00 mmol, 5 equiv) was added at room
temperature and then the reaction mixture was heated to 80�C for 2 h. After
cooling to room temperature, the mixture was diluted with CH2Cl2,
hydrolyzed and neutralized with saturated K2CO3 solution. The organic
layer was separated, washed with saturated K2CO3 solution and dried over
MgSO4. Column chromatographic purification (silica gel, pentane/Et2O 4:1
then 1:1) afforded 7d (40 mg, 0.18 mmol, 88%) as a colorless oil. The chiral
reaction was similarly performed with 3 f (60 mg, 0.15 mmol), CF3CO2H
(2.5 mL), and Et3SiH (87 mg, 0.75 mmol, 5 equiv) and yielded 7d (17 mg,
0.075 mmol, 50%, 50% ee). [�]20


D ��25 (c� 0.50 in CHCl3); HPLC (OD-H,
99% n-heptane/1% isopropanol, 0.3 mLmin�1): tr (min)� 18.8 (�), 23.7 (�).


1-Cyclohexyl-3-phenyl-propyl-1-amine (7e): Palladium on charcoal (10 %,
0.550 g) was suspended in methanol (5 mL) under a hydrogen atmosphere
(1 atm). A solution of 3w (0.550 g, 1.40 mmol) in methanol (5 mL) was
added at room temperature and the reaction mixture was stirred for 14 h.
After filtration over Celite and evaporation of the solvent in vacuo, the
crude product was purified by bulb-to-bulb destillation in vacuo to yield 7e
(0.213 g, 0.98 mmol, 70 %) as a colorless oil which slowly crystallized. M.p.
�25 �C; 1H NMR (CDCl3, 300 MHz): �� 7.28 ± 7.09 (m, 5 H), 2.79 ± 2.65
(m, 1H), 2.59 ± 2.40 (m, 2 H), 1.80 ± 1.40 (m, 7 H), 1.24 ± 0.82 ppm (m, 8H);
13C NMR (CDCl3, 75 MHz): �� 142.6, 128.32, 128.30, 125.6, 55.7, 44.0, 36.7,
33.0, 29.6, 27.8, 26.63, 26.55, 26.42 ppm; IR (film): �� � 3083 (w), 3029 (w),
2956 (s), 2931 (s), 2205 (vw), 1622 (w), 1599 (w), 1490 (s), 1454 (s), 756 (vs),
692 cm�1 (vs); MS: m/z (%): 218 (2) [M��H], 134 (100), 117 (28), 104 (4),
91 (62); HRMS (EI): m/z : calcd for C15H24N [M��H]: 218.1909; found:
218.1893; elemental analysis calcd (%) for C15H24N: C 82.89, H 10.67, N
6.44; found: C 82.46, H 10.77, N 6.08.


2-Benzyl-1-butyl-6-phenyl-2,3,3a,4-tetrahydrocyclopenta[c]-pyrrol-5(1H)-
one (9)
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Typical procedure E : Co2(CO)8 (135 mg, 0.40 mmol, 1.2 equiv) was dis-
solved in Et2O (3.5 mL). A solution of 3b (105 mg, 0.33 mmol) in Et2O
(1.5 mL) was added at room temperature (CO evolution observed) and
stirred for 1 h. After filtration over Celite, the solvent was evaporated and
the residue was dissolved in CH2Cl2 (5 mL). This solution was added to a
suspension of Me3NO (183 mg, 1.65 mmol, 5.0 equiv) in MeCN (5 mL) and
the reaction mixture was stirred for 14 h. Evaporation of the solvents in
vacuo and column chromatographic purification (silica gel, pentane/Et2O
1:1) afforded 9 (57 mg, 0.16 mmol, 50 %, diastereomeric ratio�� 99:1) as
a yellow oil. 1H NMR (CDCl3, 400 MHz): �� 7.40 ± 7.16 (m, 10H), 3.95 (d,
J� 13.1 Hz, 1H), 3.68 ± 3.60 (m, 1H), 3.48 ± 3.40 (m, 1 H), 3.40 (d. J�
14.0 Hz, 1 H), 3.26 (t, J� 7.5 Hz, 1H), 3.20 ± 3.06 (m, 1H), 2.63 (dd, J�
17.9, 6.4 Hz, 1H), 2.15 (dd, J� 18.0, 3.7 Hz, 1H), 1.88 (dd, J� 10.5, 8.4 Hz,
1H), 1.75 ± 1.58 (m, 2 H), 1.54 ± 1.40 (m, 1H), 1.25 ± 1.15 (m, 2 H), 0.78 ppm
(t, J� 7.1 Hz, 3 H); 13C NMR (CDCl3, 100 MHz): �� 207.6, 182.7, 138.9,
135.1, 131.6, 128.7, 128.4, 128.32, 128.30, 127.9, 127.1, 63.7, 59.3, 57.9, 42.6,
40.0, 33.6, 27.4, 22.9, 14.0 ppm; IR (film): �� � 3060 (m), 3029 (m), 2958 (s),
2930 (s), 1713 (vs), 1601 (m), 1495 (s), 1454 (s), 1137 (s), 756 (m), 698 cm�1


(s); MS:m/z (%): 345 (7) [M�], 288 (100), 168 (3), 141 (3), 115 (3), 91 (52);
HRMS (EI): m/z : calcd for C24H27NO [M�]: 345.2093; found: 345.2063.


1-Butyl-2-(4-methoxybenzyl)-6-phenyl-2,3,3a,4-tetrahydrocyclo-penta[c]-
pyrrol-5(1H)-one (10): The reaction was carried out according to proce-
dure E with Co2(CO)8 (113 mg, 0.33 mmol, 1.1 equiv) and 3g (104 mg,
0.30 mmol) in pentane (4 mL) at room temperature for 45 min. The
oxidation was performed with Me3NO (167 mg, 1.50 mmol, 5.0 equiv) in
CH2Cl2/MeCN (1:1, 10 mL) at room temperature for 5 h. Standard workup
and column chromatographic purification (silica gel, pentane/Et2O 1:1)
afforded 10 (43 mg, 0.11 mmol, 38%, diastereomeric ratio � 99:1) as a
yellow oil.


The chiral reaction was similarly performed with Co2(CO)8 (64 mg,
0.19 mmol, 1.1 equiv), 3g (60 mg, 0.19 mmol), and Me3NO (94 mg,
0.85 mmol, 5.0 equiv) to yield 10 (20 mg, 0.05 mmol, 31%, 68 % ee).
[�]20


D ��21 (c� 0.55 in CHCl3); HPLC (OD-H, 98% n-heptane/2 %
isopropanol, 0.6 mL min�1): tr (min)� 46.4 (�), 51.1 (�); 1H NMR
(300 MHz, CDCl3): �� 7.38 ± 7.22 (m, 5H), 7.17 (d, J� 8.9 Hz, 2H), 6.79
(d, J� 8.7 Hz, 2 H), 3.88 (d, J� 13.3 Hz, 1H), 3.74 (s, 3H), 3.61 (t, J�
3.5 Hz, 1 H), 3.37 (d, J� 13.0 Hz, 1H), 3.24 (t, J� 7.5 Hz, 1H), 3.18 ± 3.08
(m, 1 H), 2.64 (dd, J� 17.7, 6.7 Hz, 1H), 2.15 (dd, J� 18.0, 3.3 Hz, 1H), 1.87
(dd, J� 10.6, 7.8 Hz, 1H), 1.74 ± 1.59 (m, 2 H), 1.54 ± 1.40 (m, 2 H), 1.27 ± 1.11
(m, 2H), 0.78 ppm (t, J� 7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3): ��
207.7, 182.8, 158.8, 135.0, 131.6, 130.9, 129.8, 128.4, 128.3, 127.9, 113.7, 63.5,
58.6, 57.8, 55.3, 42.5, 40.1, 33.7, 27.4, 22.9, 14.0 ppm; MS: m/z (%): 375 (6)
[M�], 318 (26), 121 (100); HRMS (EI): m/z : calcd for C25H29NO2 [M�]:
375.2198; found: 375.2177; IR (film): �� � 2956 (s), 2931 (s), 2858 (m), 1706
(vs), 1612 (m), 1512 (vs), 1465 (m), 1300 (m), 1249 (vs), 1175 (m), 1136 (m),
1035 (m), 697 cm�1 (m).


N,N-Dibenzyl-1-phenyl-1-heptyn-3-amine (12): The reaction was carried
out according to procedure A with enamine 1g (0.345 g, 1.30 mmol,
1.3 equiv), phenylacetylene-d (2q) (0.102 g, 1.00 mmol), CuBr (7 mg,
0.05 mmol, 5.0 mol %), and n-decane (0.100 g, 0.70 mmol) in toluene
(2 mL) at room temperature for 14 h. Standard workup and column
chromatographic purification (silica gel, pentane/Et2O 98:2) afforded 12
(0.334 g, 0.91 mmol, 91%, �90 % deuterium incorporation) as a colorless
oil. 1H NMR (CDCl3, 300 MHz): �� 7.46 ± 7.10 (m, 15 H), 3.82 (d, J�
13.7 Hz, 2 H), 3.56 ± 3.48 (m, 1 H), 3.42 (d, J� 13.7 Hz, 2H), 1.80 ± 1.60
(m, 1H), 1.42 ± 1.24 (m, 2 H), 1.15 (sext, J� 7.2 Hz, 2 H), 0.79 ppm (t, J�
7.3 Hz, 3H); 13C NMR (CDCl3, 75 MHz): �� 139.9, 131.8, 128.8, 128.3,
128.2, 127.8, 126.8, 123.6, 88.1, 85.2, 55.0, 52.1 (t, J� 5.0 Hz), 33.6, 33.2 (t,
J� 19.3 Hz), 28.5 (t, J� 7.3 Hz), 22.3 (t, J� 2.0 Hz), 13.5 ppm; IR
(film): �� � 3024 (m), 2924 (m), 2858 (w), 1639 (m), 1606 (s), 1488 (m),
1443 (m), 994 (s), 913 (vs), 790 (m), 702 cm�1 (vs); MS: m/z (%): 310 (100)
[M��C4H8D], 218 (2), 191 (2), 115 (5), 91 (56); HRMS (EI):m/z : calcd for
C27H26DN [M�� 2 H]: 365.2127; found: 365.2098.
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Laser Spectroscopic Studies of Interactions of UVI with Bacterial Phosphate
Species


Roger Knopp,[a] Petra J. Panak,[a] Lewis A. Wray,[a] Neil S. Renninger,[b] Jay D. Keasling,[b]
and Heino Nitsche*[a, c]


Abstract: We have investigated the in-
teractions of UVI with two bacterial
phosphate-containing species: Gram-
positive Bacillus sphaericus and Gram-
negative Psedomonas aeruginosa. The
Gram-positive B. sphaericus was inves-
tigated by using Raman spectroscopy
and time-resolved laser-induced fluores-
cence spectroscopy (TRLFS). We found
that living cells, spores, and intact heat-


killed cells complexed UVI (pH 4.5)
through phosphate groups bound to
their surfaces, while decomposed cells
released H2PO4


� and precipitated UVI as
UO2(H2PO4)2. TRLFS of UVI showed


that Gram-negative P. aeruginosa–ge-
netically engineered to accumulate poly-
phosphate, subsequently degrade it, and
secrete phosphate–precipitated UVI


quantitatively at pH 4.5. The same bac-
terial strain, not induced to secrete
phosphate, sorbed only a small amount
of UVI.


Keywords: bacteria ¥ fluorescence
spectroscopy ¥ phosphate ¥ Raman
spectroscopy ¥ sorption ¥ uranium


Introduction


Bacteria, ubiquitous in all aquatic and soil systems, can
interact in many ways with actinides; among other things, they
can mobilize or immobilize actinides in the environment,
leading to their dissolution or precipitation.[1] Understanding
the interactions between bacteria and actinides is a key to
industrial applications of these processes and is also necessary
to predict the migration behavior of actinides in the bio-
sphere. For example, mobilization of actinides by ™bioleach-
ing∫ can be used for mining operations,[2] whereas immobi-
lization of actinides by bacteria is useful for bioremediation of
actinides from aqueous nuclear waste.[3, 4] Both dissolution
and precipitation must be taken into account to predict the
migration behavior of radionuclides in the environment.[5]


The highly complex interactions of bacteria with actinides
are only partly understood, due to differences in their surface
and metabolic processes. Actinides interact mainly with


functional groups on the cell surface[6, 7] and with metabolic
products released by bacteria.[8] Only in certain cases can
actinides penetrate the cell walls and be taken up by the
bacteria.[9] Bacteria can actively change their chemical
environment; in particular, they can achieve a chemical
microenvironment close to the cell wall that can affect the
oxidation state or the solubility of actinides.[1, 8, 10, 11]


The general chemical environment can also affect bacteria.
Lack of nutrients, competition by other organisms, or changes
in overall physical and chemical conditions of the aquatic
system can lead to sporulation or the death of cells. Living
cells, bacterial spores, and dead bacteria interact differently
with actinides.[6, 12] Previous research has compared the
sorption of actinides by binding to functional groups on the
surface of various bacterial strains, spores, and dead cells. The
binding strength and reversibility of the binding has also been
examined by extraction experiments.[6] The aim of the present
investigation is to elucidate the nature of the chemical
interactions between actinides and bacteria. We focus on the
influence of phosphate, which is present as a major functional
group in cell walls.[7] Phosphate groups on the surface of many
bacterial species are found to be the main site for actinide
sorption.[6] Phosphate is also an essential nutrient and there-
fore an important component in cellular metabolism. Re-
leased by bacteria, phosphate may lead to precipitation of
actinide phosphates, a phenomenon that may be useful for the
bioremediation of actinides from aqueous systems.[13]


Few analytical methods can provide information on the
chemical environment of actinides at low concentrations in
aqueous bacterial suspensions. Two methods that are suitable
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for studying interfacial processes of selected metal ions on cell
surfaces are time-resolved laser-induced fluorescence spec-
troscopy (TRLFS)[6, 14] and surface-enhanced or resonance
Raman spectroscopy.[15, 16] TRLFS can detect changes in the
chemical environment of fluorescing actinides through
changes in their fluorescence spectra. UVI, for example, has
excellent fluorescence properties. Raman spectroscopy can
provide information on the nature of bacterial phosphate
species by comparing their Raman shifts with reference
compounds. By combining the information obtained by
TRLFS and Raman spectroscopy, we can achieve a compre-
hensive understanding of the interactions of UVI with bacterial
phosphate groups.


Experimental Section


Sample preparation


Samples of Bacillus sphaericus : The B. sphaericus (ATCC 14577) samples
were grown under aerobic conditions in nutrient medium (500 mL, 8 gL�1


nutrient broth, Difco) at 22 �C. The biomass was separated from the growth
medium by centrifugation (6000� g) and washed four times with physio-
logical NaCl solution (40 mL, 0.9%). The concentration of the bacterial
stock solution was 2.34 gL�1, and the pH was 4.5. A detailed description of
the preparation of the bacteria and the spores is given in refs. [6, 12].


Samples of Pseudomonas aeruginosa : The polyphosphate kinase gene
(ppk) from P. aeruginosa was cloned and placed under the control of the
Ptac-lac promoter in pMMB206[17] and transformed into P. aeruginosa
HN854[18] by triparental mating. Experiments were conducted in minimal
MOPS medium[19] containing 3% glycerol as a carbon source and glycerol-
2-phosphate (15 m�–phosphate-starvation conditions). The antibiotics
chloramphenicol and streptomycin were added at concentrations of
50 �gmL�1 and 100 �gmL�1, respectively. Cells were grown under phos-
phate-starvation conditions in minimal medium for 24 h. Excess phosphate
was added to a final concentration of 13.2 m�. In induced samples,
isopropyl �-�-thiogalactopyranoside (IPTG; 1 m�) was added to induce
polyphosphate accumulation. Cells were incubated for 24 h after addition
of excess phosphate. They were then centrifuged at 14000� g, washed with
NaCl solution (50 m�), and centrifuged again. Freshly grown cultures of
genetically engineered P. aeruginosa, with and without IPTG to induce ppk
expression, were washed and suspended in KNO3 solution (0.1�) at
pH 4.5; this resulted in a biomass concentration of 1.1 gL�1. A uranyl
solution (pH 4.5) was added immediately to give an overall concentration
of 0.5 m� (0.135 gL�1) UO2


2�.


Uranium(��) reference complexes : Reference solutions of UVI were
prepared by dilution of a UVI stock solution (10�2�) in HClO4 (0.1�).
The pH for all solutions was adjusted with HClO4 and NaOH. The
following substances were used as references for spectroscopy (dissolved in
distilled water at pH 4.5): 5�-adenosine triphosphate disodium salt (ATP,
C10H14N5Na2O13P3 ¥ xH2O, TCI America), adenosine 5�-monophosphate
(AMP, C10H14N5O7P ¥ xH2O, TCI America), potassium phosphate (K3PO4 ¥
xH2O, Baker Analyzed), potassium hydrogen phosphate (K2HPO4 ¥ 3H2O,
Mallinckrodt), potassium dihydrogen phosphate (KH2PO4, Mallinckrodt),
and polyphosphate with an average chain length of 77 monomers (sodium
phosphate glass, Sigma).


Instrumentation


Time-resolved laser-induced fluorescence spectroscopy : To excite UVI


fluorescence, we used a pulsed Nd-YAG laser (Spectra Physics, GCR-3)
operating at a wavelength of 355 nm (achieved by third-harmonic
generation from the 1064 nm primary emission). The laser energy (1.6 ±
2.0 mJ) was monitored by a calibrated energy meter (Newport, 1812C). The
laser beam passed through a 1 cm path-length quartz cuvette containing the
samples. The fluorescence emission perpendicular to the laser beam axis
was focused with a lens system onto the 1 mm entrance slit of a
spectrograph (Acton Research, Spectra Pro 500i) with three gratings. A
grating with 300 lines per mm and a spectral resolution of 1.7 nm was used.
The fluorescence emission was detected by an intensified, gated CCD-


camera system (Princeton Instruments, PI-Max). A combined camera
controller, pulser, and timing generator (Princeton Instruments, ST-133)
can set a variable time delay and time gate. A delay time of 2 �s after the
lamp trigger signal of the laser was found to be optimal for discriminating
light scattering. The gate width was set to 1 ms. One hundred spectra were
accumulated for every measurement. All functions of the spectrograph,
controller, pulser, timing generator, CCD-camera, and data collection were
controlled by a personal computer by using the program Winspec2.4
(Princeton Instruments).


Raman spectroscopy : A continuous-wave argon-ion laser (Coherent,
Innova300) with a wavelength of 514 nm and a laser power of 2.5 W was
used for Raman spectroscopy. The laser beam passed through a rectangular
quartz cuvette containing the sample. The scattered light, perpendicular to
the beam axis, was focused by a lens system onto the entrance slit of a 2 m
spectrograph (Spex) with a resolution of 0.01 nm. An optional cutoff filter
(Hoya, Y52) was placed in front of the entrance slit to reduce Rayleigh
scattering. Raman emission was detected by a photomultiplier (Products
for Research, Inc., R375). The photomultiplier signal was read by a photon
counter (Stanford Research, SR400) and processed with a PC.


Results


Interaction of UVI with living and decomposed cells of Gram-
positive Bacillus sphaericus : Sorption experiments with
actinides and bacteria are usually performed with freshly
grown biomass; thus they do not take into account trans-
formations that the bacteria can undergo with time. Most
bacillus strains (i.e. , B. sphaericus) can sporulate, and the
spores accumulate actinides differently than do living cells.[6]


Also, differences in the coordination sphere of UVI interacting
with freshly grown and aged biomass samples have been
detected by X-ray absorption fine structure spectroscopy
(XAFS).[12, 20] Thus we used laser spectroscopy to investigate
the differences in the interaction of UVI with living Bacillus
cells, spores, and heat-killed and decomposed cells. XAFS and
TRLFS of UVI have shown that the metal ion is complexed
primarily by phosphate groups on the bacterial surface.[6]


However, the nature of the phosphate bonding (i.e., organ-
ically bound phosphate, polyphosphates, or monomeric in-
organic phosphates) is still unknown, and determining the
nature of this bonding was the aim of this study.


The peptidoglycan layer of Gram-positive bacterial cell
walls contains teichoic acids, acidic polysaccharides with
organically bound phosphate groups.[21] Adenosine mono-
phosphate (AMP) has a phosphate group bound in a similar
way. In both substances the phosphate group is bound to a
sugar via carbon (-CH2-) by single bonding. Assuming that
UVI will interact with the two species similarly, we used AMP
as a model substance for teichoic acids. Its spectrum is shown
as line II in Figure 1 (also see Table 1). Uranyl (2.1� 10�4�),
in contact with freshly grown B. sphaericus (biomass:
1.17 gL�1) for 12 h at pH 4.5, showed a nearly identical
fluorescence spectrum to uranyl-AMP (Figure 1, spec-
trum III; Table 1). This suggests that uranyl is complexed in
the same way by AMP and the bacterial surface via an
organically bound phosphate group. After the uranyl was left in
contact with theB. sphaericus suspension for twoweeks at room
temperature, only a minor peak shift (Table 1) and no other
significant changes in the spectrum occurred. Similarly, uranyl
complexes with bacillus spores and with killed intact cells
(prepared by heating at 60�C for 24 h) showed no significant
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Figure 1. Fluorescence spectra of: I) Bacillus sphaericus ; II) UVI-adeno-
sine monophosphate complex; III) UVI bound to living, fresh B. sphaericus ;
IV) UVI bound to B. sphaericus spores measured after 4 weeks; V) UVI


suspension with decomposed B. sphaericus ; VI) UVI precipitated with
NaH2PO4 at pH 4.5; VII) UVI-polyphosphate complex at pH 4.5. See also
footnote [b] in Table 1.


changes in the uranyl fluorescence spectra. Based on the
fluorescence spectra, no changes could be detected in the
chemical environment of the uranyl sorbed by living cells,
spores, and intact killed cells ofB. sphaericus. After 4 weeks at
room temperature, the uranyl-B. sphaericus suspension no
longer contained living cells (demonstrated by plating), and
the uranyl fluorescence shifted significantly, by about 3 nm, to
higher wavelengths, compared with the fresh cells (Figure 1,
spectrum IV; Table 1). Microscopic inspection of the cells
after 8 weeks showed that they were completely decomposed
and the cell walls were fragmented (pH unchanged at 4.5).
The corresponding fluorescence spectrum (Figure 1, spec-
trum V; Table 1) was further shifted to higher wavelengths by
about 1 nm. More significant was the change in half-width of
the fluorescence peaks, from 10.8 nm at 498 nm and 11.7 nm at
519 nm for uranyl bound to fresh cells (Figure 1, spectrum III)
to 5.9 nm at 502 and 7.1 nm at 524 nm (Figure 1, spectrum V).
The peak shift and the change in half-width of the emission
peaks indicate a major change in the chemical environment of
the uranyl ion.


When bacteria decompose, hydrolytic enzymes are known
to release large amounts of phosphate from organically bound


phosphate, that is, from the DNA of the bacteria.[22] Inorganic
monophosphate can complex the uranyl ion and, if the
solubility product of uranyl phosphates is exceeded, precip-
itation follows. We simulated this condition by adding
NaH2PO4 solution at pH 4.5 to a uranyl perchlorate solution
of the same pH. Immediate precipitation was observed
(Figure 1, spectrum VI; Table 1); the similarity between this
spectrum and that of uranyl in suspension with decomposed
bacteria (Figure 1, spectrum V; Table 1) suggests that the
uranyl precipitated in a similar way to the inorganic mono-
phosphate that was released by the bacteria. To demonstrate
that the uranyl was not stabilized in solution by oligo- or
polyphosphate complexation, we measured the fluorescence
spectrum of a uranyl ± polyphosphate complex (Figure 1,
spectrum VII; Table 1) and of a uranyl ± adenosine triphos-
phate ATP complex (Table 1). These two spectra were very
similar, indicating that the uranyl ion was complexed by the
terminal phosphate group of ATP and that the organic portion
of ATP had a negligible influence on the fluorescence of the
uranyl ion. The spectra of the uranyl ATP and uranyl
polyphosphate complex (Figure 1, spectrum VII) differed
significantly in shape and peak maximum from the previously
measured uranyl species, but agreed very well with spectra
reported for UO2H2PO4


�/UO2HPO4 (Table 1).[23, 24] The liter-
ature data, however, were recorded at pH 3 to avoid uranyl
phosphate precipitation. The similarity of these three spectra
implies a similar complexation and stabilization of the uranyl
ion.


To confirm the release of phosphate species by the
decomposition of the bacteria with a second analytical
method, we investigated suspensions of B. sphaericus
[pH 4.5, no UVI] by Raman spectroscopy. Due to the low
sensitivity of the method, the spectrum of fresh B. sphaericus
shows no identifiable Raman lines (Figure 2) at the 514 nm
wavelength used in this experiment. No resonance Raman
effect was observed, because most of the absorption maxima
of the cell wall components are in the UV region.[16] In
suspensions of decomposed B. sphaericus, however, distinct
Raman lines were detected (Figure 2; Table 2). Four Raman
lines were found at similar shifts for KH2PO4 (390, 792, 1078,
and 1165 cm�1) and for the decomposed bacteria (391, 794,
1066, 1183 cm�1). The line that undergoes a steady shift from


Table 1. Main fluorescence wavelengths of various uranyl-complexes.


Species Main fluorescence wavelengths [nm]/ Source
Peak width at half height [nm]


UO2
2� hydrolysis pH 4.98 500[a] 516 533 555[a] [25]


UO2
2� hydrolysis pH 4.5 500[a] 515 534 558[a] this work


UO2
2� AMP pH 4.5 497/10.7 519/11.4 542[a] 569[a] this work


UO2
2� B. sp. fresh pH 4.5[b] 498/10.8 519/11.7 542[a] 569[a] this work


UO2
2� B. sp. 2 weeks[b] 499/10.5 520/10.9 543[a] 571[a] this work


UO2
2� B. sp. 4 weeks[b] 502/9.7 523/10.5 547 573[a] this work


UO2
2� B. sp. decomposed[b] 502/5.9 524/7.1 548 574 this work


UO2
2�phosphate prec. pH 4.5 503/6.5 524/7.1 548 574 this work


UO2
2� polyphosphate pH 4.5 494/10.0 516/10.0 540 566 this work


UO2
2� ATP pH 4.5 495/9.0 517/9.4 540 566 this work


UO2
2� ATP pH 4.0 495.3� 0.4 516.5� 0.3 540.2� 0.5 564.6� 0. 9 [27, 28]


UO2H2PO4
�/UO2HPO4 pH 3 494 517 541 565 [23, 24, 29]


[a] Fluorescence peaks not clearly resolved, estimated maximum. [b] Spectra cannot be reliably corrected for fluorescence emission ofB. sp. Small changes in
the emission lines× intensities occur with time as the bacteria lyse and release small but increasing amounts of organic phosphate (see Figure 1).
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Figure 2. Raman spectra of mono-, di-, and tri-basic phosphate, as well as
living cells of and decomposed Bacillus sphaericus.


556 cm�1 to 537 cm�1 to 519 cm�1 for K3PO4, K2HPO4, and
KH2PO4, respectively, is shifted further to 467 cm�1 for the
decomposed bacteria. The appearance of Raman lines from
decomposed cells similar to lines of KH2PO4 is a further
indication of the release of a single or multiple phosphate
species (with unknown cations). We found that only very high
concentrations of dissolved phosphate (�10 m�, 0.95 gL�1


PO4
3�) were detectable with our Raman setup. It is unlikely


that this large amount of phosphate was released by the
bacteria (total biomass 1.17 gL�1). The intensity of the Raman
lines we found is therefore higher than expected for truly
dissolved phosphate. This indicates a precipitation or an
attachment on the cell surfaces of the phosphate species. Light
scattering increases dramatically when colloids or precipitates
are formed. Also possible is an enhancement of Raman lines
by attachment of phosphate on the surface of cell frag-
ments.[15]


Related XAFS studies of UVI[12] and PuVI[10] precipitated
with NaH2PO4 at pH 4.5 confirmed that the precipitate is
UO2(H2PO4)2. These data, combined with the fluorescence
and Raman spectra, lead to the conclusion that bacterial
decomposition released H2PO4


� that complexed the uranyl
and formed a precipitate of UO2(H2PO4)2 if the solubility
product of this species was exceeded.


Interaction of UVI with Gram-negative Pseudomonas aerugi-
nosa genetically engineered to secrete phosphate : We inves-
tigated the interaction of actinides with phosphate released by
genetically engineered P. aeruginosa. In the presence of the


inducer IPTG, these bacteria accumulate large intracellular
pools of polyphosphate. These pools, under carbon-starvation
conditions, are subsequently degraded, and the resulting
inorganic phosphate is secreted from the cell. Without the
inducer, much smaller amounts of phosphate–that is, part of
the endogenous metabolism of the bacteria–are released.


The uranyl ion was added to freshly grown and washed
samples of induced P. aeruginosa. Uninduced samples (not
induced to accumulate polyphosphate and secrete phosphate)
were used as a control. Fluorescence spectra were taken at
various time intervals from 5 min to 8 days after the uranyl
was added to the bacterial suspension. The spectra for the
control bacteria show the typical fluorescence expected for
uranyl hydrolysis products at pH 4.5 (Figure 3A).[25, 26] The


spectra did not change signifi-
cantly with time over 8 days,
and only small changes in the
chemical environment of the
uranyl were detectable between
5 minutes and 8 days. The small
changes in the emission lines×
intensities occur with time as
the bacteria lyse and release
small but increasing amounts
of organic phosphate. The spec-
tra cannot be reliably corrected
for this fluorescence contribu-
tion. However, in the fluores-
cence spectra of uranyl in sus-
pension with the induced bac-


teria (Figure 3B), emission lines evolve after 1 day, and the
broad spectrum, characteristic of the uranyl hydrolysis
products, diminished. This trend continued for 8 days until a
spectrum with distinct peaks developed. This spectrum did not
change further with time for the following 4 days. The
decomposition of the biomass prohibited longer-term inves-
tigations. No such change of the uranyl hydroxide complex-
ation was observed for the control bacteria. This leads to the
conclusion that surface complexation reactions or phosphate
released by the endogenous metabolism of the bacteria do not
interact significantly with the uranyl hydrolysis complex


Figure 3. Fluorescence spectra as a function of time after uranyl(��) is
added to: A) Pseudomonas aeruginosa not induced to secrete phosphate–
the dashed line is UVI at pH 4.5 without bacteria present. B) Pseudomonas
aeruginosa induced to secrete phosphate. See also footnote [b] in Table 3.


Table 2. Raman shifts of phosphate species.


Species Raman shifts [cm�1] and vibration modes Source


PO4
3� 420 556 ± 1013 [15]


416 554 936 1013
�s(PO4) �as(PO4) �s(PO4) �as(PO4)


HPO4
2� 402 537 850[a] 989 1086 [15, 30]


855 990 1083
397 534 852 989 1084


�(POH) �s(PO3) �as(PO3)
H2PO4


� 390 519 792 (949) 1078 1165 [30]


382 515 878 (949) 1075 1150
�s(P(OH)2) H2P2O7


2� �s(PO2) [a]


B. sp. decomp. 391 467 794 1066[a] 1183[a]


[a] Broad or not resolved peaks or shoulders. �� deformation, �� stretching, s� symmetric, as� asymmetric.
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under the given experimental conditions. A comparison of the
results of noninduced versus induced bacteria demonstrates
that the uranyl hydrolysis complex at pH 4.5 is replaced only
by complexation with phosphate released by the induced
bacteria.


To distinguish between uranyl hydrolysis products and
sorbed or precipitated uranyl species, samples of both induced
and uninduced bacterial suspensions underwent the following
procedure. At intervals from 5 min to 8 days the suspension
was divided into three equal samples. The supernatant from
the first sample was carefully separated from bacteria and
potential precipitates by centrifugation. The supernatant from
the remaining two samples was removed by centrifugation
and discarded. The cell pellet was washed, centrifuged, and
resuspended in KNO3 (0.1�), one sample at pH 4.5 and the
other at pH 3. At pH 3, no hydrolysis of uranium(��) occurs,
and free uranyl ion is the dominant species.[25, 26] The soluble
free uranyl ion was removed by washing the bacteria at pH 3,
assuming that the UVI complexed on the cell surface is not
affected severely by this process. We found no free uranyl ion
in solution during the experiment; this indicates that no
significant amount of UVI is desorbed from the cell surface.
Fluorescence spectra for the original suspension, the super-
natant, and the resuspended cells at pH 4.5 and pH 3 were
measured. Figure 4 shows the spectra two days after the


Figure 4. Fluorescence spectra of UVI-Pseudomonas aeruginosa 48 hours
after the suspension was prepared. A) Uninduced P. aeruginosa ; B) In-
duced P. aeruginosa. For both (A) and (B): I) no UVI; II) washed at pH 3;
III) washed at pH 4.5; IV) original suspension; V) supernatant of washing
at pH 4.5. See also footnote [b] in Table 3.


uranyl ion was added to the bacteria suspension. For the
noninduced bacteria, the spectra can be related to uranyl
hydrolysis products (Figure 4A, spectra III, IV, and V). The
spectra of the induced bacteria are dominated by uranyl
phosphate peaks, but the uneven peak height of the two main
peaks and the poor peak resolution can be explained by the
presence of uranyl hydrolysis products (Figure 4B, spectra III,


IV, and V). Uranyl hydrolysis products are found in the
supernatant and as a precipitate inseparable from the bacteria
at pH 4.5. At pH 3, uranyl hydrolysis products were converted
into the free uranyl ion, which is separated from the bacteria.
The uranyl fluorescence in the suspension at pH 3 of non-
induced P. aeruginosa consists of the broad fluorescence
background of the bacteria and of distinct fluorescence peaks
of UVI (Figure 4A, spectrum II). The similarity of this
spectrum to that of UVI sorbed on B. sphaericus (Figure 1,
spectrum III) indicates that the uranyl ion was sorbed on the
P. aeruginosa cell surface. The spectrum of the induced P.
aeruginosa at pH 3 is diminished in intensity by the removal of
uranyl hydrolysis species, and the two main peaks have the
same height (Figure 4B, spectrum II).


A comparison of all spectra of the bacterial suspensions at
pH 3 from 5 min to 8 days is shown in Figure 5. For the
noninduced P. aeruginosa (Figure 5A), only small changes in
the emission lines× intensities occurred with time. Again, this


Figure 5. Fluorescence spectra of A) uninduced and B) induced Pseudo-
monas aeruginosa, taken at various times after addition of UVI and after
washing at pH 3. Dashed lines: no UVI. See also footnote [b] in Table 3.


is mainly due to a small but increasing amount of organic
phosphate that is released as a fraction of the bacteria lyses
with time. No further sorption occurred, and the major part of
the uranyl ion was still in solution, either as free uranyl ion or
as uranyl hydrolysis products. This leads to the conclusion that
sorption on the surface of the bacteria, release of phosphate
by their endogenous metabolism, and/or decomposition of
cells have no major impact on the UVI within the time limits of
this experiment. This contrasts with the results of the Gram-
positive B. sphaericus, here under similar conditions nearly all
UVI is sorbed in one day.[12] The lower sorption capacity of P.
aeruginosa is most likely due to the absence of teichoic acids
in the cell wall of Gram-negative bacteria. In Gram-negative
bacteria, the complexing phosphate groups are part of the
outer cell membrane, which is not found in Gram-positive
bacteria.[21] The more complex structure of the Gram-negative
cell walls complicates any analysis of the location of potential
sorption sites.
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For P. aeruginosa induced to secrete phosphate (Figure 5B),
a steady increase in the intensity of the uranyl phosphate
peaks with time is visible. The continuous secretion of
phosphate by P. aeruginosa is most likely responsible for the
ongoing precipitation of uranyl phosphate species. After
8 days, 97% (error 3%) of the UVI could be removed from the
suspension by centrifugation.


To determine if the uranyl phosphate was precipitating
alone or as a coprecipitate with the biomass, we performed
one more experiment. UVI was added to induced P. aeruginosa
that had been secreting phosphate for 12 days. The resulting
spectrum (Figure 6A; Table 3) is nearly identical to that of a
UVI precipitate with NaH2PO4 at pH 4.5 without bacteria
present (dotted line, Figure 6A). Therefore, we conclude that
only one species of monophosphate is present, giving rise to
the same spectrum as a precipitate of UVI with H2PO4


�, and
the presence of the bacteria does not chemically change the
precipitate if the phosphate is released before the UVI is
added.


Comparing the spectrum of the UVI ± phosphate precipitate
without bacteria present (dotted line, Figure 6B) to that of the
former experiment with induced P. aeruginosa (line, Fig-
ure 6B), we find that the peak wavelength maxima of the


latter are shifted, and the full width at half maximum height of
the peaks has significantly increased (Table 3). Due to the
asymmetric peak shape, the spectrum could only be fitted with
two sets of Lorentzian peaks; this indicates that multiple
species were present. No clear separation of different species
could be achieved with time resolution. The differences in
fluorescence of P. aeruginosa in contact with UVI for 8 days
compared with a stand-alone precipitation of UVI phosphate
probably result from the slow release of phosphate leading to
uranyl precipitation/crystallization on the cell surface.


Besides phosphate, other functional groups on the bacteria
surfaces (hydroxyl, carboxyl) may affect the complexation or
precipitation of UVI. This assumption was confirmed by the
fluorescence spectrum of UVI in suspension with decomposed
P. aeruginosa (Figure 6C; Table 3), which is very similar to a
uranyl phosphate precipitate. After 8 weeks at room temper-
ature under aerobic conditions, P. aeruginosa may have
decomposed in a manner similar to B. sphaericus. When the
cell walls were destroyed, the weak complex/precipitate of
UVI on the cell surface is replaced by complexation/precip-
itation of UVI with inorganic phosphate.


Conclusion


With spectroscopy, only sorp-
tion of uranyl on the surface of
living B. sphaericus was detect-
ed. The main functional group
for uranyl uptake is organo-
phosphate on the cell surface.
No hydrolysis product or any
other uranyl complex was ob-
served in the fluorescence spec-
tra; this indicates that the sorp-
tion under the given conditions
is quantitative, which also is
predicted by sorption experi-
ments.[12] We found no evidence
of interactions of uranyl with
other functional groups, that is,
carboxylate on the cell surface,
or evidence for the formation of
stable uranyl complex in solu-
tion by chelating agents. (Side-
rophores are sometimes ex-
pressed by bacteria as a defense
against heavy metals.) The sim-
ilar uranyl fluorescence spectra
measured for living B. sphaer-
icus, spores, and dead cells in-
dicate no change in the nature
of the uranyl complexation.
Only differences in the quantity
of uranyl uptake of this species
were found.[11, 12] The significant
change in uranyl fluorescence
after decomposition of B.
sphaericus may be explained


Figure 6. Fluorescence spectra of UVI ± induced Pseudomonas aeruginosa ; A) UVI added after 12 days; B) in
contact with UVI for 8 days; C) in contact with UVI for 8 weeks, cells decomposed. Dotted lines: UVI-phosphate
precipitate at pH 4.5. See also footnote [b] in Table 3.


Table 3. Main fluorescence wavelengths of various uranyl-P. aeruginosa complexes.


Species Main fluorescence wavelengths [nm]/
Peak width at half height [nm]


UO2
2� hydrolysis at pH 4.5 (no bacteria) 500[a] 515 534 558[a]


UO2
2� suspension 8 d, pH 4.5, not induced[b] n.a. 519[a] 538a n.a.


UO2
2� suspension 8 d, pH 4.5, induced[b] 497/9.5 519/10.4 545 571


UO2
2� supernatant 8 d, pH 4.5, induced[b] 498/10.1 521/10.3 545 573


UO2
2� washed, pH 4.5, 8 d, induced [b] 497/9.8 519/10.5 544 571


UO2
2� washed, pH 3, 8 d, induced [b] 498/9.6 520/10.5 545 572


UO2
2� suspension 8 weeks, induced [b] 502/4.5 523/5.3 548 574


UO2
2� added after 12 days to induced P. aer.[b] 502/4.7 524/5.7 548 574


UO2
2�precipitate, pH 4.5 (no bacteria) 503/6.5 524/7.1 548 574


UO2
2� ATP, pH 4.5 (no bacteria) 495/9.0 517/9.4 540 566


[a] Fluorescence peaks not clearly resolved, estimated maximum. [b] Spectra cannot be reliably corrected for
fluorescence emission of B. sp. Small changes in the emission lines× intensities occur with time as the bacteria lyse
and release small but increasing amounts of organic phosphate (see also Figures 3 ± 5).
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by the decomposition of organophosphates to H2PO4
�, which


is released when the cells fragment form a UO2(H2PO4)2
precipitate with UVI. This leads to an immobilization of UVI


to an extent far higher than by sorption of UVI on living cells.
While living, dead, and decomposing bacteria are present in
natural aquifers, these processes need to be taken into account
for the prediction of the migration behavior of actinides.


Uninduced P. aeruginosa does not complex uranyl signifi-
cantly, so that most of the UVI is present as uranyl hydroxyl
complexes. Compared to the Gram-positive B. sphaericus,
Gram-negative P. aeruginosa immobilizes UVI by sorption to a
far lesser extent. It can be concluded that, in the metabolism
of P. aeruginosa under the conditions of our experiment, no
agents (phosphate or organic chelating agents) are produced
that complex UVI. With P. aeruginosa genetically engineered
to secrete phosphate, a complete immobilization of uranyl as a
uranyl phosphate precipitate on the surface of the cells can be
achieved. Larger amounts of UVI can be accumulated by this
surface precipitation than by sorption on the cell surface by a
limited number of functional groups. Therefore, use of
genetically engineered P. aeruginosa may be a promising
method for bioremediation of actinides in aqueous media with
a stable filterable precipitate formed by the bacteria.
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Ferrocenyl-Functionalised Terpyridines and Their Transition-Metal
Complexes: Syntheses, Structures and Spectroscopic and Electrochemical
Properties
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Anja Stammler,[b] Hans-Georg Stammler,[b] Andreas Brockhinke,[b] Regina Plessow,[b]
Piero Zanello,[c] Franco Laschi,[c] Fabrizia Fabrizi de Biani,[c] Marco Fontani,[c]
Steen Steenken,[d] Marion Stapper,[d] and Gagik Gurzadyan[d]


Abstract: Terpyridine ligands of the
type Fc�-X-tpy� (Fc�� ferrocenyl or oc-
tamethylferrocenyl, X� rigid spacer,
tpy�� 4�-substituted 2,2�:6�,2��-terpyri-
dine) were prepared, crystallographical-
ly characterised and used for the syn-
thesis of di- and trinuclear bis(terpyri-
dine) complexes of RuII, FeII and ZnII.
Donor ± sensitiser dyads and triads
based on RuII were thoroughly investi-
gated by (spectro)electrochemistry, UV/


Vis, transient absorption and lumines-
cence spectroscopy, and an energy level
scheme was derived on the basis of the
data collected. Intramolecular quench-
ing of the photoexcited RuII complexes


by the redox-active Fc� groups can occur
reductively and by energy transfer. Both
the redox potential of the donor Fc� and
the nature of the spacer X have a
decisive influence on excited-state life-
times and emission properties of the
complexes. Some of the compounds
show room-temperature luminescence,
which is unprecedented for ferrocenyl-
functionalised compounds of this kind.


Keywords: electrochemistry ¥
heterometallic complexes ¥ ligand
design ¥ luminescence ¥ time-
resolved spectroscopy


Introduction


Ruthenium(��) oligopyridine complexes exhibit unique photo-
physical, photochemical and redox-chemical properties. They
are often excellent photosensitisers and have, inter alia, been
utilised for this purpose in supramolecular assemblies.[1]


Among the oligopyridine ligands 2,2�:6�,2��-terpyridines bear-
ing redox-active groups in the 4�-position are currently
attracting much attention, since they can be used for the
construction of geometrically well-defined metal complexes
which show fascinating properties based on intramolecular


electron and energy transfer and may be applied to address
fundamental questions concerning such processes.[1g, 2] Owing
to their well-behaved redox chemistry, chemical robustness
and synthetic versatility, ferrocenyl groups are increasingly
utilised as redox-active components in such investigations.[3]


Although ferrocene derivatives are commonly known as
efficient luminescence quenchers, it has emerged that ferro-
cenyl groups may be advantageously used as redox centres in
multiresponsive, photo- and electrochemically active assem-
blies.[4]


Here we present results of a study on 2,2�:6�,2��-terpyridine
ligands 1a ± f with a ferrocenyl (Fc) or octamethylferrocenyl
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group (Fc#) attached to the 4�-position by a rigid spacer
comprising acetylene and para-phenylene moieties in a series
of coordination compounds.[5]


Related work based on 4�-ferrocenyl-2,2�:6�,2��-terpyridine
(Fc-tpy�) was recently published by Hutchison et al.[6]


Results and Discussion


Synthesis and structural characterisation of compounds :
Ligands and precursors : The redox-functionalised ligands
used in the present study were synthesised by Sonogashira-
type cross-coupling reactions (Scheme 1). Standard proto-
cols[7] could be applied and afforded the coupling products in
good yields.


Scheme 1. Synthesis of Fc-C�C-tpy� (1a), Fc#-C�C-tpy� (1b), Fc-C�C-p-
C6H4-tpy� (1c), Fc#-C�C-p-C6H4-tpy� (1d), Fc-C�C-p-C6H4-C�C-tpy� (1e)
and Fc#-C�C-p-C6H4-C�C-tpy� (1 f).


Ligands 1a and 1b were obtained from the reaction of 4�-
(trifluoromethylsulfonyloxy)-2,2�:6�,2��-terpyridine[8] (2a) with
ethynylferrocene[9] (3a) and ethynyloctamethylferrocene[10]


(3b), respectively. Ligands 1c and 1d were prepared analo-
gously from 4�-(4-bromophenyl)-2,2�:6�,2��-terpyridine (2b).[11]


Compounds 1e and 1 f were obtained in a three-step reaction
(coupling/deprotection/coupling sequence) utilising 4-bromo-
(trimethylsilylethynyl)benzene[12] (4) as a building block. The
intermediates FcC�C-p-C6H4-C�CSiMe3 (5a) and FcC�C-p-
C6H4-C�CH (6a) have already been described by Sita et al.[13]


1a ± f are air-stable in the solid state. In solution, however, the
Fc#-functionalised compounds are prone to oxidation.


Single-crystal X-ray structure determinations were per-
formed for ligands 1a ±d, and two representative molecular
structures are shown in Figure 1 and Figure 2. Bond lengths


Figure 1. Molecular structure of 1b in the crystal. Selected bond
lengths [pm] and angles [�]: N(1)�C(23) 133.5(5), N(1)�C(24) 134.5(5),
N(2)�C(26) 132.8(6), N(2)�C(30) 134.1(6), N(3)�C(31) 134.2(7),
N(3)�C(35) 133.9(6), C(14)�C(19) 143.0(5), C(19)�C(20) 119.7(5),
C(20)�C(21) 143.5(5), C(23)�C(26) 149.1(6), C(24)�C(31) 147.8(6);
C(14)-C(19)-C(20) 179.4(4), C(19)-C(20)-C(21) 177.4(4).


Figure 2. Molecular structure of 1c in the crystal. Only one of the two
individual molecules is shown. Selected bond lengths [pm] and angles [�]
for this molecule: N(1)�C(21) 136.8(9), N(1)�C(22) 135.2(8), N(2)�C(24)
135.3(9), N(2)�C(28) 128.2(12), N(3)�C(29) 130.2(9), N(3)�C(33)
135.3(9), C(10)�C(11) 142.7(12), C(11)�C(12) 118.9(12), C(12)�C(13)
146.4(10), C(16)�C(19) 149.6(9), C(21)�C(24) 145.6(15), C(22)�C(29)
149.0(7); C(10)-C(11)-C(12) 175.4(11), C(11)-C(12)-C(13) 175.9(10).


and angles are generally unexceptional. The acetylene groups
are almost linear with C�C distances of about 119 pm. In each
case the three C5N rings exhibit transoid configuations about
the interannular C�C bonds, as is commonly observed for
such compounds. These rings are almost coplanar (dihedral
angles �10�), except for 1c, in which angles between 3.6 and
25.6� are observed, which may be due to crystal packing
forces.[14] The cyclopentadienyl rings are arranged in an
approximately eclipsed orientation and exhibit very similar
average Fe�C bond lengths of about 205 pm, which is nearly
identical to the values observed for ferrocene[15] and deca-
methylferrocene.[16] Owing to steric reasons, the phenylene
rings of 1c (two individual molecules) and 1d form angles of
36.1/35.3 and 26.9�, respectively, with the central C5N ring of
the terpyridyl unit, and this leads to a reduced degree of �
delocalisation (vide infra).


Metal complexes : The metal complexes prepared from the
new terpyridines of type 1 are shown in Scheme 2. They were
synthesised by established methods.[17]
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Scheme 2. Metal complexes prepared and investigated in this work.


Complications in the coordination chemistry towards
ruthenium tended to arise with these ligands 1) when they
bear an Fc# group and 2) when the spacer allowed efficient �
delocalisation. Reactions of 1b proved to be particularly
temperamental.


Homoleptic ruthenium complexes were obtained from the
reaction of two equivalents of the respective terpyridine 1
with [RuCl2(dmso)4][18] or hydrated RuCl3. In the latter case a
mild reducing agent (triethylamine or N-ethylmorpholine)
was added. Unfortunately, despite many efforts, [(1b)2Ru]2�


could not be obtained in pure form.
The heteroleptic complexes [(1c)Ru(tpy)]2� and


[(1d)Ru(tpy)]2� were synthesised by the reaction of
[(1c)RuCl2(dmso)] and [(1d)RuCl2(dmso)], respectively,
with 2,2�:6�,2��-terpyridine (tpy). [(1c)Ru(1d)]2� was prepared
from [(1c)RuCl2(dmso)] and 1d, whereas the alternative
reaction of [(1d)RuCl2(dmso)] with 1c failed. For the syn-
thesis of all other heteroleptic complexes, [(tpy)RuCl3][19] was
allowed to react with one equivalent of the respective
terpyridine 1 in the presence of triethylamine or N-ethyl-
morpholine.


Oxidation of the ferrocenyl moiety of [(1a)Ru(tpy)]2� was
cleanly achieved with acetylferrocenium tetrafluoroborate to


give the tricationic species [(1a)Ru(tpy)]3� in high yield.
Similarly, the weaker oxidant ferrocenium hexafluorophos-
phate was sufficient to oxidise [(1d)Ru(tpy)]2�, which con-
tains the more electron-rich Fc# group. The NMR spectra
were often affected by the sensitivity of the Fc# moiety to
oxidation, leading to broad or sometimes even unobservable
signals for this unit.


The iron complex [(1a)2Fe]2� was prepared from iron(��)
chloride and two equivalents of 1a. The zinc complexes
[(1a)2Zn]2� and [(1d)2Zn]2� were obtained from the reaction
of zinc tetrafluoroborate with two equivalents of 1a and 1d,
respectively. The crystal structure of [(1a)2Zn]2� was deter-
mined by X-ray diffraction (Figure 3). Bond lengths and


Figure 3. Molecular structure of [(1a)2Zn]2� in the crystal. Selected bond
lengths [pm] and angles [�]: N(1)�C(13) 133.3(4), N(1)�C(17) 135.2(4),
N(2)�C(18) 133.9(4), N(2)�C(22) 134.2(4), N(3)�C(23) 135.1(4),
N(3)�C(27) 134.5(4), N(4)�C(50) 135.7(4), N(4)�C(54) 134.1(4),
N(5)�C(45) 134.3(4), N(5)�C(49) 134.1(4), N(6)�C(40) 133.6(4),
N(6)�C(44) 135.3(4), C(10)�C(11) 142.4(4), C(11)�C(12) 121.0(4),
C(12)�C(20) 142.0(4), C(17)�C(18) 149.5(4), C(22)�C(23) 148.7(4),
C(37)�C(38) 142.0(4), C(38)�C(39) 121.1(4), C(39)�C(47) 141.6(4),
C(44)�C(45) 148.6(4), C(49)�C(50) 149.5(4); C(10)-C(11)-C(12) 177.5(3),
C(11)-C(12)-C(20) 176.6(3), C(37)-C(38)-C(39) 176.9(3), C(38)-C(39)-
C(47) 177.5(3).


angles compare well with those of the few related complexes
reported to date.[20] The coordination of the zinc ion is best
described as distorted octahedral with two short Zn�N(cen-
tral) bonds (208.1(2) and 209.0(2) pm) and four long
Zn�N(terminal) distances (217.5(2) ± 219.1(2) pm). The bite
angle of 1a is about 151� (N(1)-Zn(1)-N(3) 150.56(9), N(4)-
Zn(1)-N(6) 150.77(9)�). Coordination to zinc has no major
effect on the bond parameters of 1a. Naturally, the C5N rings
of the coordinated ligand exhibit cisoid configurations about
the interannular C�C bonds, and their dihedral angles (1.1 ±
3.0�) are even smaller than in uncoordinated 1a (6.4 ± 7.1�).


Electrochemistry and spectroelectrochemistry : The redox-
functionalised terpyridines 1a ± f and their ruthenium com-
plexes were investigated by electrochemical methods. Perti-
nent data for these ligands are collected in Table 1. Data for
ferrocene and some relevant derivatives thereof are included
for reference purposes.


Ferrocene is easier to oxidise than 1a, 1c and 1e by 0.16,
0.11 and 0.13 V, respectively. Similarly, oxidation of 1b, 1d
and 1 f occurs at a potential 0.19, 0.07 and 0.15 V, respectively,
more positive than that observed for octamethylferrocene.
This is in accord with the electron-withdrawing character of
the acetylene group attached to the ferrocene nucleus, which
is further enhanced by the terpyridyl unit. This influence of
the terpyridyl substituent is weakest in the case of 1c and 1d,
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in which � delocalisation is attenuated by the para-phenylene
group directly attached to the terpyridyl moiety (vide supra).
In contrast, with C�C and C�C-p-C6H4-C�C as spacer,
efficient � delocalisation is possible, and hence larger �E0�
values relative to ferrocene or octamethylferrocene are
observed for 1a, 1b, 1e and 1 f than for 1c and 1d. As
expected, the largest shifts occur with the shortest spacer,
namely, the acetylene group (1a, 1b).


Electrochemical data for the metal complexes are collected
in Table 2 (dinuclear species) and Table 3 (trinuclear species).


As a representative example, the cyclic voltammogram of
[(1d)2Ru]2� is shown in Figure 4. The complex undergoes a
single, ferrocenyl-centred, electrochemically reversible two-
electron oxidation, as well as a well-defined Ru-centred one-


Figure 4. Cyclic voltammetric response recorded at a platinum electrode
in a dichloromethane solution of [(1d)2Ru]2� (0.6 m�). nBu4NPF6 (0.2��
supporting electrolyte. Scan rate 0.2 Vs�1.


electron oxidation, the two cathodic processes being roughly
similar in height. In the case of [(1d)2Ru]2� the original deep
red solution turns deep violet upon exhaustive two-electron
oxidation (Ew��0.4 V), a process which proved to be
chemically reversible. The chemical reversibility of the two
sequential reduction processes prompted us to characterise
the mono-reduced species by EPR spectroscopy in order to
probe a possible contribution of the metal to the cathodic
path. Electrogeneration of the radical monocation was
performed at �20 �C to slow down possible decomposition.
Figure 5 shows the X-band EPR spectrum of electrogenerated
[(1d)2Ru]� in frozen glassy solution.


Figure 5. X-band EPR spectrum of electrogenerated [(1d)2Ru]� in frozen
glassy dichloromethane solution (upper/lower trace: experimental/simu-
lated spectrum). DPPH� 2,2-Diphenyl-1-picrylhydrazyl.


Anisotropic lineshape analysis was carried out by assuming
an S� 1/2 electron-spin Hamiltonian in which the Zeeman
interaction is the main magnetic term. The typical axial
resolution exhibits g values that account well for the presence
of a paramagnetic species with significant metallic character.
Best-fit computer simulation[21] afforded g�� g�� gelectron�
2.0023, with g� � 2.098(4), g�� 2.008(4), �H� � 41(4) G,
�H�� 14(4) G. As a consequence of the significant aniso-
tropic line broadening the lineshape in the glassy state (first-
and second-derivative modes) does not give evidence for any
hyperfine (99Ru, I� 5/2, natural abundance 12.7%; 101Ru, I�
5/2, natural abundance 17.0%) or superhyperfine (14N, I� 1,
natural abundance 99.6%) coupling.


On raising the temperature, the intensity of the signal
decreases and the overall linewidth increases until, at the
glassy ± fluid phase transition (T� 178 K), the solution be-
comes EPR-mute. This spectral behaviour must be attributed
to effective intra/intermolecular dynamics experienced by the
paramagnetic ruthenium complex under fast-motion condi-
tions (which in turn produce active electron-spin relaxation
processes) rather than to chemical instability of the mono-
cation. In fact, rapidly refreezing the fluid solution quantita-
tively restored the signal of the frozen glassy solution.
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Table 1. Formal electrode potentials [V versus SCE], peak-to-peak separa-
tion [mV] and colour changes for the one-electron oxidation of the ferrocene
derivatives under study (dichloromethane solution, 0.2� nBu4NPF6 supporting
electrolyte).


Compound Eo �
0�� �Ep


[a] Original Final
colour (�max [nm]) colour[b] (�max [nm])


1a � 0.57 85 orange (375) blue (585)
1b � 0.18 147 orange green
1c � 0.50 62 yellow (440) brown (574; 820 flattened)
1d � 0.06 76 orange (480) olive (640 sh; 840 flattened)
1e � 0.52 61 orange (520) brown (810 flattened)
1 f � 0.14 73 red olive
FcH � 0.39 80 yellow green (620)
Fc#H � 0.01 82 pale yellow (430) green (620 sh; 760 w)
FcC�CH � 0.52 80 yellow (440) green (690)
Fc#C�CH � 0.12 70 yellow green (640 sh; 780)


[a] Measured at 0.1 Vs�1. [b] After exhaustive one-electron oxidation.


Table 2. Formal electrode potentials [V versus SCE] and peak-to-peak
separations [mV] of the redox processes exhibited by the dinuclear
complexes under study (dichloromethane solution, 0.2� nBu4NPF6 sup-
porting electrolyte).


Compound E(RuIII/II)[a,b] E��(Fc��/0)
(�Ep


[a])
E��([Ru]2�/�)
(�Ep


[a])
E��([Ru]�/0)


[(1a)Ru(tpy)]2� � 1.33 � 0.54 (78) � 1.16 (92) � 1.6
[(1c)Ru(tpy)]2� � 1.31 � 0.55 (67) � 1.18 (65) � 1.58
[(1d)Ru(tpy)]2� � 1.39 � 0.13 (60) � 1.18 (60) � 1.60
[(1e)Ru(tpy)]2� � 1.36 � 0.52 (87) � 1.19 (68) � 1.60


[a] Measured at 0.1 Vs�1. [b] Peak-potential value.


Table 3. Formal electrode potentials [V versus SCE] and peak-to-peak
separations [mV] of the redox processes exhibited by the trinuclear
complexes under study (dichloromethane solution, 0.2� nBu4NPF6 sup-
porting electrolyte).


Compound E��(RuIII/II)
(�Ep


[a])
E��(Fc��/0)[b]


(�Ep
[a])


E��([Ru]2�/�)
(�Ep


[a])
E��([Ru]�/0)


[(1a)2Ru]2� � 1.39 (90) � 0.53 (83) � 1.13 (67) � 1.42
[(1a)2Fe]2� � 1.1[c] (75) � 0.49 (80) � 1.19[d] (60) � 1.37[e]


[(1c)2Ru]2� � 1.24 (80) � 0.49 (60) � 1.22 (68) � 1.52
[(1d)2Ru]2� � 1.27 (85) � 0.06 (98) � 1.21 (80) � 1.52
[(1e)2Ru]2� � 1.39[a,f] � 0.52 (62) � 1.22 (65) � 1.52
[(1 f)2Ru]2� � 1.34[a,f] � 0.08 (70) � 1.10[g] � 1.40[g]


[(1c)Ru(1d)]2� � 1.33 (60) � 0.12 (60),
�0.55 (60)


� 1.17 (60) � 1.47


[a] Measured at 0.1 Vs�1. [b] Two-electron process. [c] E��(FeIII/II).
[d] E��([Fe]2�/�). [e] E��([Fe]�/0). [f] Peak-potential value for processes
affected by adsorption at the electrode surface. [g] Poorly resolved.
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The other complexes show essentially similar redox-chem-
ical behaviour (Table 2 and Table 3), and on the basis of all
data presented, a number of general trends can be made out.
Firstly, the redox processes of the central bis(terpyridine)-
ruthenium unit are only slightly influenced by the substituents
attached to the 4�-position of the terpyridine ligands. When
comparing the ruthenium complexes of 1 with pristine
[Ru(tpy)2]2�, no overall tendency is obvious for the RuIII/II


couples (E0� between 1.24 and 1.39 V versus 1.27 V for
[Ru(tpy)2]2�[1f]), whereas their first reduction invariably
occurs at less negative potential, indicative of a slightly lower
LUMO energy (E0� between �1.13 and �1.22 V versus
�1.27 V for [Ru(tpy)2]2�[1f]).


Secondly, when comparing individual pairs of the type
[(1)Ru(tpy)]2�/[(1)2Ru]2�, one would expect the ruthenium-
centred oxidation to be easier for the heteroleptic complexes
than for the homoleptic ones, since in the latter case two,
instead of one, oxidised ferrocenyl groups are present. The
expected behaviour is indeed observed for the pair
[(1a)Ru(tpy)]2�/[(1a)2Ru]2�, whereas for complexes of 1c
and 1d just the opposite is true. A similar unexpected
behaviour was observed for the related species [(Fc-
tpy�)Ru(tpy)]2� and [(Fc-tpy�)2Ru]2�,[6] whereas analogous
complexes of the ligand Fc-p-C6H4-tpy� showed the expected
behaviour.[1g]


Thirdly, the redox potential of the ferrocenyl moieties
present in the terpyridines 1 is almost unaffected by complex-
ation, and hence the ��E0� � values are rather small (0.01 to
0.07 V). For the homoleptic complexes [(1)2Ru]2� a single
redox wave is observed for the two identical ferrocenyl groups
present, which demonstrates that there is no electronic
communication between them. In this context it is useful to
inspect the cyclic voltammetric behaviour of the heteroleptic
trinuclear complex [(1c)Ru(1d)]2� (Figure 6), the two differ-
ent ferrocenyl units of which are oxidised at different


Figure 6. Cyclic voltammogram recorded at a platinum electrode in a
dichloromethane solution of [(1c)Ru(1d)]2� (1.2 m�). nBu4NPF6 (0.2�
supporting electrolyte. Scan rate 0.2 Vs�1.


potentials, each of which is essentially identical with that of
the respective dinuclear species (Table 2). This result points
out how difficult it is to comment on the intramolecular
communication between two inequivalent redox centres. The
electrogenerable mixed-valence trication [(1c)Ru(1d)]3�


(which substantially maintains the red colour of the parent
dication, passing from carmine to ruby red) most likely
belongs to the charge-localised Class I according to Robin and


Day, in spite of two separate ferrocenyl-centred oxidation
processes.


In conclusion, these findings indicate that, irrespective of
the spacers used, the redox centres of the ruthenium
complexes investigated are essentially independent of one
another in the ground state. This is a prerequisite for
obtaining meaningful results from a comparative study.
Furthermore, when comparing the Fc#-functionalised species
with their respective Fc analogues, it is evident that octame-
thylation generally leads to a cathodic shift of theE0� values of
about 0.4 V for the ferrocenyl-centred redox processes. This is
the value expected for the influence of eight methyl groups
(ca. 8	 0.05 V) and shows that in the present system
oligomethylferrocenyl groups behave as reliable donors with
predictable and precisely adjustable redox potentials.


UV/Vis spectroscopy : UV/Vis spectroscopic data are collect-
ed in Table 4 for the ligands 1 and metal complexes which
could be obtained in analytically pure form. Data for parent
compounds are given for reference purposes.


With the exception of the lowest energy band, the UV/Vis
absorptions of the complexes of 1 may be viewed, to a first
approximation, as the sum of the absorptions of the individual
components, namely, the central bis(terpyridine)metal chro-
mophore and the uncoordinated ligand 1.


The weak absorption band of ferrocene at 440 nm was
previously assigned to the 1A1g
 1E2g ligand-field transition in
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Table 4. UV/Vis spectroscopic data (acetonitrile, 298 K).


Compound Principal absorption bands
(�max� 250 nm)[a]


Lowest energy
band


�max [nm]
(�	 10�3 [��1 cm�1])


�max [nm]
(�	 10�3 [��1 cm�1])


FcH 440 (0.095)
Fc#H 428 (0.123)
[Ru(tpy)2]2� 270 (40.9), 307 (66.7) 475 (15.3)
1a 253 (30.4), 280 (34.0),


321 (21.3), 375 (sh)
450 (1.6)


[(1a)Ru(tpy)]2� 273 (63.6), 309 (81.4) 489 (28.7)
[(1a)Ru(tpy)]3� 272 (59.8), 308 (73.4) 481 (26.0)
[(1a)2Ru]2� 277 (63.1), 314 (69.8) 505 (28.0)
[(1a)2Fe]2� 283 (82.1), 325 (82.4), 335 (82.5) 585 (52.2)
[(1a)2Zn]2� 282 (73.5), 332 (74.6) 508 (12.9)
1b 281 (50.4), 331 (24.5), 390 (sh) 495 (2.9)
1c 255 (30.9), 290 (48.2),


322 (36.7), 360 (sh)
450 (2.0)


[(1c)Ru(tpy)]2� 272 (50.0), 308 (80.5) 487 (28.1)
[(1c)2Ru]2� 275 (58.6), 313 (84.7) 497 (42.4)
1d 253 (39.2), 288 (44.9),


325 (34.8), 400 (sh)
482 (3.2)


[(1d)Ru(tpy)]2� 272 (48.9), 309 (69.7) 485 (28.1)
[(1d)Ru(tpy)]3� 281 (51.3), 308 (73.9) 487 (28.4)
[(1d)2Ru]2� 284 (72.7), 311 (85.5) 495 (40.4)
[(1d)2Zn]2� 284 (77.2), 341 (58.2), 368 (49.4) 533 (7.5)
1e 255 (19.7), 291 (27.4),


321 (21.3), 375 (sh)
450 (2.0)


[(1e)Ru(tpy)]2� 272 (47.9), 308 (64.6) 494 (26.8)
[(1e)2Ru]2� 279 (71.7), 333 (93.1) 503 (49.0)
1 f 253 (23.5), 287 (29.5),


336 (28.3), 410 (sh)
490 (3.0)


[a] Several additional weaker bands and unresolved shoulders can be
observed (cf. Figure 15).
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D5d symmetry.[22] The corresponding absorption of the more
electron-rich octamethylferrocene is observed at 428 nm. The
longest wavelength band of 1a, 1c and 1e is red-shifted
relative to ferrocene by 10 nm. The corresponding red shift
observed for 1b, 1d and 1 f relative to octamethylferrocene is
about 60 nm. This is in accord with the electron-withdrawing
effect of the acetylene group attached to the ferrocene
nucleus. A hyperchromic shift of this band is observed in each
case.


The longest wavelength absorption of [Ru(tpy)2]2� at
475 nm is an intense metal-to-ligand charge-transfer (MLCT)
band, which has been the object of some scrutiny. Essentially,
this band corresponds to the ruthenium-based transition
1[(d(�)6)]
 1[(d(�)5)(�*tpy�1] and its vibronic components.[1f]


In the redox-functionalised complexes which contain ligands
of type 1, this band experiences a bathochromic as well as a
hyperchromic shift. This red shift is about 10 nm larger for
species of the type [(1)2Ru]2�, which contain two ferrocenyl
groups, than for the corresponding heteroleptic
[(1)Ru(tpy)]2�. In all cases but one, homoleptic complexes
show a larger hyperchromic shift of this band (by a factor of
1.4 ± 1.8) than their heteroleptic analogues. The exception is
the pair [(1a)2Ru]2�/[(1a)Ru(tpy)]2�, which have almost
identical extinction coefficients. For comparison, identical �
values have also been reported for the pair [(Fc-tpy�)2Ru]2�/
[(Fc-tpy�)Ru(tpy)]2�,[6] whereas in the case of [(Fc-p-C6H4-
tpy�)2Ru]2�/[(Fc-p-C6H4-tpy�)Ru(tpy)]2� the ratio of extinc-
tion coefficients is 1.2 for this band.[1g]


We pause to remind ourselves that the electrochemical
behaviour of the pair [(Fc-tpy�)2Ru]2�/[(Fc-tpy�)Ru(tpy)]2�


was counter-intuitive, whereas that of [(1a)2Ru]2�/
[(1a)Ru(tpy)]2� was just as expected (larger value of
E0�(RuIII/II) for the homoleptic complex, vide supra). In
summary, [(1a)2Ru]2�/[(1a)Ru(tpy)]2� and [(Fc-tpy�)2Ru]2�/
[(Fc-tpy�)Ru(tpy)]2� show quite different electrochemistry,
but very similar UV/Vis spectroscopic properties. This
discrepancy may be a consequence of the fact that cyclic
voltammetry probes the ground state of the redox-active
species involved, whereas UV/Vis spectroscopy probes excit-
ed states.


Closer inspection reveals that the UV/Vis spectra of all
complexes of 1 exhibit a shoulder on the low-energy side of
the longest wavelength absorption band. A similar observa-
tion was made for [(Fc-tpy�)2Ru]2� and [(Fc-tpy�)Ru(tpy)]2�,
for which, on the basis of resonance Raman data, this shoulder
was assigned to the ferrocenyl-based MLCT transition
1[(d(�)6Fc�]
 1[(d(�)5Fc�(�*Ru


tpy�1] .[6] We investigated the origin
of this shoulder in some detail for the heteroleptic complexes
[(1a)Ru(tpy)]2� and [(1d)Ru(tpy)]2�. The shoulder shows
solvatochromism and is more evident in solvents of lower
polarity than acetonitrile (see Figure 15 for EtOH/MeOH
4/1). Oxidation of the (octamethyl)ferrocenyl moiety leads to
a remarkable decrease in the intensity of the shoulder, which
therefore is in agreement with a ferrocenyl-based transition.
A difference spectrum is in accord with an assignment of the
shoulder as a band centred at 525 nm for [(1a)Ru(tpy)]2�


(Figure 7) and at 532 nm for [(1d)Ru(tpy)]2� (Figure 8). We
note that this band cannot be due to FeII impurities, since
the absorption maxima of [Fe(tpy)2]2�, [(1a)2Fe]2� and


Figure 7. Difference spectrum: �A�A([(1a)Ru(tpy)]2�)�
A([(1a)Ru(tpy)]3�).


Figure 8. Difference spectrum: �A�A([(1d)Ru(tpy)]2�)�
A([(1d)Ru(tpy)]3�).


[(Fc-tpy�)2Fe]2�[6] are at much longer wavelengths (562, 585
and 587 nm, respectively). The fact that the longest wave-
length absorptions of the zinc complexes [(1a)2Zn]2� and
[(1d)2Zn]2� are observed at 508 and 533 nm, respectively,
corroborates that this band corresponds to a ferrocenyl-based
MLCT transition. Unsurprisingly, in comparison to the Fc unit
the more electron-rich Fc# moiety effects an absorption at
lower energy, the difference between the two bands being
0.12 eV in this case.


Transient absorption spectroscopy: Photophysical processes
occurring after photoexcitation involve transient species,
which can be investigated by (ultra)fast spectroscopic techni-
ques. Bis(terpyridine)ruthenium(��) complexes generally ex-
hibit rather short excited-state lifetimes at room temperature.
According to Hutchison et al.[6] the lifetimes of photoexcited
[(Fc-tpy�)2Ru]2� and [(Fc-tpy�)Ru(tpy)]2� are shorter than the
resolution limit of their experimental setup (20 ns). The
photophysical properties of pristine [Ru(tpy)2]2� in aqueous
solution have already been described by Sutin et al. ,[23] who
found the mean lifetime of the 3MLCT state to be 250 ps. Due
to solubility reasons, we used water/acetonitrile mixtures in
the present study (2/3 for picosecond experiments, 4/1 for
nanosecond experiments). In this solvent system photoexcited
[Ru(tpy)2]2� has a mean lifetime � of only 120 ps (Figure 9,
Table 5).
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Figure 9. Absorption spectra (top) of transients from the photolysis of
[(tpy)2Ru]2� in water/acetonitrile (2/3), 10 (black) and 500 ps (grey) after
the laser flash. The kinetic traces (bottom) show that all bands belong to
only one species.


The mean lifetime of the ruthenium-based 3MLCT state of
[(1a)Ru(tpy)]2� was determined to be 260 ns by time-resolved
transient absorption spectroscopy at �obs� 670 nm with differ-
ent excitation wavelengths (�exc� 308 and 480 nm) (Fig-
ure 10). Bleaching of the ground state is observed at about
480 nm, whereas the increase in optical density (OD) around
400 and 680 nm is typical of reduced oligopyridine ligands.[23]


Monitoring �OD at wavelengths shorter than about 600 nm
reveals that the decay of this state is superimposed by a much
faster process (vide infra; Figure 11).


The oxidised species [(1a)Ru(tpy)]3� gives essentially the
same result for the long-lived state (�� 250 ns). This indicates
that the long-lived state is independent of the ferrocenyl unit.
The long-lived ruthenium-based 3MLCT state of both
[(1a)Ru(tpy)]2� and [(1a)Ru(tpy)]3� is quenched by oxygen,


Figure 10. Absorption spectra of transients from the photolysis of
[(1a)Ru(tpy)]2� in water/acetonitrile (4/1), RT, recorded 80 ns (dotted),
300 ns (dashed), 700 ns (grey) and 15 �s (solid) after the laser flash.


Figure 11. Kinetic traces recorded at 540 (bottom) and 670 nm (top) in
transient absorption spectroscopy with [(1a)Ru(tpy)]2�.


as is typical of a triplet species. Similar to the results obtained
in the nanosecond time regime, experiments with
[(1a)Ru(tpy)]2� in water/acetonitrile (2/3) in the femtosecond
time regime (�exc� 400 nm, pulse width 130 fs) show imme-
diate bleaching of the ground state and formation of a broad
absorption peaking at about 670 nm, which remains almost
constant during the time window of the experiment (0 ±
900 ps).[24]


Regardless of the Fc oxidation state, introduction of the
FcC�C substituent leads to a lengthening of the 3MLCT state
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Table 5. Excited-state mean lifetimes measured by laser flash photolysis
(�obs� 650 nm).


Compound � [ns] Compound � [ns]


[(tpy)2Ru]2� 0.12[a] [(1c)2Ru]2� � 20[c]


[(1a)2Ru]2� 260[b] [(1c)Ru(tpy)]2� � 20[c]


[(1a)Ru(tpy)]2� 260[b, c] [(1e)2Ru]2� 110[b]


[(1a)Ru(tpy)]3� 250[b] [(1e)Ru(tpy)]2� 120[b]


[a] Water/acetonitrile (2/3), RT, �exc� 480 nm, laser pulse width 30 ps.
[b] Water/acetonitrile (4/1), RT, �exc� 480 nm, laser pulse width 20 ns.
[c] Water/acetonitrile (4/1), RT, �exc� 308 nm, laser pulse width 20 ns.
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lifetime by three orders of magnitude. A similar effect is
observed for the FcC�C-p-C6H4C�C substituent. This effect is
not totally unexpected, since Ziessel, Harriman et al.[25] have
shown for bis(terpyridine)ruthenium(��) complexes that in-
troduction of acetylenic substituents in the 4�-position of tpy
can lead to a dramatic increase in excited state lifetimes,
which ultimately is due to strong electronic coupling between
the � systems of the terpyridine and the acetylene. This
coupling is interrupted by the para-phenylene group present
in 1c, which, owing to steric reasons, is not coplanar with the
terpyridine ring it is attached to (vide supra). Essentially the
same holds true for Fc-tpy�, in the single crystal of which the
cyclopentadienyl ring forms an angle of 19.2� with the central
C5N ring.[26] Similar to [(Fc-tpy�)2Ru]2� and [(Fc-
tpy�)Ru(tpy)]2�,[6] the mean lifetimes of photoexcited
[(1c)Ru(tpy)]2� and [(1c)2Ru]2� lie well below 20 ns (Table 5).


Experiments in the picosecond time regime with �exc�
532 nm revealed that a short-lived transient with a mean
lifetime of about 2 ns is formed for all Fc-functionalised
complexes (Table 6). In each case, this transient gives rise to
an increase in absorbance with a maximum �OD around
540 ± 550 nm (Figure 12), which is absent in the case of the
oxidised species [(1a)Ru(tpy)]3� (Figure 13).


Figure 12. Absorption spectra of transients from the photolysis of
[(1a)Ru(tpy�)]2� in water/acetonitrile (2/3), RT, 300 ps (black) and 8.3 ns
(grey) after the laser flash.


No such transient was observed in the experiments
performed with [(1a)Ru(tpy)]2� in the femto/picosecond time
regime. In this case, the excitation wavelength (�exc� 400 nm)
was well below the low-energy shoulder of the longest
wavelength absorption of this compound. These results
indicate that the absorption around 540 ± 550 nm is most
likely associated with the ferrocenyl moiety and may be


Figure 13. Absorption spectra of transients from the photolysis of
[(1a)Ru(tpy)]3� in water/acetonitrile (2/3), 0 (black) and 600 ps (grey)
after the laser flash.


attributed to the charge-separated 3[(d(�)5Fc�(�*Ru
tpy�1] state


produced by the ferrocenyl-based MLCT transition
1[(d(�)6Fc�]
 1[(d(�)5Fc�(�*Ru


tpy�1] .
We performed experiments with [(1a)Ru(tpy)]2� in the


presence of triethylamine, which may act as a reductive
quencher. High concentrations of NEt3 (�0.1�) quench the
transient species responsible for the absorbance increase at
about 550 nm. This behaviour is compatible with the assign-
ment of this short-lived species as the 3[(d(�)5Fc�(�*Ru


tpy�1]
excited state, which is reductively quenched by NEt3. The
bimolecular quenching reaction must be considerably faster
than the decay of the transient species. A meaningful Stern ±
Volmer analysis was not possible due to the limited kinetic
data available.


Photoexcitation (�exc� 532 nm) of the Fc#-substituted com-
plexes [(1d)Ru(tpy)]2� and [(1d)2Ru]2� leads to transient
species with rather short mean lifetimes. The maximum �OD
is observed at 630 nm for [(1d)Ru(tpy)]2�, which is in the
region typical of reduced terpyridine ligands. Time-resolved
measurements at this wavelength gave a mean lifetime of
90 ps. The corresponding � value for [(1d)2Ru]2� is 160 ps, and
a second, even shorter lived transient (�� 10 ps, max �OD
540 nm) can be observed for this homoleptic complex. These
short � values are in accord with, but do not prove, the
assumption that in the present system the higher thermodynamic
driving force for reductive quenching operative for Fc# versus Fc
derivatives coincides with faster electron transfer rates.


Luminescence spectroscopy: Terpyridine complexes of RuII


usually show much weaker room-temperature luminescence
than their bipyridine relatives, whereas at low temperatures
the opposite is often the case (Table 7).[1f] In comparison to
[Ru(tpy)2]2�, ferrocenyl-substituted analogues show almost
negligible luminescence (Table 7).


The Fc moiety acts as an efficient quencher for the 3MLCT
state in such species, and to date no example of room-
temperature luminescence is known for this class of com-
pounds. Ferrocene can quench photoexcited states by two
mechanisms, that is, reductively and by energy transfer.[1g, 3]


The redox potential of ferrocene can be changed systemati-
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Table 6. Excited state mean lifetimes measured by laser flash photolysis
(water/acetonitrile (2/3), RT, �exc� 532 nm, laser pulse width 30 ps, �obs�
540 nm).


Compound � [ns] Compound � [ns]


[(1a)2Ru]2� 2 [(1c)Ru(tpy)]2� 1.6
[(1a)Ru(tpy)]2� 4 [(1e)Ru(tpy)]2� 1.6
[(1a)Ru(tpy)]3� � [a] [(1e)Ru(tpy)]2� 1.7
[(1c)2Ru]2� 1.8


[a] Not observed.
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cally by attaching methyl groups to the cyclopentadienyl
rings,[29] whereas the triplet energy remains essentially un-
affected.[30] Unlike other metallocenes, ferrocenes are not at
all phosphorescent (and very likely also not fluorescent).[3]


We studied the emission of a range of ferrocenyl- and
octamethylferrocenyl-functionalised complexes at 77 K (Fig-
ure 14) and at room temperature by laser-induced lumines-
cence spectroscopy. Fc#-substituted species were nonlumines-
cent at room temperature.


Figure 14. Emission spectra at 77 K, EtOH/MeOH (4/1), �exc� 480 nm.
Emission intensities [arbitrary units] at the emission maximum:
[(1a)2Ru]2� (red) 0, [(1d)Ru(tpy]2� (green) 48, [(1a)Ru(tpy)]2� (blue)
101, [(1c)Ru(tpy)]2� (cyan) 124, [(1e)Ru(tpy)]2� (olive) 168,
[(1a)Ru(tpy)]3� (magenta) 322, [Ru(tpy)2]2� (black, emission intensity	
0.1) 3283.


The homoleptic [(1a)2Ru]2�, which contains two ferrocenyl
units, shows no luminescence at 77 K in frozen glassy solution,
whereas the heteroleptic complexes, which contain one Fc�
moiety, are weakly emissive in comparison to [Ru(tpy)2]2�.
This finding is in line with the general observation that
ferrocenyl units act as efficient quenchers.[3] The heteroleptic
compound showing the lowest emission intensity at 77 K is the
Fc#-functionalised [(1d)Ru(tpy]2�. This is in accord with, but
does not prove, the expectation that an increase in the
thermodynamic driving force for reductive quenching will
favour this mechanism and is also in line with the extremely
short � values observed for the Fc# derivatives by transient
absorption spectroscopy (vide supra). The series of Fc-
functionalised dicationic complexes shows a significant effect
of the spacer unit, with the longest spacer (C�C-p-C6H4-C�C)
leading to the highest, and the shortest spacer (C�C) to the
lowest, emission intensity. Oxidation of the ferrocenyl moiety


in [(1a)Ru(tpy)]2� leads to a marked increase in emission
intensity. In this case reductive quenching is no longer
possible.


For the room-temperature luminescence studies, different
solvents were used: acetonitrile; water/acetonitrile (4/1),
which was also used for transient absorption spectroscopy in
the nanosecond time regime; and EtOH/MeOH (4/1), which
was also used for luminescence studies at 77 K. Emission in
pure acetonitrile was extremely weak in all cases. Solubility of
the compounds in water was too low to allow measurements.
Pertinent data are collected in Table 8. Emission maxima
were determined from the excitation-emission spectra descri-
bed below. Quantum yields were determined by using the
approach proposed by Demas and Crosby.[31] [Ru(bpy)3]2�was
used as reference standard.


Even in the absorption spectra alone, a significant influence
of the solvent can be seen. Figure 15 shows absorption spectra
of [(1a)Ru(tpy)]2� and [(1a)Ru(tpy)]3� in water/acetonitrile
(4/1) and EtOH/MeOH (4/1). It can be seen that the band of


Figure 15. Absorption spectra of [(1a)Ru(tpy)]2� in water/acetonitrile (4/
1) (grey) and EtOH/MeOH (4/1) (solid) and of [(1a)Ru(tpy)]3� in water/
acetonitrile (4/1) (dotted) and EtOH/MeOH (4/1) (dashed).


[(1a)Ru(tpy)]2� assigned to the ferrocenyl-based MLCT
transition (cf. Figure 7 and the discussion in the section on


Chem. Eur. J. 2003, 9, 2819 ± 2833 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2827


Table 8. Room-temperature luminescence data (deaerated solutions).


Absorption Emission �	 105


�max [nm] �max [nm](�exc [nm])


[(1a)Ru(tpy)]2� [a] 480 699 40 (489)[b]


[(1a)Ru(tpy)]2� [c] 484 698 1.5 (490)
[(1a)Ru(tpy)]3� [a] 479 698 52 (490)[b]


[(1a)Ru(tpy)]3� [c] 479 711 3.5 (490)
[(1a)Ru(tpy)]3� [d] 479 706 0.3 (490)
[(1a)2Ru]2� [a] 498 697 84 (498)[b]


[(1a)2Ru]2� [c] 502 693 0.2 (490)
[(1c)Ru(tpy)]2� [a] 479 672 6.5 (490)
[(1c)Ru(tpy)]2� [c] 487 ±[e] ±[e]


[(1e)Ru(tpy)]2� [a] 489 688 64 (491)[b]


[(1e)Ru(tpy)]2� [c] 493 682 1.0 (490)
[(1e)Ru(tpy)]2� [d] 494 688 0.2 (490)


[a] Water/acetonitrile (4/1). [b] Excitation maximum �max
exc . [c] EtOH/


MeOH (4/1). [d] Acetonitrile. [e] Value could not be determined.


Table 7. Emission maxima, quantum yields and lifetimes for a range of
RuII oligopyridine complexes (EtOH/MeOH 4/1, 77 K).


�max [nm][a] � � [�s]


[Ru(bpy)3]2� [27] 584, 630 0.38 5.2
[Ru(tpy)2]2� [27, 28] 599, 648 0.48 11.0
[(Fc-tpy�)Ru(tpy)]2� [6] 601, 649 ca. 0.003 � 0.025
[(Fc-typ�)2Ru]2� [6] [b] 599, 648 � 0.003 � 0.025
[(Fc-p-C6H4-tpy�)2Ru]2� [1g] ± [c] ±[c] ±[c]


[a] Wavelength of the first vibronic components. [b] The authors cannot
exclude that the weak emission is due to traces of [Ru(tpy)2]2�. [c] Value
could not be determined.
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UV/Vis Spectroscopy above) coincides with the major
absorption peak at about 480 nm for this species in water/
acetonitrile, whereas it manifests as a shoulder at about
525 nm in the case of EtOH/MeOH. The shoulder is present
at the same location in pure acetonitrile (not shown in
Figure 15). It cannot be observed for [(1c)Ru(tpy)]2� and
[(1e)Ru(tpy)]2�.


For a more detailed determination of luminescence proper-
ties, we have used the novel excitation-emission spectroscopy
approach described by Brockhinke et al.[32] As a representa-
tive case, the excitation-emission spectrum (EES) of
[(1a)Ru(tpy)]2� is shown in Figure 16. Here, the y axis


Figure 16. Three-dimensional excitation-emission spectrum (EES) of
[(1a)Ru(tpy)]2� at room temperature in water/acetonitrile (4/1). The
strongly tilted line visible in the lower left part of the image is due to
Rayleigh scattering, and the accompanying weaker red-shifted line is due to
Raman scattering of the solvent.


corresponds to the excitation and the x axis to the emission
wavelength. Intensities are represented by different colours.
An EES file contains the complete set of excitation and
emission spectra of a given substance. Post-processing allows
luminescence spectra at different excitation wavelengths
(corresponding to horizontal profiles in the EES) to be
recovered, and excitation spectra at different emission wave-
lengths with an arbitrary bandpass to be determined (corre-
sponding to vertical profiles averaged over a given region).
These images are the basis for determining the quantum yields
and other spectroscopic information summarised in Table 8.


The emission spectra (i.e., horizontal sections through
Figure 16) have the same spectral shape regardless of the
excitation wavelength and differ only in intensity. The
emission spectrum of [(1a)Ru(tpy)]2� at �max


exc � 489 nm is
plotted in Figure 17. It consists of a single, asymmetric band
spanning the region 650� �� 850 nm with a maximum at
�max� 699 nm. This shows that a single excited state is
responsible for all emission observed. In addition, Figure 17
shows a comparison between the absorption spectrum and the
excitation spectrum at �max


exc . To allow identification of
absorption bands leading to radiationless decay, the spectra
are scaled with the constriction that no crossovers are allowed
(i.e., the excitation spectrummust always be lower in intensity
than the absorption spectrum). The bands at �� 273 nm and
�� 309 nm are much more pronounced in absorption than in


emission. This is not unexpected, since generally many states
(including nonluminescent ones) are accessible by internal
conversion after initial excitation of a highly energetic state.
Additionally, two shoulders appear in the absorption, but not
in the excitation spectra (at �� 450 nm and �� 525 nm). The


Figure 17. Absorption spectrum (solid), excitation spectrum at �em�
700 nm (dashed) and emission spectrum at �exc� 489 nm (dotted) of
[(1a)Ru(tpy)]2� at room temperature in water/acetonitrile (4/1).


low-energy shoulder at 525 nm has already been assigned to a
ferrocenyl-based MLCT transition (vide supra). It is likely
that the shoulder at 450 nm is also due to the ferrocenyl
moiety, since relevant ferrocene derivatives absorb in this
spectral region (cf. Tables 1 and 4) and are known to be
nonluminescent.[3]


Closer inspection of the region between 400 and 600 nm
reveals that these bands are quite pronounced for complexes
of 1a in all solvents investigated (Figure 18). The maximum of
the excitation spectrum is always red-shifted and does not
exhibit the band at 525 nm. In contrast, excitation and
absorption maxima are nearly congruent for complexes
containing 1c and 1e, which have longer spacers than 1a.


Figure 18. Comparison of absorption (solid) and excitation spectra
(dashed) in acetonitrile (black) and water/acetonitrile (4/1) (grey) for
[(1a)Ru(tpy)]3� and [(1e)Ru(tpy)]2�. The other compounds investigated
did not show sufficient luminescence in acetonitrile.
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The room-temperature luminescence quantum yields (Ta-
ble 8) are very small for the compounds investigated and are
strongly dependent on the solvent. Additionally, as can be
derived from Figure 16, they also crucially depend on the
excitation wavelength and, whenever possible, were therefore
determined at �max


exc , the maximum of the excitation spectrum.
As a sideline, we note that the quantum yields depend
strongly on the concentration of oxygen in the solvent, as is
typical for triplet states.[33]


There is not an exact correlation between these data and
the excited-state lifetimes determined by laser flash photolysis
under essentially identical conditions of solvent and temper-
ature (Table 5). However, the general trend comes out very
well, differentiating clearly between complexes of 1c (short
lifetimes, low quantum yields) on the one hand, and 1a and 1e
(long lifetimes, high quantum yields) on the other. As a caveat
we note that the strong solvent and temperature dependence
of the luminescence data emphasises that a comparative
interpretation of data obtained under different experimental
conditions is fraught with problems. For example, the
homoleptic [(1a)2Ru]2� is not luminescent at 77 K in EtOH/
MeOH (4/1). At room temperature in water/acetonitrile (4/1)
it exhibits the strongest emission of all compounds inves-
tigated, whereas in EtOH/MeOH (4/1) its luminescence is
negligible. Interestingly, the strong solvent dependence of
quantum yield and spectroscopic structure is not observed for
the non-ferrocenylated compounds [Ru(bpy)3]2� and
[Ru(tpy)2]2�. Here, absorption and excitation spectra are
nearly congruent and do not change with the solvent.
Quantum yields vary by less than 30% for EtOH/MeOH (4/
1), water/acetonitrile (4/1) and acetonitrile, �average being 0.05
for [Ru(bpy)3]2� and 10�5 for [Ru(tpy)2]2�. This finding
indicates that the strong solvatochromism observed for the
other complexes is due to the ferrocenyl moiety.


Conclusion


We have undertaken a systematic study of redox-functional-
ised bis(terpyridine)ruthenium(��) complexes, which consti-
tute donor ± sensitiser dyads or triads of well-defined archi-
tecture. We were able to vary independently molecular
parameters relevant to electron and energy transfer, namely,
the redox potential of the donor unit and the rigid � spacer
between the donor and the sensitiser. The ground-state
HOMO and LUMO energies were probed by electrochemical
methods. The redox-active units rigidly connected in the di-
and trinuclear species investigated are essentially independ-
ent of one another. Excited-state properties were probed by
absorption, transient absorption and luminescence spectro-
scopy. Complexes functionalised with the electron-rich Fc#


groups have very short lived excited states that show no room-
temperature luminescence and are only weakly emissive, even
at 77 K in frozen glassy solution. Complexes containing the
less electron-rich ferrocenyl groups are emissive in fluid
solution at room temperature, particularly when an acetylenic
substituent is directly attached to the terpyridine ligand,
which leads to excited state lifetimes of up to 0.3 �s. This
behaviour is unprecedented for this class of compounds.


Oxidation of the donor group blocks the pathway of reductive
quenching and leads to more strongly luminescent species.


Following the arguments already outlined by Hutchison
et al. for RuII complexes of Fc-tpy�,[6] we propose an energy
level diagram (Figure 19) for our RuII complexes.


Figure 19. Energy level diagram for [(1a)Ru(tpy)]2� and related com-
plexes.


For [(1a)Ru(tpy)]2�, the absorption maximum at 489 nm,
which is attributable to the ruthenium-based transition
1[(d(�)6)]
 1[(d(�)5)(�*tpy�1] , places the excited state denoted
1[RuIII-tpy�-FcII] at an energy of about 2.5 eV. The transition
1[(d(�)6Fc�]
 1[(d(�)5Fc�(�*Ru


tpy�1] leading to the shoulder at
525 nm corresponds to an energy of about 2.4 eV for the
excited state denoted 1[RuII-tpy�-FcIII] . The energy of the
corresponding nonemissive triplet state denoted 3[RuII-tpy�-
FcIII] can be estimated from the low-energy onset of the
underlying absorption band (ca. 610 nm, Figure 7), giving a
value of about 2.0 eV. The energy of the luminescent triplet
state 3[RuIII-tpy�-FcII] at 77 K may be approximated to be
about 2.1 eV from the emission maximum (600 nm, Fig-
ure 14). At room temperature the emission profile is struc-
tureless with a maximum at about 700 nm, and no meaningful
interpretation in terms of excited-state energies is possible.


Similar energy level schemes may be obtained, mutatis
mutandis, for the other complexes investigated. For the Fc#-
substituted compounds, the energy of the ferrocenyl-based
states shown on the right-hand side of Figure 19 is lowered by
about 0.1 eV. In any case, the energies of the excited triplet
states shown in Figure 19 most likely lie above the triplet
energy of ferrocene, which has been estimated to be between
1.1[34] and 1.8 eV,[35] and the ferrocenyl-centred triplet state of
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our compounds is expected to be located somewhere in this
region as the lowest-lying excited state.


Originally, we had hoped to shed more light on the
intramolecular quenching mechanisms operative in the pres-
ent systems, addressing particularly the competition between
reductive quenching and quenching by energy transfer.
However, it remains unclear whether the results obtained
previously in this vein for intermolecular quenching of
photoexcited [Ru(bpy)3]2� (bpy� 2,2�-bipyridine) by ferro-
cenes of different redox potentials are transferable to our
system.[30] The main reason is that the excited-state lifetimes,
although remarkably long for the class of compounds inves-
tigated, are still too short for a meaningful interpretation of
experiments with chemical quenchers. This clearly is a
drawback of RuII terpyridine complexes in general, and we
are therefore currently investigating related systems based on
ferrocenyl-functionalised 1,10-phenanthroline ligands, which
should lead to much longer lived excited states.[36]


Experimental Section


General : Compounds 1c, 1d, [(1c)RuCl2(dmso)], [(1d)RuCl2(dmso)],
[(1c)2Ru](PF6)2, [(1d)2Ru](PF6)2 and [(1c)Ru(tpy)][PF6]2 were described
previously by us.[5] Compounds 2a,[8] 2b,[11] 3a,[9] 3b,[10] 4,[12] 6a,[13]


[RuCl2(dmso)4],[18] [(tpy)RuCl3][19] and acetylferrocenium tetrafluorobo-
rate[37] were prepared according to, or by slight modification of, published
procedures. All other compounds are commercially available. Soluble
ruthenium(���) chloride hydrate with a ruthenium content of about 38%was
used. Synthetic work involving air-sensitive compounds was performed
under an atmosphere of dry argon or nitrogen by using standard Schlenk
techniques or a conventional glove box. Solvents and reagents were
appropriately dried and purified. Methods and instrumentation used for
electrochemistry,[38] EPR spectroscopy,[39] transient absorption spectrosco-
py[40]and low-temperature luminescence spectroscopy[41] have been pre-
viously described. Excitation-emission spectra were obtained by utilising a
custom-built setup with a 75 W Xe lamp, two astigmatism-corrected
spectrometers for signal processing and a back-thinned CCD camera
(Roper Scientific) for detection. Details of this method can be found
elsewhere.[32] Samples for electrochemical and photophysical experiments
were freshly prepared and handled under nitrogen, since otherwise
degradation was observed. A flow cell was used for transient absorption
spectroscopy to rule out the accumulation of degradation products. NMR:
Bruker Avance DRX 500 and Varian Unity INOVA 500 (500.13 MHz for
1H); MS: VG Autospec (EI; LSIMS, 3-nitrobenzyl alcohol matrix) or
Esquire 3000 (ESI); UV/Vis: Perkin Elmer Lambda 9; elemental analyses:
Beller (Gˆttingen), H. Kolbe (M¸lheim an der Ruhr) and microanalytical
laboratory of the University of Bielefeld.


1a : A solution of ethynylferrocene (3a ; 680 mg, 3.24 mmol), 4�-(trifluor-
omethylsulfonyloxy)-2,2�:6�,2��-terpyridine (2a ; 1.24 g, 3.24 mmol) and
[Pd(PPh3)4] (230 mg, 0.20 mmol) in toluene (20 mL) and diisopropylamine
(10 mL) was stirred at 60 �C for 14 h. The mixture was allowed to cool to
room temperature. Volatile components were removed in vacuo. The
residue was taken up with dichloromethane (50 mL). Methanol (5 mL) was
added and the mixture filtered through a pad of Florisil. The filtrate was
reduced to dryness in vacuo. The residue was suspended in methanol
(10 mL). The orange solid was isolated by filtration and dried in vacuo.
Yield 1.00 g (70%). 1H NMR (CDCl3): �� 4.25 (s, 5H), 4.28 (s, 2H), 4.53 (s,
2H), 7.32 ± 7.34 (m, 2H), 7.83 ± 7.87 (m, 2H), 8.50 (s, 2H), 8.60 (™d∫,
apparent J� 7.9 Hz, 2H), 8.70 ppm (™d∫, apparent J� 4.4 Hz, 2H); 13C{1H}
NMR (CDCl3): �� 63.9, 69.4, 70.1, 71.8, 84.2, 94.0, 121.2, 122.5, 123.9, 134.1,
136.9, 149.1, 155.4, 155.8 ppm; MS (ESI): m/z : 464 [1a�Na]� ; elemental
analysis (%) calcd for C27H19N3Fe (441.3): C 73.48, H 4.33, N 9.52; found: C
73.27, H 4.75, N 9.27.


1b : By a procedure analogous to that described for 1a, 2.01 g (62%) of 1b
was obtained as a red solid from ethynyloctamethylferrocene (3b ; 1.07 g,


3.23 mmol), 4�-(trifluoromethylsulfonyloxy)-2,2�:6�,2��-terpyridine (2a ;
1.23 g, 3.23 mmol) and [Pd(PPh3)4] (230 mg, 0.20 mmol) in toluene
(20 mL) and diisopropylamine (10 mL). 1H NMR (CDCl3): �� 1.69 (s,
6H), 1.74 (s, 6H), 1.80 (s, 6H), 1.96 (s, 6H), 3.34 (s, 1H), 7.33 ± 7.35 (m, 2H),
7.84 ± 7.87 (m, 2H), 8.47 (s, 2H), 8.61 (™d∫, apparent J� 8.0 Hz, 2H),
8.72 ppm (™d∫, apparent J� 4.1 Hz, 2H); 13C{1H} NMR (CDCl3): �� 9.0,
10.0, 10.7, 10.8, 63.9, 71.7, 81.0, 81.3, 81.8, 82.8, 88.3, 94.9, 121.4, 122.1, 123.9,
135.0, 136.9, 149.1, 155.4, 156.1 ppm; MS (ESI): m/z : 553 [1b]� ; elemental
analysis (%) calcd for C35H35N3Fe (553.5): C 75.94, H 6.37, N 7.59; found: C
75.60, H 6.68, N 7.01.


1e : [PdCl2(PPh3)2] (5.1 mg, 7 �mol) and CuI (0.5 mg, 3 �mol) were added
to a solution of 6a (120 mg, 0.39 mmol) and 4�-(trifluoromethylsulfony-
loxy)-2,2�:6�,2��-terpyridine (2a ; 148 mg, 0.39 mmol) in diethylamine
(5 mL). The mixture was stirred for 16 h. The orange solid was isolated
by filtration and dried in vacuo. Yield 144 mg (68%). 1H NMR (CDCl3):
�� 4.24 (s, 7H), 4.50 (s, 2H), 7.33 ± 7.35 (m, 2H), 7.46 ± 7.51 (m, 4H), 7.84 ±
7.88 (m, 2H), 8,56 (s, 2H), 8.60 (™d∫, apparent J� 7.8 Hz, 2H), 8.70 ppm
(™d∫, apparent J� 4.4 Hz, 2H); 13C{1H} NMR (CDCl3): �� 64.8, 69.0, 70.0,
71.5, 85.5, 89.0, 91.1, 93.6, 121.2, 121.4, 122.8, 124.0, 124.7, 131.4, 131.8, 133.3,
136.9, 149.2, 155.6, 155.6 ppm; MS (ESI): m/z : 564 [1e�Na]� ; elemental
analysis (%) calcd for C35H23N3Fe (541.4): C 77.64, H 4.28, N 7.76; found: C
76.90, H 4.73, N 6.77.


1 f : [PdCl2(PPh3)2] (10.0 mg, 14 �mol) and CuI (1.0 mg, 5 �mol) were added
to 6b (320 mg, 0.76 mmol) and 4�-(trifluoromethylsulfonyloxy)-2,2�:6�,2��-
terpyridine (2a ; 290 mg, 0.76 mmol) in diethylamine (10 mL). The mixture
was stirred for 16 h. Insoluble material was removed by filtration. The
filtrate was reduced to dryness in vacuo. The residue was suspended in
methanol (5 mL). The orange solid was isolated by filtration and dried in
vacuo. Yield 240 mg (48%). 1H NMR (CDCl3): �� 1.68 (s, 6H), 1.72 (s,
6H), 1.78 (s, 6H), 1.89 (s, 6H), 3.35 (s, 1H), 7.33 ± 7.35 (m, 2H), 7.46 ± 7.51
(m, 4H), 7.84 ± 7.88 (m, 2H), 8.56 (s, 2H), 8.60 (™d∫, apparent J� 7.9 Hz,
2H), 8.71 ppm (™d∫, apparent J� 4.4 Hz, 2H); 13C{1H} NMR (CDCl3): ��
8.7, 9.8, 10.3, 10.9, 64.4, 72.1, 78.2, 81.1, 81.7, 81.9, 84.2, 85.6, 88.9, 93.8, 120.7,
121.2, 122.7, 124.0, 130.8, 131.9, 133.92, 136.9, 149.2, 155.5, 155.7 ppm; MS
(ESI):m/z : 653 [1 f]� ; elemental analysis (%) calcd for C43H39N3Fe (653.7):
C 79.01, H 6.01, N 6.43; found: C 78.88, H 6.18, N 6.31.


5b : [Pd(PPh3)4] (100 mg, 60 �mol) was added to a solution of ethynylocta-
methylferrocene (3b ; 451 mg, 1.40 mmol) and 4-(bromophenylethynyl)tri-
methylsilane (4 ; 354 mg, 1.38 mmol) in n-propylamine (20 mL). The
mixture was stirred at 60 �C for 14 h and subsequently allowed to cool to
room temperature. Volatile components were removed in vacuo. The
residue was extracted with n-hexane (30 mL). Insoluble material was
removed by filtration. The filtrate was reduced to dryness in vacuo. The
residue was suspended in methanol (10 mL), and the orange solid isolated
by filtration. Yield 550 mg (80%). 1H NMR (CDCl3): �� 0.23 (s, 9H), 1.68
(s, 6H), 1.74 (s, 6H), 1.78 (s, 6H), 1.89 (s, 6H), 3.32 (s, 1H), 7.38 ppm (s,
4H); 13C{1H} NMR (CDCl3): �� 0.0, 8.9, 10.0, 10.6, 10.8, 64.4, 71.6, 80.9,
81.1, 81.2, 82.2, 89.0, 91.0, 95.5, 105.0, 121.5, 125.1, 130.8, 131.9 ppm; MS
(ESI): m/z : 494 [5b]� ; elemental analysis (%) calcd for C31H38FeSi (494.6):
C 75.28, H 7.74; found: C 74.31, H 7.55.


6b : Potassium fluoride (71 mg, 1.22 mg) was added to a solution of 5b
(550 mg, 1.11 mmol) in a mixture of THF (20 mL) and methanol (10 mL).
The mixture was stirred for 16 h. Volatile components were removed in
vacuo. The residue was extracted with n-hexane (30 mL). The extract was
filtered through a pad of Florisil and reduced to dryness in vacuo. Methanol
(10 mL) was added to the residue. The orange solid was isolated by
filtration and dried in vacuo. Yield 320 mg (68%). 1H NMR (CDCl3): ��
1.72 (s, 6H), 1.78 (s, 6H), 1.82 (s, 6H), 1.94 (s, 6H), 3.17 (s, 1H), 3.35 (s, 1H),
7.45 ppm (s, 4H); 13C{1H} NMR (CDCl3): �� 8.9, 10.0, 10.6, 10.8, 64.3, 71.6,
78.3, 80.7, 81.1, 81.3, 82.2, 83.6, 88.9, 91.1, 120.4, 125.4, 130.9, 132.1 ppm; MS
(ESI):m/z : 422 [6b]� ; elemental analysis (%) calcd for C28H30Fe (422.4): C
79.62, H 7.16; found: C 78.70, H 7.12.


[(1a)2Ru](PF6)2 ¥ 2H2O : A suspension of 1a (106 mg, 0.24 mmol) and
[RuCl2(dmso)4] (58 mg, 0.12 mmol) in ethanol (20 mL) was heated to reflux
for 30 min. The solution was allowed to cool to room temperature and
filtered through a pad of Celite. A saturated aqueous solution of
ammonium hexafluorophosphate (5 mL) was added. The crude product
was isolated by filtration and washed with diethyl ether (10 mL).
Purification was achieved by column chromatography (Florisil, eluent
acetonitrile/water/saturated aqueous potassium nitrate 7/0.5/1). Yield
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23.6 mg (15%). 1H NMR (CD3CN): �� 4.40 (s, 10H), 4.50 (s, 4H), 4.75 (s,
4H), 7.17 ± 7.19 (m, 4H), 7.40 (d, J� 5.3 Hz, 4H), 7.92 ± 7.95 (m, 4H), 8.54 (d,
J� 8.0 Hz, 4H), 8.81 ppm (s, 4H); 13C{1H} NMR (CD3CN): �� 71.3, 73.1,
125.6, 125.9, 128.6, 139.2, 153.6, 156.2, 158.6 ppm; MS (LSIMS): m/z : 984
[(1a)2Ru]� ; elemental analysis (%) calcd for C54H42N6F12Fe2O2P2Ru
(1309.7): C 49.52, H 3.23, N 6.42; found: C 48.60, H 3.16, N 6.00.


[(1e)2Ru](PF6)2 ¥ 2H2O : N-Ethylmorpholine (0.2 mL) was added to a
suspension of 1e (100 mg, 19 �mol) and RuCl3 ¥ nH2O (26.7 mg, 9.3 �mol)
in ethanol (20 mL). The mixture was heated to reflux for 3 h. The solution
was allowed to cool to room temperature and filtered through a pad of
Celite. A saturated aqueous solution of ammonium hexafluorophosphate
(5 mL) was added. The product was isolated by filtration and washed with
diethyl ether (10 mL). Yield 40.0 mg (14%). 1H NMR ([D6]DMSO): ��
4.31 (s, 10H), 4.40 (s, 4H), 4.62 (s, 4H), 7.27 ± 7.20 (m, 4H), 7.57 (d, J�
5.6 Hz, 4H), 7.68 (™d∫, apparent J� 8.1 Hz, 4H), 7.75 (™d∫, apparent J�
8.1 Hz, 4H), 8.04 ± 8.07 (m, 4H), 8.91 (d, J� 8.1 Hz, 4H), 9.34 ppm (s, 4H);
13C{1H} NMR ([D6]DMSO): �� 69.4, 69.9, 71.3, 85.0, 88.8, 92.3. 94.0, 120.1,
124.8, 125.6, 127.9, 129.1, 131.7, 132.1, 138.3, 152.4, 154.8, 157.3 ppm; MS
(ESI): m/z : 592 [(1e)2Ru]2� ; elemental analysis (%) calcd for
C70H50N6F12Fe2O2P2Ru (1509.9): C 55.68, H 3.33, N 5.56; found: C 56.19,
H 3.63, N 5.39.


[(1 f)2Ru](PF6)2 ¥ 2H2O : By a procedure analogous to that described for
[(1e)2Ru](PF6)2 ¥ 2H2O, 20.1 mg (11%) of [(1 f)2Ru](PF6)2 ¥ 2H2O was
obtained from the reaction of 1 f (70.0 mg, 0.11 mmol) and RuCl3 ¥ nH2O
(15.4 mg, 5.4 �mol) in ethanol (20 mL) in the presence of N-ethylmorpho-
line (0.2 mL). 1H NMR ([D6]DMSO): �� 1.5 (br s, 24H), 7.13 ± 7.17 (m,
4H), 7.32 (m, 4H), 7.36 (™d∫, apparent J� 5.4 Hz, 4H), 7.55 (m, 4H), 7.89 ±
7.93 (m, 4H), 8.46 (d, J� 8.1 Hz, 4H), 8.81 ppm (s, 4H); MS (ESI):m/z : 704
[(1 f)2Ru]2� ; elemental analysis (%) calcd for C86H82N6F12Fe2O2P2Ru
(1734.3): C 59.56, H 4.77, N 4.85; found: C 60.02; H, 4.85, N, 5.23.


[(1a)Ru(tpy)](PF6)2 ¥ 2H2O : N-ethylmorpholine (0.2 mL) was added to a
suspension of 1a (92.4 mg, 0.15 mmol) and [(tpy)RuCl3] (64.7 mg,
0.15 mmol) in ethanol (10 mL). The mixture was heated to reflux for 3 h.
The solution was allowed to cool to room temperature and filtered through
a pad of Celite. A saturated aqueous solution of ammonium hexafluor-
ophosphate (5 mL) was added. The crude product was isolated by filtration
and washed with diethyl ether (5 mL). Purification was achieved by column
chromatography (basic alumina, eluent acetone/water 19/1). Yield 130 mg
(42%). 1H NMR (CD3CN): �� 4.40 (s, 5H), 4.50 (s, 2H), 4.74 (s, 2H),
7.15 ± 7.17 (m, 4H), 7.33 (d, J� 5.5 Hz, 2H), 7.39 (d, J� 5.4 Hz, 2H), 7.89 ±
7.94 (m, 4H), 8.41 (t, J� 8.1 Hz, 1H), 8.47 ± 8.50 (m, 4H), 8.76 (d, J�
8.1 Hz, 2H), 8.78 ppm (s, 2H); 13C{1H} NMR (CD3CN): �� 70.6, 71.2, 71.3,
73.1, 83.9, 99.2, 124.7, 125.4, 125.5, 125.8, 128.4, 128.6, 131.9, 137.0, 139.1,
153.5, 156.2, 158.6, 158.9 ppm; MS (LSIMS): m/z : 776 [(1a)Ru(tpy)]� ;
elemental analysis (%) calcd for C42H34N6F12FeO2P2Ru (1101.6): C 45.79, H
3.11, N 7.63; found: C 45.34, H 3.46, N 7.55.


[(1b)Ru(tpy)](PF6)2 ¥ 2H2O : Triethylamine (0.2 mL) was added to a
suspension of 1b (60.1 mg, 0.11 mmol) and [(tpy)RuCl3] (45.5 mg,
0.10 mmol) in ethanol/water (2/1) (15 mL). The mixture was heated to
reflux for 1 h. The solution was allowed to cool to room temperature and
filtered through a pad of Celite. A saturated aqueous solution of ammonium
hexafluorophosphate (5 mL) was added. The product was isolated by
filtration and washed with diethyl ether (5 mL). Yield 42 mg (34%).
1HNMR (CD3CN): �� 1.5 (brs, 24H), 7.15 ± 7.16 (m, 4H), 7.32 (d, J� 4.7 Hz,
2H), 7.40 (d, J� 4.7 Hz, 2H), 7.89 ± 7.92 (m, 4H), 8.41 (t, J� 8.0 Hz, 1H),
8.51 ± 8.54 (m, 4H), 8.71 (s, 2H), 8.77 ppm (d, J� 8.0 Hz, 2H); 13C{1H} NMR
(CD3CN): �� 124.6, 125.2, 125.3, 128.3, 128.4, 136.8, 138.8, 139.0, 153.3,
156.1, 156.8, 158.1, 158.8 ppm (Fc# C atoms not observed);MS (LSIMS):m/z :
888 [(1b)Ru(tpy)]� ; elemental analysis (%) calcd for C50H50N6F12FeO2P2Ru
(1213.8): C 49.48, H 4.15, N 6.92; found: C 49.24, H 4.29, N 6.82.


[(1d)Ru(tpy)](PF6)2 ¥ 2H2O : N-ethylmorpholine (0.2 mL) was added to a
suspension of 1d (92.4 mg, 0.15 mmol) and [(tpy)RuCl3] (64.7 mg,
0.15 mmol) in ethanol (10 mL). The mixture was heated to reflux for 3 h.
The solution was allowed to cool to room temperature and filtered through
a pad of Celite. A saturated aqueous solution of ammonium hexafluor-
ophosphate (5 mL) was added. The product was isolated by filtration and
washed with diethyl ether (5 mL). Yield 91 mg (51%). 1H NMR
([D6]DMSO): �� 1.5 (br s, 24H), 7.23 ± 7.27 (m, 4H), 7.41 (d, J� 5.4 Hz,
2H), 7.52 (d, J� 5.3 Hz, 2H), 8.00 ± 8.06 (m, 4H), 8.53 (t, J� 8.1 Hz, 1H),
8.83 (d, J� 8.1 Hz, 2H), 9.07 ± 9.10 (m, 4H), 9.43 ppm (s, 2H); 13C{1H}


NMR (CD3CN): �� 7.7, 9.3, 100.7, 124.7, 120.7, 124.0, 124.5, 124.8, 126.7,
127.7, 128.1, 130.1, 134.3, 135.9, 138.0, 138.1, 146.2, 152.1, 152.2, 154.7, 155.1,
157.7, 157.9 ppm (Fc# ring C atoms not observed); MS (LSIMS): m/z : 964
[(1d)Ru(tpy)]� ; elemental analysis (%) calcd for C56H54N6F12FeO2P2Ru
(1289.9): C 52.14, H 4.22, N 6.52; found: C 52.74, H 4.09, N 6.53.


[(1e)Ru(tpy)](PF6)2 ¥ 2H2O : By a procedure analogous to that described
for [(1d)Ru(tpy)](PF6)2 ¥ 2H2O, 110 mg (64%) of [(1e)Ru(tpy)](PF6)2 ¥
2H2O was obtained from the reaction of 1e (81.2 mg, 0.15 mmol) and
[(tpy)RuCl3] (66.0 mg, 0.15 mmol) in ethanol (20 mL) in the presence ofN-
ethylmorpholine (0.3 mL). 1H NMR (CD3CN): �� 4.28 (s, 5H), 4.36 (s,
2H), 4.56 (s, 2H), 7.14 ± 7.19 (m, 4H), 7.34 (d, J� 5.4 Hz, 2H), 7.37 (d, J�
5.3 Hz, 2H), 7.62 (™d∫, apparent J� 8.2 Hz, 2H), 7.75 (™d∫, apparent J�
8.2 Hz, 2H), 7.89 ± 7.95 (m, 4H), 8.43 (t, J� 8.1 Hz, 1H), 8.47 ± 8.50 (m,
4H), 8.74 (d, J� 8.1 Hz, 2H), 8.86 ppm (s, 2H); 13C{1H} NMR (CD3CN):
�� 70.4, 70.9, 72.5, 85.8, 88.7, 93.1, 97.3, 121.4, 124.7, 124.8, 125.4, 125.5,
126.1, 126.2, 128.4, 130.7, 132.6, 133.2, 139.3, 153.4, 156.1, 158.3, 158.5,
158.9 ppm; MS (ESI): m/z : 438 [(1e)Ru(tpy)]2� ; elemental analysis (%)
calcd for C50H42N6F12FeO2P2Ru (1201.7): C 49.97, H 3.19, N 6.99; found: C
49.23, H 3.56, N 6.72.


[(1c)Ru(1d)](PF6)2 ¥ 2H2O : A suspension of 1d (54.0 mg, 0.10 mmol) and
[(1c)RuCl2(dmso)] (80.0 mg, 0.10 mmol) in ethanol (30 mL) was heated to
80�C for 2.5 h. The solution was allowed to cool to room temperature and
filtered through a pad of Celite. A saturated aqueous solution of ammonium
hexafluorophosphate (5 mL) was added. The product was isolated by
filtration and washed with diethyl ether (5 mL). Yield 51 mg (38%).
1H NMR ([D6]DMSO): �� 1.5 (brs, 24H), 4.34 (s, 5H), 4.42 (s, 2H), 4.65 (s,
2H), 7.26 (m, 4H), 7.53 (m, 6H), 7.86 (m, 2H), 8.05 (m, 4H), 8.28 (m, 2H),
8.50 (m, 2H), 9.06 (m, 2H), 9.13 (m, 2H), 9.42 (m, 2H), 9.52 ppm (s, 2H);
13C{1H} NMR (CD3CN): �� 7.7, 9.3, 100.7, 124.7, 120.7, 124.0, 124.5, 124.8,
126.7, 127.7, 128.1, 130.1, 134.3, 135.9, 138.0, 138.1, 146.2, 152.1, 152.2, 154.7,
155.1, 157.7, 157.9 ppm (Fc# ring C atoms not observed); MS (LSIMS): m/z :
1248 [(1c)Ru(1d)]� ; elemental analysis (%) calcd for C74H66N6F12Fe2O2-


P2Ru (1574.1): C 56.47, H 4.23, N 5.34; found: C 56.47, H 4.27, N 5.49.


[(1a)Ru(tpy)][BF4](PF6)2 ¥ 2H2O : A solution of [(1a)Ru(tpy)](PF6)2 ¥
2H2O (100 mg, 91 �mol) and acetylferrocenium tetrafluoroborate
(30.0 mg, 95 �mol) in acetonitrile (10 mL) was stirred for 15 h. Volatile
components were removed in vacuo. The residue was dissolved in acetone
(10 mL) and filtered through a pad of Celite. The volume of the filtrate was
reduced to about 3 mL. The product was precipitated by dropwise addition
of diethyl ether, isolated by filtration, washed with diethyl ether (2	 5 mL)
and dried in vacuo. Yield 90 mg (83%). Elemental analysis (%) calcd for
C42H34N6BF16FeO2P2Ru (1188.4): C 42.45, H 2.88, N 7.07; found: C 42.37, H
2.97, N 7.25.


[(1d)Ru(tpy)](PF6)3 ¥ 2H2O : By a procedure analogous to that described
for [(1a)Ru(tpy)](BF4)(PF6)2 ¥ 2H2O, 98 mg (83%) of [(1d)Ru(tpy)](P-
F6)2 ¥ 2H2O was obtained from the reaction of [(1d)Ru(tpy)](PF6)2 ¥ 2H2O
(100 mg, 82 �mol) and ferrocenium hexafluorophosphate (27.2 mg,
82 �mol) in acetonitrile (10 mL). Elemental analysis (%) calcd for
C56H53N6F18FeO2P3Ru (1436.9): C 47.02, H 3.72, N 5.85; found: C 46.43,
H 3.80, N 5.34.


[(1a)2Zn](PF6)2 ¥ 2H2O : A suspension of 1a (406 mg, 0.92 mmol) and zinc
tetrafluoroborate (110 mg, 0.46 mmol) in ethanol (50 mL) was heated to
reflux for 3 h. The solution was allowed to cool to room temperature and
filtered through a pad of Celite. A saturated aqueous solution of
ammonium hexafluorophosphate (10 mL) was added. The product was
isolated by filtration and washed with diethyl ether (10 mL). Yield 390 mg
(67%). 1H NMR (CD3CN): �� 4.41 (s, 10H), 4.56 (s, 4H), 4.78 (s, 4H),
7.40 ± 7.43 (m, 4H), 7.83 (d, J� 5.0 Hz, 4H), 8.15 ± 8.19 (m, 4H), 8.57 (d, J�
8.0 Hz, 4H), 8.75 ppm (s, 4H); 13C{1H} NMR (CD3CN): �� 71.4, 71.8, 73.4,
125.6, 124.1, 125.8, 128.6, 142.3 148.4, 149.1, 150.5 ppm; MS (ESI):m/z : 473
[(1a)2Zn]2� ; elemental analysis (%) calcd for C54H42N6F12Fe2O2P2Zn
(1274.0): C 50.91, H 3.32, N 6.60; found: C 51.16, H 3.34, N 6.53.


[(1d)2Zn](PF6)2 ¥ 2H2O : By a procedure analogous to that described for
[(1a)2Zn](PF6)2 ¥ 2H2O, 330 mg (75%) of [(1d)2Zn](PF6)2 ¥ 2H2O was
obtained from the reaction of 1d (337 mg, 0.54 mmol) and zinc tetrafluor-
oborate (64.0 mg, 0.27 mmol) in ethanol (50 mL). 1H NMR (CD3CN): ��
1.7 (br s, 24H), 7.42 ± 7.44 (m, 4H), 7.84 ± 7.86 (m, 8H), 8.18 ± 8.21 (m, 8H),
8.75 (d, J� 8.2 Hz, 4H), 9.00 ppm (s, 4H); 13C{1H} NMR (CD3CN): �� 9.0,
9.9, 10.6, 10.8, 122.2, 124.2, 128.5, 128.9, 129.4, 132.4, 135.3, 142.2, 148.9,
149.0, 150.8, 156.5 ppm (Fc# ring C atoms not observed); MS (ESI): m/z :
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673 [(1d)2Zn]2� ; elemental analysis (%) calcd for C84H82N6F12Fe2O4P2Zn
(1706.6): C 59.12, H 4.84, N 4.92; found: C 58.94, H 5.25, N 5.47.


[(1a)2Fe](PF6)2 : A suspension of 1a (221 mg, 0.50 mmol) and iron(��)
chloride (31.8 mg, 0.25 mmol) in ethanol (50 mL) was heated to reflux for
3 h. The solution was allowed to cool to room temperature and filtered
through a pad of Celite. A saturated aqueous solution of ammonium
hexafluorophosphate (10 mL) was added. The crude product was isolated
by filtration, washed with diethyl ether (10 mL) and dissolved in acetone
(5 mL). The product was precipitated by dropwise addition of diethyl ether,
isolated by filtration and washed with diethyl ether (2	 5 mL). Yield
190 mg (62%). 1H NMR (CD3CN): �� 4.44 (s, 10H), 4.56 (s, 4H), 4.81 (s,
4H), 7.09 ± 7.12 (m, 4H), 7.16 (d, J� 4.9 Hz, 4H), 7.89 ± 7.92 (m, 4H), 8.48 (d,
J� 7.9 Hz, 4H), 8.93 ppm (s, 4H); 13C{1H} NMR (CD3CN): �� 63.3, 71.3,
71.5, 73.2, 84.2, 100.5, 124.9, 125.8, 128.5, 134.3, 139.8, 154.1, 158.4,
161.0 ppm; MS (ESI): m/z : 469 [(1a)2Fe]2� ; elemental analysis (%) calcd
for C54H38N6F12Fe3P2 (1228.4): C 52.79, H 3.18, N 6.84; found: C 53.55, H
3.86, N 6.78.


X-ray crystallography: The crystal structure of 1d has already been
published.[5] X-ray crystallographic data for 1a, 1b, 1c and [(1a)2Zn](PF6)2
are collected in Table 9. A Siemens P21 four-circle diffractometer was used
for 1a and 1b, whereas data collection was performed with a STOE IPDS
diffractometer for 1c and a Nonius Kappa CCD diffractometer for
[(1a)2Zn](PF6)2. Graphite-monochromatised MoK� radiation (��
0.71073 ä) was used in each case. The structures were solved by direct
methods. Programs used were Siemens SHELXTL PLUS[42] and SHELXL
97.[43] Full-matrix least-squares refinement on F 2 was carried out aniso-
tropically for the non-hydrogen atoms. Hydrogen atoms were included at
calculated positions by using a riding model. CCDC-192337 (1a), CCDC-
192338 (1b), CCDC-192339 (1c) and CCDC-192342 ([(1a)2Zn](PF6)2)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or depos-
it@ccdc.cam.uk).
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Controlling the Conformation and Interplay of p-Sulfonatocalix[6]arene as
Lanthanide Crown Ether Complexes


Scott J. Dalgarno,[b] Michaele J. Hardie,[b] Mohamed Makha,[b] and Colin L. Raston*[a]


Abstract: Control over the conforma-
tional flexibility of p-sulfonatocalix[6]-
arene in the solid state is possible in the
presence of varied stoichiometric
amounts of [18]crown-6 and selected
lanthanide(���) chlorides. Complexes 1
and 2 have the calixarene in the elusive
™up ± up∫ double cone conformation,
whilst complex 3 has the calixarene in
the centrosymmetric ™up ± down∫ dou-
ble partial cone conformation, whereby
it acts as a divergent receptor. Complex
1 has a double ™molecular capsule∫


arrangement which is composed of two
p-sulfonatocalix[6]arenes shrouding two
[18]crown-6 molecules, also with both
coordinated and homoleptic aquated
lanthanide ions around the hydrophilic
sulfonate rims of the calixarenes. Com-
plex 2 has a ™ferris wheel∫ arrangement


with one lanthanide metal centre coor-
dinated to a sulfonate group and another
coordinated to the crown ether whilst
tethered to a sulfonate group of the
calixarene. Complex 3 forms from a
solution with large excess of [18]crown-
6, and possesses a crown ether molecule
in each of the partial cones and has
homoleptic aquated lanthanide ions in-
volved in a complicated hydrogen-bond-
ing regime within the extended struc-
ture.


Keywords: calixarenes ¥ crown
compounds ¥ host ± guest systems ¥
self-assembly ¥ supramolecular
chemistry


Introduction


For some time, much attention has been focused on the ability
to control conformational and structural aspects of supra-
molecular materials in solution and the solid state.[1±5] A
significant proportion of this current research topic can be
attributed to the use of various functionalised calixarenes and
the related C-methylcalix[4]resorcinarene in hydrogen-bond-
ed assemblies whilst in the presence of various other guests or
supramolecular tectons.[6±8] In addition, Fujita et al. have
synthesised metal ± organic nanobowl structures through the
self-assembly process, structures that are effective mimics of
calix[3]arene.[9]


p-Sulfonatocalix[n]arenes are readily accessible versatile
compounds for inclusion phenomena and the formation of
coordination complexes.[10±17] The ubiquitous p-sulfonatoca-
lix[4]arene forms extended bilayer clay-type structures, and
depending on the nature of the included species and metal
ions present, the bi-layers can be regarded as being built up


from ™molecular capsules∫ composed of two calixarenes
shrouding a crown ether type molecule, such as [18]crown-6
and 4,13-diaza-[18]crown-6, or two amino acids, as so-called
Russian dolls.[11, 18, 19] Other structural motifs include ™ferris
wheels∫,[11, 20] hydrogen-bonded polymers, two-dimensional
coordination polymers[21] and, most spectacularly, spheroidal-
like arrays of twelve calixarenes with the cavities directed
away from the centre of the arrays or nanotubes with the
calixarenes cavities similarly directed outwards.[22] In contrast,
the supramolecular chemistry of p-sulfonatocalix[6]arene
remains relatively unexplored. Atwood et al. reported the
structures of the sulfonic acid and the octasodium salt;[23]


more recently Asfari et al. reported the structures of rubidium
and caesium complexes.[24] In all these structures, the calixar-
enes are in the ™double partial cone∫ (1,2,3-alternate or three
up, three down) conformation, that is, one partial cone
pointing up and the other down. In the only other structurally
authenticated compound based on this sulfonated calixarene,
the molecule is in a pseudo-™up ± up∫ double cone conforma-
tion, whereby one sulfonate group points ™downwards∫
although the calixarene is in the O-methylated form that
lacks the potentially conformational directing phenolic OH-
hydrogen bonding.[25]


Unlike p-sulfonatocalix[4,5]arene, controlling the confor-
mation of the larger and more highly charged calix[6]arene
analogue presents a formidable challenge, a likely reason for
its limited supramolecular chemistry thus far. The ™up ± up∫
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double cone conformation is of interest in forming ™molecular
capsules∫ based on upper-rim-to-upper-rim interplay between
two or more calixarenes,[26] and we find that it is accessible, for
the first time in the solid state, in the presence of [18]crown-6
and selected lanthanide ions, depending on the ratios of crown
ether to the aquated lanthanide ions. Indeed, we have isolated
™molecular capsule∫ (smaller lanthanides), and ™ferris wheel∫
(larger lanthanides) type arrangements, complexes 1 and 2
respectively, Scheme 1. We also find that for the same system
(calixarene/crown ether/lanthanide), it is possible to form
complexes with the calixarene in the ™double partial cone∫
conformation complex 3, Scheme 1(excess crown ether), with
the calixarene now acting as a divergent receptor towards
disc-shaped crown ether molecules. Complexes 1 and 2 have
the same 1:1 stoichiometry with respect to crown ether and
calixarene, whereas 3 has a 2:1 ratio, their formation depen-
ding on the size of the lanthanide ions. The three complexes
show a marked difference in the nature of the lanthanides
present, 1) homoleptic aquated (1 and 3), 2) metal/sulfonate
linkages (1 and 2) and 3) metal/crown ether complexation (2).
Interestingly, the parent unsubstituted calix[6]arene forms a
complex with C60, with a fullerene in each of the cavities for
the ™up ± up∫ conformation, noting the maximum diameter of
the crown ether is similar to that of the fullerene.[27]


Results and Discussion


Within the extended structure of 1 (M�Tb), the calixarenes
assemble into bilayers with each layer composed of �-stacked
calixarenes, aligned in opposite directions, and clearly this
optimises overall hydrophobic ± hydrophobic and hydrophil-
ic ± hydrophilic interactions (Figure 1); closest aromatic ring
centroid ± centroid distance 3.956 ä. With two terbium cen-
tres/calixarene, charge neutrality dictates the calixarene is in
the hexa-anion form. For each centrosymmetric ™molecular
capsule∫, two terbium cations are attached to one sulfonate
group from different calixarenes and seven water molecules,
one of which is disordered over two positions. Each of these
coordinated cations also hydrogen bonds to one sulfonate
group of the attached calixarene (TbO ¥ ¥ ¥OS distance of
2.860 ä) and, in addition, hydrogen bond to sulfonate groups
of both neighbouring calixarenes arranged in the nearest
™molecular capsule∫ (TbO ¥ ¥ ¥OS distances ranging from 2.904
to 3.045 ä). The other two metal centres are attached
exclusively to eight water molecules; there are also secondary
coordination sphere hydrogen-bonding interactions to the
oxygen centres of the crown ethers (TbO ¥ ¥ ¥O distances of
2.819 and 2.867 ä) and to sulfonate groups of two neighbour-
ing calixarene moieties, through two and one of the ligated
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water molecules (TbO ¥ ¥ ¥OS distances ranging from 2.666 to
2.786 ä). We have recently reported examples of un-coordi-
nated octa-aqua trivalent lanthanide cations (M�Gd, Tb,
Tm) interacting with p-sulfonatocalix[4]arene to form 2D
hydrogen-bonded polymers.[21] Ignoring any hydrogen bond-
ing associated with disordered water molecules, the above
hydrogen-bonding regime is similar to that in the analogous p-
sulfonatocalix[4]arene structure.


The ™pinched∫ structure of the ™up ± up∫ conformation
optimises hydrogen-bonding interactions between the six
phenolic OH groups, and effectively has two pseudo ™cal-
ix[3]arene∫ cavities, which have complimentarity of fit with
the crown ether molecules (Figure 1).


For the ™ferris wheel∫ in the structure of 2 (M�Eu), the
lanthanide crown ether complex, in which the metal is bound
to all of the oxygen centres, is tethered to a sulfonate group of
the calixarene, mimicking a similar type of structural motif
seen for p-sulfonatocalix[4]arene.[11, 20] Two water molecules
are attached to the same metal centre, one on the opposite
side of the crown ether plane as the Eu�OS linkage, with one
hydrogen bond to an adjacent sulfonate group (EuO ¥ ¥ ¥OS
distance 2.854 ä). In addition, each ™supermolecule∫ has a
hepta-aqua-europium centre attached to a sulfonate group,
Eu�OS� 2.417(5) ä (Figure 2).


Hydrophobic ± hydrophobic interplay of adjacent calixar-
enes in 2 is through �-stacking in helical arrays (aryl-centroid
separations of 3.882 ä, Figure 3); note that the space group


Figure 2. Projection of the ™ferris wheel∫ arrangement in 2 (hydrogen
atoms and solvent water molecules omitted for clarity).


P212121 is chiral. This contrasts with the bilayer arrangement
in 1. The extended structure also has extensive hydrogen
bonding associated with a large number of water molecules in
the unit cell and with host ± guest interplay between the above
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Figure 1. Extended structure of 1, showing the ™molecular capsule∫ and bilayer packing, along with terbium cations in both coordinated and un-coordinated
environments (several disordered water molecules residing around the hydrophilic regions of the structure have been omitted for clarity in all diagrams).
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™supermolecules∫. The latter is part of a herring bone type
arrangement, whereby the crown ether of one ™supermole-
cule∫ resides in the otherwise unoccupied cavity of another
supermolecule (Figure 3). Three of the solvent water mole-
cules form a hydrogen-bonded chain between ™supermole-
cules∫ (EuO ¥ ¥ ¥O and O ¥ ¥ ¥O distances ranging from 2.676 to
2.884 ä). As in the previous structure, the lanthanide content
requires the calixarenes to take on a 6� charge. Interestingly
the ™ferris wheel∫ arrangement in the calix[4]arene analogue
acts as a ™supercation∫ with a chloride counterion.[20]


Complex 3, has a ™double partial cone∫ conformation,
which possibly results from excess [18]crown-6 disrupting the
hydrogen-bonding regime at the base of the calixarene for the
™up ± up∫ conformation. The asymmetric unit is composed of
two half p-sulfonatocalix[6]arene molecules, two [18]crown-
6 molecules, two nona-aqua trivalent europium cations (one
of which has a ligated water molecule disordered over two
sites) and several solvent water molecules. The extended
structure is highly complex, and as for 1 and 2, the calixarenes
take on a 6� charge. The structure in complex 3 has two
distinct ™supermolecules∫ (3A and 3B) based on each
calixarene, which are shown in Figure 4, and differ mainly in
the hydrogen bonding of the nona-aqua cations.


™Supermolecule∫ 3A has the cations residing close to an
[18]crown-6 molecule, with one ligated water molecule
pointing directly towards the centre of the crown ether and
hydrogen bonding to two of the crown ether oxygen centres,
EuO ¥ ¥ ¥O distances 2.716 and 2.964 ä, Figure 4 (top). Anoth-
er ligated water molecule hydrogen bonds to one of the crown
ether oxygen centres, EuO ¥ ¥ ¥O distance 2.901 ä. The same
crown ether is noticeably distorted due to hydrogen bonding
of two oxygen donor atoms of the [18]crown-6 to a water
molecule situated on the opposite side of the crown ether to
the lanthanide cation species (O ¥ ¥ ¥O distances 2.758 and
2.903 ä). The same water molecule hydrogen bonds to one
phenolic group of the calixarene (O ¥ ¥ ¥OPh distance 2.645 ä).
Supermolecule 3B (Figure 4, bottom) has the crown ether
now interacting with two water molecules, each of which
reside on either side of the crown ether. Both of these
hydrogen bond to two oxygen centres of the [18]crown-6-
(O ¥ ¥ ¥O distances 2.746 to 3.071 ä). One of the water
molecules also hydrogen bonds to one of the phenolic groups
of the other partial cone (O ¥ ¥ ¥OPh distance 2.575 ä), whilst
the second water molecule hydrogen bonds to a ligated water
molecule of the trivalent lanthanide metal cation (O ¥ ¥ ¥OEu
distance 2.693 ä).


Figure 3. Extended structure of 2 (coordinated europium hepta-aqua cations, hydrogen atoms, and other solvated water molecules omitted for clarity).
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Figure 4. Projections of 3 : ™supermolecule∫ 3A (top; two of the three
sulfonate groups of in the asymmetric unit are disordered equally over two
sites) and 3B (bottom).


The two ™supermolecules∫ independently alternate, form-
ing columns within one plane of the extended structure. These
columns are assembled through hydrogen bonding between
ligated water molecules of the
lanthanide species and sulfonate
groups from the nearest identi-
cal building unit (EuO ¥ ¥ ¥OS
distances 2.744 and 2.758 ä for
A and B, respectively). In addi-
tion, intercolumn hydrogen
bonding is also evident (EuO ¥¥¥
OS distances 2.758 (A) and
2.917 ä (B)). As the structure
is extended further, a simple
gridlike packing of these col-
umns becomes apparent, shown
in cartoon form, as projected
along the a axis (Figure 5). The
nearest dissimilar ™supermole-
cules∫ also hydrogen bond to
each other in a similar manner
(Figure 6; EuO ¥¥¥OS distance
2.627 ä). �-Stacking occurs in
the extended structure between
one phenyl ring of nearest dis-
similar supermolecules with aryl
centroid ± centroid separations
of 3.616 ä (Figure 6, dashed
green line).


Figure 5. Cartoon showing hydrogen bonding and �-stacking interactions
in complex 3.


Conclusion


The potential for water soluble p-sulfonatocalix[6]arene in
forming novel structural arrays has been developed, along
with control of the conformation of the calixarenes, and this is
likely to lead into larger arrays such as spheres and nanorods.
Given that the structural motifs are similar to those accessed
with the smaller sibling p-sulfonatocalix[4]arene, for which
the incorporation of amino acids, peptides, and other (bis)-
amino functionalised guests is possible,[11, 19, 20, 28] the incorpo-
ration of such species in the system involving p-sulfonatoca-
lix[6]arene should be possible under varied conditions.


Experimental Section


p-Sulfonatocalix[6]arene was prepared by literature methods, whilst
[18]crown-6 and the lanthanide(���) chlorides were purchased from Aldrich
and used as supplied.[29]
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Figure 6. The 2D grid resulting from packing of columns of molecules of 3A and molecules of 3B showing
hydrogen bonding within the columns and between adjacent dissimilar columns; some of the water molecules
bound to the metal centres are disordered equally over two orientations.







Sulfonatocalixarenes 2834±2839


[Tb(H2O)8]3�[([18]crown-6)[Tb(H2O)7](p-sulfonatocalix[6]arene)]3� ¥
22H2O (1): p-Sulfonatocalix[6]arene (8 mg, 7 �mol), [18]crown-6 (8 mg,
30 �mol), and anhydrous terbium(���)chloride (10 mg, 38 �mol) were
dissolved in distilled water (2 cm�3); small prismatic colourless crystals
formed on slow evaporation.


[M(H2O)7]3�[{M� ([18]crown-6)(H2O)2}� (p-sulfonatocalix[6]arene)]3� ¥
17H2O (2: M3��Nd, Eu): p-Sulfonatocalix[6]arene (10 mg, 8.9 �mol),
[18]crown-6 (8 mg, 30 �mol) and anhydrous europium(���)chloride (10 mg,
39 �mol) were dissolved in distilled water (2 cm�3). On standing over three
days, large purple/brown prismatic crystals formed.


[M(H2O)9]23�[([18]crown-6)� (p-sulfonatocalix[6]arene)0.5]23� ¥ 24H2O (3:
M3��Eu, Tb): p-Sulfonatocalix[6]arene (10 mg, 8.9 �mol), [18]crown-6
(20 mg, 75 �mol) and anhydrous europium(���) chloride (8 mg, 31 �mol)
were dissolved in distilled water (2 cm�3). On standing over three days,
large colourless prismatic crystals formed.


X-ray crystallography : X-ray data for all compounds was collected on an
Enraf ±Nonius KappaCCD diffractometer details of which are given in
Table 1. CCDC-202193 ± 202195 contain the supplementary crystallograph-


ic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.uk). Some solvent water mole-
cules in compounds 1 and 3 were refined isotropically. Residual electron
density in compounds 1 and 2 is associated with disordered metal cations.
Residual electron density in compound 3 is associated with a disordered
metal cation, mainly two peaks of 4.70 and 4.08 which reside around 1.3 ä
either side of a Eu metal centre.


Isostructural complexes


Complex 1: For the isostructural thulium complex, the unit cell parameters
were a� 18.8349(3), b� 21.7860(4), c� 25.2678(5) ä, �� 89.9998(18) ��
77.6929(20) �� 90.1601(9)�.


Complex 2 : For neodymium, structural elucidation showed a high degree of
disorder surrounding the sulfonate groups of the calixarene as well as the
poly-aqua neodymium species. C54H80O50S6Nd2, Mr� 2010.02, orthorhom-


bic, a� 17.515(4), b� 18.248(4), c� 27.042(5) ä, V� 8643(3) ä3, ��
1.545 mm�1, T� 150 K, space group P212121 (no. 19), Z� 4, MoK� radiation
(�� 0.71073 ä), GoF� 2.026, R1� 0.1444, 94714 reflections measured,
15094 unique (Rint� 0.1503), which were used in all calculations. The final
�R(F 2) was 0.3383 (all data).


Complex 3 : For the isostructural terbium complex, the unit cell parameters
were a� 14.6462(4), b� 21.3919(7), c� 21.7261(6) ä, �� 111.423(9) ��
104.375(9) �� 103.305(11)�.
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Table 1. X-ray crystallographic data for compounds 1 ± 3.


Complex 1 2 3


formula C54H140O32S6Tb2 C54H106O56S6Eu2 C66H152O76S6 Eu2


Mr 1811.86 2147.67 2658.16
crystal size [mm] 0.10� 0.12� 0.16 0.13� 0.14� 0.18 0.09� 0.13� 0.16
crystal system monoclinic orthorhombic triclinic
space group P21/n P212121 P1≈


T [K] 150(2) 150(2) 150(2)
a [ä] 22.026(4) 17.1494(2) 14.6331(3)
b [ä] 18.798(4) 17.9560(2) 21.2138(4)
c [ä] 24.923(5) 26.9000(3) 21.5897(4)
� [�] 110.254(10)
� [�] 104.75(3) 103.205(10)
� [�] 105.409(10)
V [ä3] 9979.0(3) 8283.3(16) 5668.4(19)
Z 4 4 2
�calcd [Mgm�3] 1.206 1.722 1.317
� range [�] 1.37 to 26.00 1.64 to 26.00 1.52 to 25.00
reflns collected 145103 58373 69386
independent reflns (Rint) 19587 (0.1116) 16184 (0.0691) 19411 (0.1093)
parameters 1217 1063 1322
final R1 [I� 2	(I)] 0.1102 0.0476 0.1505
S 1.196 1.039 1.123
wR2 (all data) 0.2623 0.1263 0.3639
min/max residual
electron density [eä3]


3.63/� 2.50 2.81/� 1.14 4.70/� 1.94








Polynitrogen Chemistry: Preparation and Characterization of (N5)2SnF6,
N5SnF5, and N5B(CF3)4


William W. Wilson,*[a] Ashwani Vij,[a] Vandana Vij,[a]
Eduard Bernhardt,[c] and Karl O. Christe*[a, b]


Abstract: Metathetical processes were
used to convert N5SbF6 into N5[B(CF3)4]
and (N5)2SnF6. The latter salt is espe-
cially noteworthy because it contains
two N5


� ions per anion, thus demon-
strating that salts with touching polyni-
trogen cations can be prepared. This
constitutes an important milestone to-


wards our ultimate goal of synthesizing a
stable, ionic nitrogen allotrope. The
stepwise decomposition of (N5)2SnF6


yielded N5SnF5. Multinuclear NMR
spectra show that in HF the SnF5


� ion
exists as a mixture of Sn2F10


2� and
Sn4F20


4� ions. Attempts to isolate FN5


from the thermolysis of (N5)2SnF6 were
unsuccessful, yielding only the expected
decomposition products, FN3, N2, trans-
N2F2, NF3, and N2.


Keywords: anions ¥ nitrogen ¥
NMR spectroscopy ¥ polynitrogen
¥ vibrational spectroscopy


Introduction


During the past two decades, polynitrogen chemistry has
received increasing attention.[1±16] While at the beginning,
most of the efforts were devoted to theoretical studies, the
recent syntheses of stable salts of the pentanitrogen(�1)
cation (N5


�)[1, 2] have given a strong impetus to experimental
studies in this field. So far, the only method for generating N5


�


compounds has been their direct synthesis from N2FAsF6 or
N2FSbF6 and HN3 in HF, according to Equation (1).


N2FMF6�HN3�HF
N5MF6�HF (M�As, Sb) (1)


A major goal of this study was to increase the nitrogen
content of the N5


� salts by combining N5
� with multiply


charged anions. This presents a significant challenge, because


it results in structures with touching polynitrogen ions that
will increase both the endothermicity and sensitivity of these
compounds.


The general usefulness of the metathetical method is
severely restricted by the small number of N2F� salts
available. Except for reports on unstable N2FBF4


[17] and
N2FPF6


[18] salts, no other N2F� compounds have been de-
scribed in the literature. Therefore, it was desirable to develop
a more general method for the syntheses of N5


� salts, such as
the exchange of SbF6


� in N5SbF6 for other anions. This
situation resembles that previously encountered for the
syntheses of NF4


� salts.[19, 20] Since SbF5 is among the strongest
known Lewis acids,[21] displacement reactions are rarely
feasible, and metathetical approaches are required [Eq. (2)].


N5
�SbF6


��M�Y� � N5
�Y��M�SbF6


� � (2)


For a successful metathetical reaction, each ion must be
compatible with the solvent, and both starting materials and
one of the products must be highly soluble, while the second
reaction product must exhibit low solubility.


Results and Discussion


The choices of counterions capable of forming stable N5
� salts


are limited. For room temperature stability, the strengths of
the conjugate Lewis acids should exceed that of AsF5, because
N5AsF6 is only marginally stable at room temperature.[1] The
stability of the N5


� salt might be further enhanced by the use
of a weakly coordinating, bulky anion.
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Several solvents were explored for conducting the reaction
given in Equation (2). Anhydrous HF was found to be an
excellent choice for the SnF6


2� salt, as shown in Equation (3).


2N5SbF6�Cs2SnF6 �HF


�78 oC
(N5)2SnF6� 2CsSbF6 � (3)


The resulting (N5)2SnF6 salt was obtained in high yield with
a purity of about 94 wt%. The impurities were about 5 wt%
of unreacted N5


�SbF6
� and 1 wt% of CsSbF6. The (N5)2SnF6


salt is a white, friction sensitive (caution!) solid, which is
marginally stable at room temperature and decomposes at
slightly higher temperature or on storage to N5SnF5 with the
loss of an ™FN5∫ equivalent, as shown in Equation (4).


(N5)2SnF6 � N5SnF5� ™FN5∫ (4)


Because ™FN5∫ is unstable with a predicted life time of
nanoseconds,[22] only its primary decomposition products, FN3


and N2, and secondary decomposition products, trans-N2F2,
NF3 and N2, were observed by checking for noncondensible
gas at �196 �C and FT-IR spectroscopy. The relevant decom-
position reactions are shown in Equations (5) ± (7).


™FN5∫ � N2�FN3 (5)


2FN3 � trans-N2F2� 2N2 (6)


3FN3 � NF3� 4N2 (7)


The N5SnF5 salt, formed by the controlled thermal decom-
position of (N5)2SnF6, is a white solid that starts to decompose
at about 50 ± 60 �C. The fact that the thermal stabilities of
N5SbF6, N5[B(CF3)4] (see below), and N5SnF5 are all com-
parable suggests that the thermal stability of the N5


� cation is
the limiting factor. The thermal decomposition of N5SnF5 was
studied by its material balance and vibrational spectroscopy
and proceeds smoothly according to Equation (8), yielding
SnF4 as the solid nonvolatile residue.


N5SnF5 � SnF4� ™FN5∫ (8)


The (N5)2SnF6 and N5SnF5 salts were characterized by
vibrational (Tables 1 and 2, and Figure 1) and multinuclear
NMR (Table 3 and Figure 2) spectroscopy. The Raman and
infrared spectra are in accord with the expectations for N5


�


and the fluorostannate anions.[1, 2, 23, 24] One remarkable fea-
ture in the vibrational spectra of (N5)2SnF6 is the fact that the
frequencies of all SnF6


2� modes and of the N5
� stretching


modes are shifted to significantly higher frequencies relative
to (NF4)2SnF6


[23] and the 1:1 salts of N5
�.[1, 2] In the absence of a


crystal structure, we cannot provide a convincing explanation
for this unexpected effect. It should also be noted that in
mixtures of (N5)2SnF6 and N5SnF5, generated by partial
decomposition of the former, only one set of bands with
intermediate frequencies was observed and not two sets with
the frequencies of the 2:1 and 1:1 salts. While the bands for
SnF6


2� are sharp and narrow, as expected for a monomeric
octahedral anion, the bands due to SnF5


� are broad and
poorly defined. This is in accord with the results from the
multinuclear NMR study which show SnF5


� to be present as
both a dimer and a cyclic tetramer.


The NMR spectra of N5SnF5 in HF were recorded at
�78 �C. The 14N spectrum showed a strong resonance at ��
�164.7 ppm and a very broad line at about ���99.9 ppm,
characteristic for the N� and the terminal N� atoms, respec-
tively, of the N5


� ion.[1] In addition to the signal due to HF
(doublet at ���189.8 ppm with 1J(1H,19F)� 518.9 Hz), the
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Table 1. Raman and infrared spectra[a] of solid (N5)2SnF6 and their
assignments.


Obsd frequencies [cm�1]
and relative intensities


Assignments (point group)


Raman Infrared N5
� (C2v) SnF6


2� (Oh)


2287 (10.0) 2288 m �1(A1)
2274 (1.9)
2227 (1.9) 2228 s �7(B2)
2210 (0� )
2170 (0.2)
1112 (0� ) 1112 s �8(B2)


1083 m (�3 � �9)(B2)� 1089
881 (1.3) 881 w �2(A1)
822 (0.1) 2�9(A1)� 834
672 (2.6) �3(A1)


611 vs �3(F1u)
600 (6.1) 602 vw �1(A1g)
508 (0.4) �2(Eg)
475 (0.2) �5(A2)


417 ms �6(B1)
417 (0.5) �9(B2)
266 (1.2) �5(F2g)
203 (3.0) �4(A1)
195 (4.4)
159 (1.0)
126 (9.9) lattice vibration
119 (4.0) lattice vibration
80 (4.0) lattice vibration


[a] The following bands due to the SbF6
� impurity were also observed.


Raman: 654 (1.0), �1; 572 (0� ), �2 ; 282 (0.3), �5.


Table 2. Raman and infrared spectra[a] of solid N5SnF5 and their assign-
ments.


Obsd frequencies [cm�1]
and relative intensities


Assignments (point group)


Raman Infrared N5
� (C2v) SnF5


�


2269 (10.0) 2270 m �1(A1)
2209 (2.0) 2212 s �7(B2)


1230 w combination band
1090 (0� ) 1094 ms �8(B2)


1069 m (�3 � �9)(B2)� 1090
898 w combination Band


875 (1.0) 878 vw �2(A1)
670 (1.8) �3(A1)


670 vs stretching modes
624 (3.8) 610 s stretching modes


590 sh stretching modes
475 (0.5) vbr 540 sh stretching modes


519 m stretching modes
421 m �6(B1)


420 (0.3) �9(B2)
260 sh, br deformation modes
202 (4.3) �4(A1)
120 (4) lattice vibration


[a] The following bands due to the SbF6
� impurity were also observed.


Raman: 652 (1.0), �1; 575 (0� ), �2 ; 280 (0.3), �5.
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Figure 1. Raman spectrum of solid (N5)2SnF6.


Figure 2. Observed (black trace) and simulated 119Sn NMR spectra of
Sn2F10


2� (red trace) and Sn4F20
4� (blue trace) in a 2:1 mole ratio.


19F spectrum showed two very similar sets of signals (Table 3)
that varied somewhat in relative intensity from sample to
sample and with temperature. The more intense set, with
about twice the intensity of the weaker one, is assigned to the
dimeric anion, Sn2F10


2�. The less intense set has the same area
ratios and almost identical shifts and coupling constants and,
therefore, must belong to a species with an almost identical
molecular structure. The only species that meets these
requirements is the cyclic tetramer, Sn4F20


4�. Although the
19F NMR spectrum of Sn2F10


2� in SO2 has been reported
previously,[25, 26] its chemical shifts and coupling constants
significantly deviate from those recorded in HF. This devia-
tion is probably due to solvent effects, as shown by recording
the spectra of Cs2SnF6 in HF at �78 and 23 �C (values at this
temperature given in parentheses). They showed singlets at
���160.5 (-164.5) ppm with � 1J(19F,119Sn) �� 1416 (1437) Hz
and � 1J(19F,117Sn) �� 1355 (1376) Hz, deviating from the values,
���139 ppm and � 1J(19F,119Sn) �� 1604 Hz,[25] reported for
SnF6


2� in SO2, by about the same amount as found for the
Sn2F10


2� signals.[25] The119Sn spectrum was also recorded and
consisted of a complex multiplet (Figure 2). The observed
spectrum was successfully simulated assuming first-order
triplets of triplets of triplets for both Sn2F10


2� and Sn4F20
4�,


by using the coupling constants similar to those derived from
the tin satellite peaks in the 19F spectra. The 119Sn chemical
shifts of Sn2F10


2� and Sn4F20
4� are also almost identical


(difference of only 0.4 ppm), thus confirming the close
structural relationship of these two anions.


The synthesis of a stable (N5)2SnF6 salt is highly significant
because it represents the first example of an N5


� salt that
contains two polynitrogen cations per anion. It demonstrates
that salts with touching polynitrogen cations can exist, and
that the goal of an ionic nitrogen allotrope might be
achievable.


A particularly attractive counterion, [B(CF3)4]� , was re-
cently reported by Willner et al.[27] The Lewis acidity of its
conjugate parent molecule B(CF3)3CF2 (pF� value of 11.77)[21]


exceeds that of SbF5 (pF� value of 11.30),[21] and its negative
charge is distributed over 12 fluorine atoms, thus rendering it
a weakly coordinating anion. For the [B(CF3)4]� salts, HF was
a poor solvent choice because the solubility differences
between M[B(CF3)4] and MSbF6 (M� alkali metal) were
found to be too small for an effective metathesis. Although
the M[B(CF3)4] salts are soluble in water, diethyl ether,
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Table 3. Multinuclear NMR spectra[a] of N5SnF5 recorded at �78 �C in HF.


Ion Atom � (Multiplicity) (Area ratio) Coupling constant [Hz]


N5
� N� � 164.7 (s)


N� � 99.9br (s)


Sn2F10
2� Feq � 173.0 (t) (2) 2J(19Feq,19Fax)� 37.1; � 1J(19Feq,117Sn) �� 1671; � 1J(19Feq,119Sn) �� 1744


Fax � 165.28 (t) (2) 2J(19Feq,19Fax)� 36.8; � 1J(19Fax,117Sn) �� 1406; � 1J(19Fax,119Sn) �� 1468
Fbr � 147.0 (s) (1) � 1J(19Fbr,117/119Sn) �� 1196
Sn[a] � 865.6 (ttt) � 1J(19Feq,119Sn) �� 1740; � 1J(19Fax,119Sn) �� 1440; � 1J(19Fbr,119Sn) �� 1200


Sn4F20
4� Feq � 174.2 (t) (2) 2J(19Feq,19Fax)� 36.3; � 1J(19Feq,117Sn) �� 1622; � 1J(19Feq,119Sn) �� 1697


Fax � 165.33 (t) (2) 2J(19Feq,19Fax)� 36; � 1J(19Fax,117/119Sn) �� 1440
Fbr � 145.0 (s) (1) � 1J(19Fbr,117Sn) �� 1178; � 1J(19Fbr,119Sn) �� 1230
Sn[a] � 865.2 (ttt) � 1J(19Feq,119Sn) �� 1760; � 1J(19Fax,119Sn) �� 1468;


� 1J(19Fbr,119Sn) �� 1230


[a] Coupling constants derived from simulated spectra.
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tetrahydrofuran, acetonitrile, and acetone;[27] the incompati-
bility of N5SbF6 with these solvents precluded their use.
Therefore, the metathesis was carried out in SO2, as shown in
Equation (9).


N5SbF6�K[B(CF3)4] �SO2


�64 oC
N5[B(CF3)4]� KSbF6 � (9)


The precipitate was filtered off and identified by vibrational
spectroscopy as KSbF6. The filtrate was taken to dryness, and
the residue was characterized by mass balance, and multi-
nuclear NMR and vibrational spectroscopy as 83 wt%
N5[B(CF3)4] (Table 4), 14 wt% of KSbF6, and 3 wt% of


N5SbF6. The impurities are due to the fact that KSbF6 still has
an appreciable solubility in SO2 even at �64 �C, and that a
very small excess of N5SbF6 was used in the reaction. Since the
solubility of CsSbF6 in SO2 is lower than that of KSbF6, the
purity of N5[B(CF3)4] could be further improved by using
Cs[B(CF3)4] in place of K[B(CF3)4] in the above-described
metathesis reaction. However, attempts to purify the crude
product by recrystallization or to grow single crystals of
N5[B(CF3)4] from HF have so far been unsuccessful. They
resulted in a reverse metathesis in which the KSbF6 impurity
reacted with the N5[B(CF3)4] producing K[B(CF3)4] and
N5SbF6.


Multinuclear NMR spectra were recorded for N5[B(CF3)4]
in SO2 at room temperature. In the 14N spectrum, the N� atom
of N5


� was observed at ���163.9 ppm, in accord with the
value of �165.3 ppm reported previously for N5AsF6 in HF at
�63 �C.[1] In the 11B NMR spectrum, a 13 line resonance was
observed at ���18.0 ppm with 2J(11B,19F)� 25.7 Hz, in close
agreement with the values previously reported for K[B(CF3)4]
(���18.9 ppm, 2J(11B,19F)� 25.9 Hz) in CD3CN.[27] In the
13C NMR spectrum, a quartet of quartets at �� 133.75 ppm
with 1J(13C,19F)� 301.8 Hz and 1J(11B,13C)� 72.1 Hz are in
very good agreement with the previously reported values for
K[B(CF3)4] (�� 132.9 ppm, 1J(13C,19F)� 304.3 Hz and
1J(11B,13C)� 73.4 Hz).[27] There was no evidence for any
decomposition products, nor any other unidentified species
in the solution of N5[B(CF3)4] in SO2.


The infrared and Raman spectra of solid N5[B(CF3)4] were
recorded and are summarized in Table 4. The observed
frequencies and intensities are in good agreement with those
previously reported for N5


� in N5SbF6
[2] and N5AsF6


[1] and for
[B(CF3)4]� in its alkali metal salts,[27] and establish that
N5[B(CF3)4] is the main product of the metathetical reaction
of N5SbF6 with K[B(CF3)4].


The thermal stability of N5[B(CF3)4] was studied by DSC. In
all runs, a moderately sized exothermic effect was always
observed with an onset at 50 �C and with a maximum at
�66 �C. Additional exotherms were observed at �93 �C and
�225 �C, but only the first exotherm is due to the decom-
position of the N5[B(CF3)4] salt. When the sample was heated
to only 75 �C and then cooled back to room temperature
before being reheated to 75 �C, the first exotherm was no
longer observed, and the residue left in the Al pan no longer
exhibited bands for N5


� in the IR spectrum, but still showed
bands for [B(CF3)4]� . The thermal stability of N5[B(CF3)4] is
surprisingly high and approaches that of the N5SbF6 salt
(70 �C). It appears that the thermal stability of the N5


� ion
itself might be the limiting factor, and that the thermal
decomposition of these salts is triggered by the decay of the
N5


� ion. The thermal stability of the [B(CF3)4]� ion is high;
even after being heated to 250 �C, the infrared bands due to
the [B(CF3)4]� ion persisted.


In summary, N5SbF6 was successfully converted by meta-
thesis into N5[B(CF3)4] and (N5)2SnF6. The latter salt is
especially noteworthy because it contains two N5


� ions per
anion, thus demonstrating that salts with touching polynitro-
gen cations can be prepared. This constitutes an important
milestone towards our ultimate goal of synthesizing a stable,
ionic nitrogen allotrope. Although the (N5)2SnF6 salt is
friction sensitive, its stepwise decomposition can be achieved,
yielding N5SnF5. Multinuclear NMR spectra show that in HF
the SnF5


� ion exists as a mixture of Sn2F10
2� and Sn4F20


4� ions.


Experimental Section


Caution! N5SbF6 is a highly energetic oxidizer. Contact with potential fuels
must be avoided. This material should be handled on a small scale, while
using appropriate safety precautions such as face shields, leather gloves, and
protective clothing. The (N5)2SnF6 salt is friction sensitive and must be
handled with special caution.
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Table 4. Raman and infrared spectra[a] of solid N5[B(CF3)4] and their
assignments.


Obsd frequencies [cm�1]
and relative intensities


Assignments (point group)


Raman Infrared N5
� (C2v) B(CF3)4� (T)


3307 w (�1 � �8)(B2)� 3316
3057 w (�2 � �7)(B2)� 3060
2662 w (�1 � �9)(B2)� 2663
2375 w (�9 � �10)(F)� 2376


2257 (10.0) 2256 m �1(A1)
2200 (2.7) 2197 ms �7(B2)
1290 (sh) 1292 sh �9(F) 10B
1276 (1.6) �1(A)
1270 (sh) 1273 vs �9(F) 11B
1103 (0.6)(br) 1115 vs, br �10(F)
1086 (sh) �5(E)


1060 sh �8(B2)
929 s �12(F) 10B
902 vs �12(F) 11B


863 (0.6) �2(A1)
728 (6.2) �2(A)


696 s �13(F)
672 (sh) �3(A1)
525 (1.8) 521 ms �14(F)
525 (1.8) 521 ms �15(F)


489 m �5(A2)
443 w
419 m �6(B1)
407 sh �9(B2)


319 (2.1) �7(E)
295 (3.3) �16(F)
279 (2.7) �3(A)
209 (3.4) �4(A1)
110 (0.5)(sh) �8(E)


[a] The following bands due to the SbF6
� impurity were also observed.


Raman: 659 (7.0), �1; 574 (0.7), �2 ; 295 (3.3) and 279 (2.7), �5 ; IR: 664 s,
br, �3.
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N5SbF6 was prepared from N2FSbF6 and HN3 in HF, as previously
described.[2] K[B(CF3)4] was prepared from K[B(CN)4] and ClF3 according
to the literature method.[27] Cs2SnF6 was generated by reaction of a 2:1
mixture of CsF and SnF2 in 48% aqueous HF with a slight excess of 30%
aqueous H2O2 at 0 �C. SO2 (anhydrous, �99.9%) was supplied by Air
Products and was used as received. HF was from Matheson and was dried
by storage over BiF5 before use. Infrared spectra were recorded on a
Mattson Galaxy 5030 FTIR spectrometer by using neat powders that were
sandwiched between two AgCl windows in a Barnes Engineering Co. mini-
press. Raman spectra were recorded on a Bruker Equinox 55 FT-RA
spectrometer with a Nd-YAG laser at 1064 nm and neat powders in flamed
out Pyrex glass capillaries sealed with Halocarbon wax. Multinuclear NMR
spectra were recorded on a Bruker Avance 400 FT-NMR spectrometer in
SO2 or HF and 3 mm i.d. Teflon-FEP tubes (Wilmad Glass), heat-sealed
and placed in 5 mm o.d. glass NMR tubes (Wilmad Glass). The thermal
stabilities were determined on a DuPont Model 910 differential scanning
calorimeter by using 0.5 ± 1.8 mg samples in dry hermetically sealed
aluminum pans and a heating rate of 10 �Cmin�1. The data were analyzed
with a DuPont Model 2000 Thermal Analyst.


The metathetical synthesis of N5[B(CF3)4] was carried out by using a
stainless-steel/Teflon vacuum line[28] and a double Teflon/FEP U-tube
apparatus that consisted of a reaction U-tube, a porous Teflon filter
assembly, and a receiver U-tube.[23] The double U-tube was equipped with
two stainless-steel valves, and two Teflon-coated magnetic stirring bars, one
in each of the two U-tubes. N5SbF6 (1.053 mmol) was treated with
K[B(CF3)4] (1.013 mmol) in anhydrous SO2 (1.8 mL) in the reaction
U-Tube at�64 �C. The reaction mixture was stirred at that temperature for
1 h to ensure complete reaction before cooling of the filter assembly to
�78 �C with powdered dry ice. The mixture was filtered under 1.5 atm N2


pressure to remove the precipitated KSbF6 from the solution containing the
N5[B(CF3)4]. The SO2 was removed in vacuo at �64 �C leaving behind a
white solid in the receiver U-tube. Based upon the observed mass balance
and FT-IR and FT-Raman spectroscopy, the filter cake consisted of
0.2185 g KSbF6 (0.2783 g expected for 1.013 mmol) with only traces of
N5[B(CF3)4] from the mother liquor. The filtrate residue consisted of
0.4335 g of 83.37 wt% N5[B(CF3)4], 2.81 wt% N5SbF6, and 13.82 wt%
KSbF6 (0.3615 g expected for 1.013 mmol N5[B(CF3)4], plus 0.0122 g
expected for 0.0399 mmol of excess N5SbF6, and 0.0598 g expected for
0.2179 mmol KSbF6).


The synthesis of (N5)2SnF6 was carried out metathetically by using the same
type of double U-Tube as described above. N5SbF6 (0.9430 g, 3.084 mmol)
and Cs2SnF6 (0.7513 g, 1.507 mmol) were added to the reaction U-tube
inside the drybox. HF was condensed into the reaction U-tube at �196 �C
on the vacuum line. The reaction mixture was warmed to �78 �C and
stirred for about 10 min to reduce the possibility of localized heating of the
reactants as they were initially solvated. Afterwards, the reaction mixture
was allowed to slowly warm to room temperature with constant agitation
over �10 min; this was followed by constant stirring for another 30 min to
ensure that the metathesis reaction has gone to completion. The reaction
U-tube was then cooled to�196 �C and checked for noncondensibles; none
were found, indicating that there was no decomposition of any N5


� salt. The
reaction mixture was warmed to room temperature and stirred again for
15 min before the mixture was cooled to �78 �C for 15 min in preparation
for the low-temperature filtration procedure. At that point the filter
assembly was cooled briefly to �78 �C with powdered dry ice, and the
mixture was filtered under 1.5 atm N2 pressure to remove the precipitated
CsSbF6 from the (N5)2SnF6/HF filtrate, which was collected in the receiver
U-tube at �78 �C. The gaseous N2 was evacuated from the double U-tube,
and the receiver U-tube was warmed to �64 �C. The HF was removed in
vacuo at �64 �C over several hours until only some clear colorless droplets
were seen in the receiver U-tube. The �64 �C bath was removed, and
pumping on the reaction products was continued as they gradually warmed
to room temperature. Finally, the white solid (N5)2SnF6 product appeared in
the receiver U-tube after about 5 minutes; pumping was continued for one
additional hour at room temperature to ensure the complete removal of the
HF solvent. Based upon mass measurements, and FT-IR and FT-Raman
spectroscopy, the filter cake consisted of 1.2267 g of 90.1 wt% CsSbF6, and
9.9 wt% (N5)2SnF6 (1.1047 g expected for 2.997 mmol CsSbF6 and 0.1220 g
expected for 0.327 mmol (N5)2SnF6 ). Using the same methods of
investigation, the reaction products were found to consist of 0.4676 g of
94.0 wt% (N5)2SnF6, 4.6 wt% N5SbF6, and 1.4 wt% CsSbF6 (0.4398 g


expected for 1.180 mmol (N5)2SnF6, plus 0.0213 g expected for 0.0697 mmol
of excess N5SbF6, and 0.0065 g expected for 0.0176 mmol CsSbF6).
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Photochemical and Thermal Isomerization Processes of a Chiral Auxiliary
Based Donor ± Acceptor Substituted Chiroptical Molecular Switch:
Convergent Synthesis, Improved Resolution and Switching Properties


Richard A. van Delden, Johannes H. Hurenkamp, and Ben L. Feringa*[a]


Abstract: A new type of chiroptical
molecular switch is presented where
irradiation employing different wave-
lengths of light induces a reversible helix
inversion of a sterically overcrowded
alkene bearing a second chiral entity in
the form of a stereogenic center present
in a pyrrolidine unit. The additional
stereogenic center in the chiral auxiliary


group has a distinct influence on the
switching selectivity of this system and
greatly facilitates the resolution of the
different diastereoisomers, which is a


considerable improvement compared
with previously reported systems. In
addition, the pyrrolidine stereogenic
center causes small energetic differences
between the various states of the switch
system resulting in a small but signifi-
cant directional preference in the helix
inversion steps.


Keywords: chirality ¥ isomerization
¥ molecular devices ¥
nanotechnology ¥ photochromism


Introduction


In the different approaches towards true nanoscale molecular
devices a variety of different functions have to be addressed at
the molecular level.[1] This requires delicate supramolecular
organization of different molecular components each capable
of performing a certain function. A variety of molecular,
mechanical type, components that might be part of the future
toolbox of nanotechnology have been developed, including
molecular counterparts of brakes,[2] gears,[3] turnstiles,[4] mus-
cles,[5] and switches.[6]


Optical molecular switches play an important role in this
endeavor.[6, 7] These photochromic systems might have poten-
tial use in applications such as optical data storage units,
trigger elements, or as switching devices in optical data
processing. In the pursuit of chiral optical (chiroptical)
molecular switches, the unique properties associated with
stereoisomers of chiral photochromic molecules and chiral
supramolecular systems are exploited. Different approaches
can be distinguished (Figure 1). The only approach resulting
in switching between true enantiomers (Figure 1A) involves
the use of circularly polarized light. The number of examples
in this case is limited.[8] For most chiral photochromic systems
known, switching, distant from the actual stereogenic center,
results in a geometrical change in the molecules leading to a


detectable change in for example chiroptical properties.
Examples include among others chiral diarylethylenes,[9]


azobenzenes,[10] spiropyrans,[11] and fulgides.[12] In those exam-
ples, the chirality of the systems itself does not change but the
photoinduced geometrical change has an effect on the chiral
properties (Figure 1B). Different wavelengths of light can be
employed for switching between two states (0-X* � 1-X*)
but the properties of the two forms of such a bistable
switching system, apart from the geometry-determined differ-
ence in chirality, are usually quite different due to the large
difference in shape. This type of switches also includes a large
variety of helically shaped polymer systems where a change in
helicity can be affected by switching an achiral side-chain.[13]


For these polymer systems the two forms of the bistable
switching system can be considered pseudoenantiomeric. Our
approach towards chiroptical molecular switches involves
switching of pseudoenantiomeric forms (P and M�) of a
sterically overcrowded alkene (Figure 1C).[14] Switching, em-
ploying different wavelengths of light, completely changes the
chiral properties of the system. This has resulted in a number
of selective molecular switches which were successfully
applied as triggers for liquid crystal phase transitions.[15] The
molecular switches have evolved towards true molecular
motors in which consumption of photon energy results in
controlled unidirectional rotation.[16] This motion could
eventually enable a device to perform mechanical work.[17]


In a new versatile second-generation design of our molecular
motors the direction of rotation is solely governed by the
interplay of a single stereogenic center with the intrinsic
helical shape of the molecules.[18] The control of the direction
of a full rotary motion in these molecular type motors is a
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basic requirement for the construction of (supra)molecular
machines.[1a]


Here, we report a newly developed pyrrolidine-based
donor ± acceptor switch where, in addition to the intrinsically
chiral switch structure, a second chiral unit in the form of a
stereogenic center in the pyrrolidine substituent is present.
This system can be considered a hybrid between types B and
C (Figure 1), where different wavelengths of light are used to


Figure 1. Schematic representation of different types of chiroptical
molecular switches (X*� chiral auxiliary group).


switch between two helically shaped forms of a sterically
overcrowded alkene bearing an additional chiral unit (Fig-
ure 1D). Some interesting features resulting from the inter-
play of the two chiral moieties (helix structure and asymmet-
ric carbon center) present in the molecule can be anticipated.
For example, where for previously reported chiroptical
molecular switches chiral resolution was troublesome in all
cases, we anticipated a positive influence of the chiral
pyrrolidine moiety in the present case. With a focus on the
influence of the chiral handle, the synthesis, resolution and
physical properties and stereochemical pathways of this
molecular switch are presented.


Our binary molecular switching system is based on the cis
and trans forms of a sterically overcrowded alkene with an
intrinsic helical chirality. The two pseudoenantiomeric[19]


forms of the molecular switch have an opposite helicity, that
is negative helicity (M) in case of the cis-form and positive
helicity (P) in case of the trans-form as illustrated for
compound 1 (Scheme 1 top). Compound 1 is a typical
example of our chiroptical molecular switches and one of
the most successful switches developed so far.[20] For selective
switching of 1, the lower half of the molecules is functional


Scheme 1. Photochemical and thermal interconversion of four states of
chiroptical molecular switch 1.


ized with a dimethylamine electron donating substituent and a
nitro electron withdrawing substituent. This asymmetric
substitution pattern results in relatively large differences in
the UV absorption characteristics of the two pseudoenan-
tiomers that can be employed for switching. For 1, switching
between photostationary states composed of 90% (M)-cis-1 a
and 10% (P)-trans-1 b using 435 nm light and 30% (M)-cis-1 a
and 70% (P)-trans-1 b using 365 nm light is achieved and the
switching process is reversible and repeatedly possible in n-
hexane solution. The same holds of course for the enantio-
meric couple (P)-cis-1 a and (M)-trans-1 b (Scheme 1 bottom).
With compound 1, clear switching between pseudoenantiom-
ers is observed and in this way it is shown that molecular
chirality can be controlled by changing only the wavelength of
light used. This system has also been employed as a chiral
molecular trigger in liquid crystalline systems.[21] Heating the
system causes a thermal helix inversion to take place and
eventually leads to racemization of both pseudoenantiomers.


The target molecule for the present study is the sterically
overcrowded alkene 2, which closely resembles donor± ac-
ceptor substituted switch 1. The key difference in this new
molecular switch is that an additional chiral unit is present.
Again, the intrinsically chiral overcrowded alkene is func-
tionalized with an electron withdrawing nitro and an electron
donating amine substituent. The amine in this case is the
proline-derived (S)-2-(methoxymethyl)pyrrolidine. This
amine has been used frequently as a chiral auxiliary in
asymmetric synthesis.[22] The additional stereogenic center in
this molecular switch, with fixed configuration, results in four
distinct diastereomeric forms, as depicted in Scheme 2, rather
than two diastereomeric pairs of enantiomers as found for 1.
As a result the two photoequilibria (path a, a�) are now
different and also the helix inversion steps (path b, b�) are no
longer racemizations. A mutual difference in energy for the
two separate cis ((S)-(M)-cis-2 a/(S)-(P)-cis-2 a) and trans
((S)-(M)-trans-2 b/(S)-(P)-trans-2 b) isomers of 2 can be
anticipated.


Compound 2 offers some additional appealing features. The
(S)-2-(methoxymethyl)pyrrolidine moiety after deprotection
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Abstract in Dutch: In dit artikel presenteren we een nieuw type
chiroptische moleculaire schakelaar waar bestraling met licht
van verschillende golflengtes een reversibele helix inversie
induceert van een sterisch gehinderd alkeen met een tweede
chirale groep in de vorm van een stereogeen centrum aanwezig
in een pyrrolidine substituent. Het extra stereogene centrum
heeft een subtiele invloed op de selectiviteit tijdens het
schakelen met het systeem en verbetert aanzienlijk de resolutie
van de verschillende diastereomeren, wat een nadeel was van
eerder gerapporteerde systemen. Daarbij komt dat de chirale
pyrrolidine eenheid kleine energie verschillen tussen de ver-
schillende toestanden van het schakelsysteem veroorzaakt wat
resulteert in een kleine maar significante voorkeur voor een
bepaalde richting in de helix inversie stappen.
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of the ether moiety might be suitable for attachment of the
chiroptical switch to, for example, peptide chains, which offers
an attractive route towards switchable biomaterials.[23] An-
other feature is that due to the diastereomeric relationship of
all four forms of molecular switch 2 chiral separation
techniques are no longer essential, whereas the resolution
of the four stereoisomers usually is the most delicate step in
our approaches towards chiroptical molecular switches and
molecular motors.


Results and Discussion


Synthesis and resolution : Compound 1 was synthesized via a
linear synthesis route starting from (N,N)-dimethylaniline.[20a]


Due to high stereoselectivity in the photochemical switching
process of this donor ± acceptor substituted compound direct
access to a variety of donor± acceptor substituted chiral
switches, including target compound 2, to be able to fine tune
the switching properties would be highly desirable. Therefore
we altered our synthetic strategy
and rather than starting from
pyrrolidine functionalized start-
ing material in a similar linear
approach as for 1 a more flexible
and convergent synthetic route
was developed for switch 2. This
route is based on a palladium-
catalyzed amination of bromo-
substituted switch 3 with an
appropriate amine; in the pre-
sent case (S)-2-(methoxyme-
thyl)pyrrolidine 4 (Scheme 3).
The palladium-catalyzed amina-
tion of aryl halides has been


extensively studied in recent
years and numerous examples
of successful arene substitutions
using different amines, aryl hal-
ides and palladium catalysts
have been reported.[24] We ap-
plied the Buchwald procedure in
the catalytic amination shown in
Scheme 3.[25]


The (S)-2-methoxymethylpyr-
rolidine was synthesized accord-
ing to a literature procedure[22]


starting from enantiomerically
pure (S)-proline providing (S)-4
with full retention of configura-
tion. The bromo-substituted al-
kene 3 was synthesized following
a route analogous to that em-
ployed for 1. A diazo-thioketone
coupling to form the central
double bond, which involves


the corresponding episulfide 9, is the key step. Starting from
commercially available 2-bromothiophenol and 2-chloro-5-
nitrobenzoic acid the lower half thioketone 7 was obtained in
three steps (Scheme 4). This thioketone was coupled with the
upper half hydrazone, synthesized in three steps starting from
2-thionaphthol,[20a] via the Barton ±Kellogg method.[26] Using
this coupling procedure for upper and lower half, the
central–sterically hindered–double bond is formed via a
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Scheme 2. Four diastereoisomers of chiroptical switch 2 and their photochemical (path a, a�) and thermal
interconversions (path b, b�).


Scheme 3. Functionalization of bromo-substituted overcrowded alkene 3 to form
2 involving a palladium catalyzed amination: [Pd2(dba)3], BINAP, NaOtBu,
toluene, 80 �C, yield: 58%.


Scheme 4. Synthesis of bromo-substituted precursor 3 : a) 2-chloro-5-nitro benzoic acid, NaHCO3, EtOH, � ;
b) sulfuric acid, 100 �C, 95%; c) P2S5, toluene, �, 76%; d) Ag2O, MgSO4, KOH/MeOH, CH2Cl2, �10� 0 �C,
60%; e) Ph3P, toluene, �, 97%.
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stepwise increase of the steric constraints. First, 1,3-dipolar
cycloaddition of the thioketone lower half and diazo-upper
half results in the formation of a five-membered thiadiazoline
intermediate. Second, nitrogen is eliminated to form a three-
membered episulfide. After extrusion of sulfur the desired
sterically hindered alkene 3 is obtained.


Chiroptical switch 2 was obtained as a mixture of the four
diastereoisomers, as depicted in Scheme 2. Separation of
diastereoisomers was performed by HPLC using an achiral
silica column. Employing a gradient of n-heptane and
dichloromethane as an eluent, the four diastereomers were
readily separated with retention times of 16.9 min ((S)-(M)-
cis-2 a), 17.4 min ((S)-(P)-cis-2 a), 18.2 min ((S)-(P)-trans-2 b),
and 18.8 min ((S)-(M)-trans-2 b). The respective (P)- and (M)-
isomers could be assigned by CD spectroscopy (see below for
data) and comparison with previously reported sterically
overcrowded alkenes. The cis- and trans-isomers could readily
be distinguished by 1H NMR spectroscopy and most indica-
tive are: i) the MeO protons which are partly shielded by the
upper arene part of the molecule for the trans-isomers (� 3.17
and 3.21) but not for the cis-isomers (� 3.34 and 3.38) and
ii) the aromatic protons of the amine-substituted arene part of
the lower half which in case of the trans-isomer, where this
part of the molecule is shielded by the upper arene part, result
in distinct aromatic 1H NMR signals below � 6.50 (see
Experimental Section for full NMR data).


It should be emphasized that for the chiroptical switches
developed thus far, time-consuming and expensive chiral
resolution was necessary, whereas in the present case achiral
chromatography readily allows separation of the four stereo-
isomers. The accessibility of the enantiomerically pure forms
is an important advantage of compound 2 over all the other
chiroptical switches reported so far.[14]


Switching selectivity : Due to presence of four diastereomers,
the discussion on the switching selectivity of compound 2 is a
little more complicated than for our previously reported
chiroptical molecular switches. Since the two photoisomeri-
zation processes in the present case are no longer enantio-
meric pathways (Scheme 2), they have to be analyzed
separately. For the pseudoenantiomeric couple (S)-(M)-cis-
2 a and (S)-(P)-trans-2 b (Scheme 5), UV/Vis and CD absorp-
tion spectra were determined (Figure 2).


Scheme 5. Selective switching between two diastereoisomers (S)-(M)-cis-
2a and (S)-(P)-trans-2b.


From the differences in the UV/Vis spectra (Figure 2a)
between (S)-(M)-cis-2 a (UV (n-hexane): �max (�)� 255


Figure 2. UV/Vis and CD absorption spectra of the diastereoisomers (S)-
(M)-cis-2a and (S)-(P)-trans-2b in n-hexane. The solid curves correspond
to (S)-(M)-cis-2b and the dashed graphs to (S)-(P)-trans-2 b. The thin
curves correspond to the photostationary states (solid thin: 463 nm PSS;
dashed thin: 380 nm PSS).


(18610), 273 (16686), 368 (3385)) and (S)-(P)-trans-2 b (UV
(n-hexane): �max (�)� 255 (17065), 275 (14981), 312 (6287),
327 (3882), 362 (1618), 402 (1681), with values comparable to
those of other donor± acceptor switches,[20a] the ideal wave-
lengths for switching could be determined. The ideal wave-
lengths for switching are those where the ratio of the
extinction coefficients of cis-2 a and trans-2 b show maxima
and minima. Analysis of the UV spectra shows that 380 and
463 nm are the wavelengths where the highest selectivity can
be expected. The CD absorption curves confirm the respec-
tive (P)- and (M)-helicity for (S)-(M)-cis-2 a (CD (n-hexane):
�max (��)� 241 (�18.6), 256 (�22.6), 280 (�36.7), 326 (�1.6),
362 (�6.3)) and (S)-(P)-trans-2 b (CD (n-hexane): �max (��)�
242 (�4.4), 255 (�30.3), 275 (�28.9), 325 (�5.7), 354 (�3.9))
with �� values comparable to those of the other donor± ac-
ceptor switches (e.g. compound 1[20a]). The additional stereo-
genic center in the (S)-2-(methoxymethyl)pyrrolidine moiety
has only a minor effect on the CD spectra, which are mainly
determined by the exciton coupling of the upper and lower
half chromophores. The CD spectra of the enantiomerically
pure forms as well as the photostationary states (see below)
are depicted in Figure 2b. Irradiation of an n-hexane solution
of (S)-(M)-cis-2 a with 380 nm light resulted in a photosta-
tionary state consisting of (S)-(P)-trans-2 b and (S)-(M)-cis-2 a
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in a ratio of 69:31, as determined by CD spectroscopy.
Subsequent irradiation at 463 nm led to a photostationary
state with excess (S)-(M)-cis-2 a. An extremely high diaster-
eomeric ratio (S)-(M)-cis-2 a : (S)-(P)-trans-2 b of 96:4 was
found (see Figure 2b). The photochemical switching process is
comparable to that of other donor ± acceptor systems and was
found to be fully reversible. The basic features of the
chiroptical switching process are therefore retained despite
the presence of the additional chiral auxiliary and much to our
delight the stereoselectivity is improved compared with the
selectivity observed for the parent compound 1.


In a completely analogous way, the UV/Vis and CD spectra
of the other pseudoenantiomeric couple (S)-(P)-cis-2 a (UV
(n-hexane): �max (�)� 257 (23552), 287 (13652), 369 (3058);
CD (n-hexane): �max (��)� 241 (�20.7), 255 (�24.2), 280
(�37.7), 326 (�1.8), 358 (�6.5)) and (S)-(M)-trans-2 b (UV
(n-hexane): �max (�)� 257 (20005), 271 (14895), 312 (5942),
355 (2229), 398 (1681); CD (n-hexane): �max (��)� 243 (0),
255 (�37.7), 275 (�37.4), 325 (�7.3), 353 (�3.8)) were
determined (Scheme 6 and Figure 3). The most efficient


Scheme 6. Selective switching between two diastereoisomers (S)-(P)-cis-
2a and (S)-(M)-trans-2b.


switching wavelengths here, again derived from the ratio of
the two UV/Vis absorption curves (Figure 3a), are 379 and
459 nm for the trans and the cis photostationary state,
respectively. Irradiation at 379 nm resulted in a trans-enriched
photostationary state consisting of (S)-(M)-trans-2 b and (S)-
(P)-cis-2 a in a 66:34 ratio. Irradiation at 459 nm resulted in
the formation of a cis-enriched photostationary state with a
ratio of (S)-(P)-cis-2 a :(S)-(M)-trans-2 b of 95:5. Hence, UV/
Vis and CD absorption characteristics (Figure 3b) as well as
switching behavior are similar for the two diastereomeric
pairs of chiral photobistable molecules. This underlines the
minor influence of the (S)-2-(methoxymethyl)pyrrolidine
stereocenter on the photophysical properties. The stereo-
selectivity towards trans-2 b in the PSS (379 nm) is, however,
slightly lower for (S)-(M)-trans-2 b compared with (S)-(P)-
trans-2 b. This is further illustrated in Figure 4 where both the
UV/Vis as well as the CD absorption spectra of the respective
cis- and trans-isomers are directly compared.


Subtle differences in UV absorption of the respective two
cis- and trans-isomers of 2 (Figures 3 and 4 top) result in the
slightly different ideal switching wavelengths (380 and 463 nm
for the (S)-(M)-cis-2 a/(S)-(P)-trans-2 b couple versus 379 and
459 nm for the (S)-(P)-cis-2 a/(S)-(M)-trans-2 b couple) as well
as the slightly different switching selectivity (92 and 38%
versus 90 and 32% diastereomeric excess, respectively). Only


Figure 3. UV/Vis and CD absorption characteristics of the (S)-(P)-cis-2a
and (S)-(M)-trans-2b diastereoisomers in n-hexane. The solid curves
correspond to (S)-(P)-cis-2a and the dashed graphs to (S)-(M)-trans-2b.
The thin curves correspond to the photostationary states (solid: 459 nm
PSS; dashed: 379 nm PSS).


small differences in CD absorptions can be observed. The CD
spectra of the cis- and trans-compounds of opposite helicity
are, however, still roughly mirror images. The major differ-
ences are found in the UV absorption of the two isomers at
lower wavelengths with extinction coefficients �(�) for (S)-
(M)-cis-2 a and (S)-(P)-cis-2 a of 18610 (255) and 23552 (257),
respectively and for (S)-(P)-trans-2 b and (S)-(M)-trans-2 b of
17065 (255) and 20005 (257). These differences might be
assigned to different geometries of the chiral amine-substi-
tuted aryl moiety absorbing in this region but these effect
were not investigated further.


Thermal stability of the distinct diastereoisomers : A small but
significant effect of the additional stereogenic center in
compound 2 was observed in the photophysical behavior of
the four distinct diastereomers. Another important effect here
is the influence of the additional stereogenic center on the
thermal stability of the different stereoisomers. Where in the
case of the donor ± acceptor systems, thermal stability was
determined by monitoring the racemization at elevated
temperatures (Scheme 1), in the present system 2 one cannot
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speak of a racemization but rather of a thermally induced
helix inversion (Scheme 2). The thermally induced intercon-
version between the diastereoisomers (S)-(M)-cis-2 a and (S)-
(P)-cis-2 a as well as between diastereoisomers (S)-(M)-trans-
2 b and (S)-(P)-trans-2 b was monitored in n-dodecane by CD
spectroscopy. These pairs of diastereoisomers that share the
same (cis or trans) geometry but show opposite helicity might
be called pseudoepimers.[27] Solutions of enantiomerically
pure (S)-(M)-cis-2 a and (S)-(P)-trans-2 b at known concen-
trations were heated for 10 h at 100 �C. The change in CD
absorption was monitored in time, as depicted in Figure 5.


Figure 5. CD absorption (rescaled to show molar values ��) in time for
heated samples of (S)-(M)-cis-2 a (bottom) and (S)-(P)-trans-2b (top) at
100 �C in n-dodecane.


Knowing the molar CD absorptions of all four diaster-
eoisomers in this solvent, which are identical to the absorp-
tions found in n-hexane, the equilibrium ratio of the two


respective pseudoepimers can
be determined. In case of (S)-
(M)-cis-2 a, heating to equilibri-
um at 100 �C resulted in a steady
state consisting of (S)-(M)-cis-
2 a and (S)-(P)-cis-2 a in a
53.6:46.4 ratio. This steady state
ratio is not 50:50 indicating that
there is indeed an energy differ-
ence between the two cis forms
of 2. This equilibrium ratio com-
bined with the actual rate of the
pseudoracemization observed
gives the rate constants of the
two helix inversions: (S)-(M)-
cis-2 a � (S)-(P)-cis-2 a (k1)
and (S)-(P)-cis-2 a � (S)-(M)-
cis-2 a (k2).[28] The observed
pseudoracemization rate in this
case is 9.9� 10�5 s�1 and the rate
constants of the two helix inver-
sion pathways were determined
to be 4.6� 10�5 and 5.3�
10�5 s�1, respectively, for k1 and
k2 (Scheme 7). In case of the (S)-


(P)-trans-2 b solution at 100 �C, an equilibrium state of (S)-
(P)-trans-2 b and (S)-(M)-trans-2 b in a ratio of 47.5:52.5 was
obtained. Also for the two trans forms of 2, the anticipated
energy difference is observed. Again, combining the equi-
librium ratio with the actual rate of the pseudoracemization
process (in this case 9.5� 10�5 s�1) gives the rate constants of
the two helix inversions. The rate constants for the two
processes (S)-(P)-trans-2 b (S)-(M)-trans-2 b (k3) and (S)-
(M)-trans-2 b (S)-(P)-trans-2 b (k4) were determined to be
5.0� 10�5 and 4.5� 10�5 s�1, respectively. From these k
values, the Gibbs energy of activation of the four distinct
thermal pathways, which is an indication for the relative
stability of the four isomers, can be determined.[28] The
calculated values are depicted in Scheme 7 and these values
again show a small but significant difference for the forward
and backward helix inversion for both cis-2 a and trans-2 b.
Although the additional stereogenic center clearly has an
effect on the relative stability of the distinct isomers the
effects are rather small. It should be noted that both for the
trans as well as the cis-isomers (M)-helicity is preferred,
however, no explanation for this behavior can be given at
this moment.


It might seem unexpected that the energy difference
between the two trans-nitro isomers is in fact smaller than
the difference for the two cis-nitro isomers. At first inspection
of the molecular structures it would seem that the influence of
the stereogenic center of the pyrrolidine substituent, which is
solely responsible for the observed energy differences be-
tween the cis-isomers (and the trans-isomers), is larger when
the pyrrolidine moiety is in close proximity to the sterically
demanding upper arene part of the molecule. It was, however,
previously observed that in these complicated helical struc-
tures the methylene group directly adjacent to the central
double bond in the upper half of the molecule has a


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2845 ± 28532850


Figure 4. Comparison of UV/Vis and CD absorption characteristics of (S)-(M)-cis-2 a and (S)-(P)-cis-2a (left)
and (S)-(M)-trans-2b and (S)-(P)-trans-2b (right), respectively. Solid curves correspond to both the (M)-
enantiomers; dashed curves correspond to both the (P)-enantiomers.
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substantial steric effect on the lower half.[29] Whereas the two
hydrogens are restricted to their respective axial and equa-
torial orientation, the naphthalene moiety in the trans-isomer
can simply bend away thereby greatly reducing the steric
effect exerted on the lower half of the molecule. Therefore a
distinct difference exists between trans- and cis-isomers,
where the pyrrolidine-moiety is facing a naphthalene or CH2


group in the upper half, respectively.


Conclusion


We presented a novel donor± acceptor substituted molecular
switch 2 with excellent switching properties. A new and more
efficient synthetic route towards these systems was developed
which opens up the possibility of synthesizing a variety of
donor ± acceptor systems in one step starting from a mutual
bromo-substituted synthon 3. Compound 2 has some advanta-
geous properties compared with previously reported donor ±
acceptor switches. The improved resolution properties of the
system in combination with a high switching selectivity make
this compound a useful member of the chiroptical molecular
switch family. The additional stereogenic center only has a
minor effect on the photophysical properties and the thermal
stabilities of the different stereoisomers. Nevertheless, for a
comparable class of sterically overcrowded alkene the pres-
ence of a single stereogenic center, in addition to the intrinsic
chirality of the system, resulted in completely controlled
unidirectional rotation in two generations of molecular
motors. The key feature in these systems is unidirectionality
in the thermal helix inversion steps as a result of a relatively
large energy differences between the two pseudoenantiomeric
forms. Although the energy differences for compound 2,
shown in Scheme 7, are too small for a full control over the
directionality in these isomerization processes, the influence
of the additional stereogenic center in this molecule can be


compared to the influence of the
stereogenic center in the molec-
ular motor systems, albeit far
less pronounced. The delicate
balance of chiral influences on
these intrinsically chiral helically
shaped overcrowded systems
and the stereochemical parame-
ters controlling the thermal and
photochemical processes re-
mains an interesting topic for
further studies.


Experimental Section


General methods : 1H NMR spectra
were recorded on a Varian Gemini-
200 (200 MHz), a Varian VXR-300
(300 MHz) or a Varian Unity Plus
Varian-500 (500 MHz). 13C NMR spec-
tra were recorded on a Varian Gemini-
200 (50 MHz), a Varian VXR-300


(75 MHz) or a Varian Unity Plus Varian-500 (125 MHz). Chemical shifts
are denoted in �-unit (ppm) relative to CDCl3. The splitting patterns are
designated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet) and br (broad) for 1H NMR. For 13C NMR the carbon atoms are
assigned as q (primary carbon), t (secondary carbon), d (tertiary carbon)
and s (quaternary carbon). CD spectra were recorded on a JASCO J-715
spectropolarimeter and UV measurements were performed on a Hewlett-
Packard HP 8453 FT Spectrophotometer using UVASOL grade solvents
(Merck). MS spectra were obtained with a Jeol JMS-600 spectrometer by
Mr. A.Kieviet. Column chromatography was performed on silica gel
(Aldrich 60, 230 ± 400 mesh). HPLC analyses were performed on a Waters
HPLC system equipped with a 600E solvent delivery system and a 996
Photodiode Array Detector. Preparative HPLC was performed by Mr.
M. B. van Gelder on a preparative Gilson HPLC system consisting of a
231XL sampling injector, a 306 (10SC) pump, an 811C dynamic mixer, a
805 manometric module, with a 119 UV/Vis detector and a 202 fraction
collector, using the (chiral) columns as mentioned. Elution speed was
1 mLmin�1, unless stated otherwise. Solvents were distilled and dried
before use, if necessary, by standard methods. Reagents and starting
materials were used as obtained from Aldrich, Acros, Fluka or Merck. (S)-
proline obtained from Acros and reported 99� % was used as purchased.


Irradiation experiments : Irradiations were performed with an 150 W Oriel
Xe lamp attached to an Oriel monochromator or a 180 W Oriel Hg lamp
adapted with a suitable Mercury line filter for 313, 365, 405 and 435 nm
irradiations (typical bandwidth 10 nm). Photostationary states are ensured
by monitoring composition changes in time by taking UV spectra at distinct
intervals until no changes were observed. Ratios of the different forms of
the molecular switches were determined by HPLC by monitoring at the
isosbestic point or by NMR analysis. HPLC elution times and NMR details
are denoted throughout the synthetic procedures. CD spectra were
recorded on a JASCO J-715 spectropolarimeter and UV measurements
were performed with a Hewlett ± Packard HP 8453 FT spectrophotometer
using UVASOL grade solvents (Merck). Thermal helix inversions were
also monitored by CD spectroscopy employing a JASCO PFD-350S/350L
Peltier type FDCD attachment with temperature control.


2,3-Dihydro-1H-naphtho[2,1-b]thiopyran-1-one hydrazone (8):[20a] 2,3-Di-
hydro-1H-naphtho[2,1-b]thiopyran-1-one hydrazone was synthesized as
described before starting from 2-thionaphthol, via 3-(2-naphthylthio)-
propiononitrile and 2,3-dihydro-1H-naphtho[2,1-b]thiopyran-1-one.
1H NMR: �� 2.87 (s, 4H), 5.43 (br s, 2H), 7.31 (d, J� 8.4 Hz, 1H), 7.37
(ddd, J� 8.1, 7.0, 1.1 Hz, 1H), 7.46 (ddd, J� 8.8, 7.0, 1.5 Hz, 1H), 7.58 (d, J�
8.4 Hz, 1H), 7.72 (dd, J� 8.1, 1.5 Hz, 1H), 8.65 (d, J� 8.8 Hz, 1H);
13C NMR �� 27.27 (t), 30.31 (t), 124.93 (d), 126.37 (d), 126.46 (d), 126.66
(d), 127.59 (d), 127.85 (d), 129.60 (s), 131.39 (s), 132.94 (s), 135.94 (s), 145.23 (s).
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Scheme 7. Thermal stabilities for the four distinct diastereoisomers of 2.
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(S)-2-(Methoxymethyl)pyrrolidine (4):[22] Under exclusion of oxygen,
LiAlH4 (14 g, 0.4 mol) and anhydrous THF (600 mL) were heated under
reflux for 15 min. Without heating, (S)-proline (25 g, 0.25 mol) was added
in small portions and the mixture was subsequently heated for 1 h under
reflux. Excess LiAIH4 was decomposed by cautiously adding a solution of
KOH (7 g) in H2O (28 mL). After stirring for 15 min the mixture was
filtered and the remaining salts were extracted with THF (200 mL). The
combined organic filtrates were dried (Na2SO4) and concentrated under
reduced pressure at 30 �C. Methyl formate (18 mL, 17 g, 0.28 mol) was
added at 0 �C over a period of 1 h to the crude product and the mixture was
stirred for 2 h. Excess methyl formate was evaporated at 30 �C in vacuo
affording a dark oil which was taken up in CH2Cl2 (150 mL) and dried with
Na2SO4. Themixture was filtered and concentrated under reduced pressure
at 30 �C. The procedure yielded the crude N-formyl compound (28.3 g, ca.
0.22 mol), which was dissolved in anhydrous THF (350 mL). The solution
was cooled to �60 �C and MeI (18 mL, 0.26 mol) and NaH (6.26 g,
0.26 mol) were added carefully. The solution was allowed to warm to RT
(H2 gas evolves), heated under reflux for 15 min, quenched by slow
addition of 6� HCl (20 mL) and filtered. THF was evaporated under
reduced pressure yielding a dark oil. A solution of KOH (40 g) in H2O
(156 mL) was added to the crude product under vigorous stirring at RTand
the mixture was heated under reflux for 5 h. (S)-2-(Methoxymethyl)pyrro-
lidine was extracted in a 500 mL perforator over a period of 24 h with
diethyl ether. The organic layer was dried using Na2SO4, diethyl ether was
evaporated and product purified using bulb-to-bulb distillation (b.p. 62 �C
at 40 Torr). The procedure yielded 4 as a colorless liquid (10.56 g, 37%
overall yield) which was stored at �4 �C. Optical rotation was in
accordance with literature.[30] 1H NMR: �� 1.23 ± 1.30 (m, 1H), 1.56 ± 1.72
(m, 3H), 2.44 (s, 1H), 2.71 ± 2.87 (m, 2H), 3.11 ± 3.21 (s, 3H); 13C NMR:
�� 23.72 (t), 26.27 (t), 44.82 (t), 56.11 (q), 57.36 (d), 74.58 (t).


2-[(4-Bromophenyl)sulfanyl]-5-nitrobenzoic acid (5): p-Bromothiophenol
(12 g, 64 mmol) and 2-chloro-5-nitrobenzoic acid (13.14 g, 64 mmol) were
added to a solution of NaHCO3 (10.8 g, 128 mmol) in dry ethanol (200 mL).
The reaction mixture was heated under reflux for 24 h under a nitrogen
atmosphere. After this period a 10% aq. HCl solution (150 mL) was added,
after which a precipitate was collected by filtration, yielding crude 5 (22.1 g,
98%) as a yellow solid, which was used without further purification.


2-Bromo-7-nitro-9H-thioxanthen-9-one (6): A suspension of 5 (22.1 g,
62 mmol) in sulfuric acid (400 mL) was stirred and heated at 100 �C for 3 h.
The suspension was then poured onto ice (500 g) and left overnight. Next
the precipitate was filtered and washed with water (2� 50 mL), concen-
trated NaHCO3 (2� 100 mL) and ethanol (2� 50 mL). The yellow solid
was dried at 60 �C under reduced pressure, yielding 6 (20.2 g, 97%). m.p.
288.1 ± 290.5 �C; 1H NMR: �� 7.46 (d, J� 8.4 Hz, 1H), 7.70 (d, J� 8.8 Hz,
1H), 7.76 (dd, J� 8.4, 2.2 Hz, 1H), 8.39 (dd, J� 9.2, 2.6 Hz, 1H), 8.72 (d,
J� 2.2 Hz, 1H), 9.38 (d, J� 2.2 Hz, 1H); no 13C data available due to low
solubility; HRMS: m/z : calcd for C13H6BrNO3S: 334.92512; found:
334.92661.


2-Bromo-7-nitro-9H-thioxanthene-9-thione (7): A suspension of xanthone
6 (5.1 g, 15 mmol) and P2S5 (8 g, 36 mmol) in dry toluene (150 mL) was
refluxed for 72 h. After this period additional P2S5 (3 g, 14 mmol) was
added and the suspension was heated under reflux for another 3 h. The
suspension was then allowed to cool to about 50 �C and filtered. The flask
was washed with hot toluene until the solvent was no longer green. From
the filtered solution the solvent was evaporated to leave a brown solid.
Recrystallization from toluene yielded 7 as dark brown crystals (4.0 g,
76%). M.p. 274.8 ± 276.3 �C; 1H NMR: �� 7.43 (d, J� 8.4 Hz, 1H), 7.66 (d,
J� 8.8 Hz, 1H), 7.73 (dd, J� 8.4, 2.2 Hz, 1H), 8.34 (dd, J� 9.2, 2.6 Hz, 1H),
9.00 (d, J� 2.2 Hz, 1H), 9.68 (d, J� 2.6 Hz, 1H); no 13C data available due
to low solubility; HRMS: m/z : calcd for C13H6BrNO2S2: 350.90228; found:
350.90238.


Dispiro[1,2,3,4-tetrahydrophenanthrene-4,2�-thiirane-3�,9��-7-bromo-2��-ni-
tro))-9��H-thioxanthene (9): A stirred solution of hydrazone 8 (350 mg,
1.53 mmol) in dry CH2Cl2 (20 mL) was cooled to �20 �C, whereupon
MgSO4 (600 mg), Ag2O (531 mg, 2.29 mmol) and a saturated solution of
KOH in dry MeOH (1.2 mL) were successively added and the mixture was
stirred at this temperature under a nitrogen atmosphere. After the solution
turned deep red it was filtered into another ice-flask containing thioketone
7 (445 mg, 1.53 mmol) and the mixture was then stirred for another 3 h
while warming to room temperature. The precipitated solid (excess 7) was
filtered off and the solvent was evaporated. The product was purified by


column chromatography (silica gel, CH2Cl2/hexane 1:1), yielding 9 (510 mg,
60.1%) as a yellow powder as a 1:1 mixture of cis- and trans-isomers.
HRMS: m/z : calcd for C26H16BrNO2S3: 550.95060; found: 550.95225.


7-Bromo-2-nitro-9-(1�,2�,3�,4�-tetrahydrophenanthrene-4�ylidene)-9H-thio-
xanthene (3): Triphenylphosphine (0.39 g, 1.5 mmol) was added to a stirred
solution of episulfide 9 (0.510 g, 0.92 mmol) in toluene (50 mL) and the
resulting solution was refluxed for 3 d. The solvent was evaporated and the
resulting orange solid was recrystallized from 96% EtOH to yield 3 as an
approximate 1:1 mixture of isomers as a yellow powder (491 mg, 97%).
1H NMR: �� 2.30 ± 2.40 (m, 3H), 3.45 ± 3.64 (m, 8H), 6.53 (d, J� 1.8 Hz,
1H), 6.87 ± 7.16 (m, 10H), 7.32 ± 7.71 (m, 22H), 8.14 (dd, J� 8.4, 2.2 Hz,
1H), 8.37 (d, J� 2.2 Hz, 1H); HRMS: m/z : calcd for C26H16BrNO2S2:
518.97853; found: 518.97674; elemental analysis calcd (%) for
C26H16BrNO2S2: C 60.24, H 3.11, N 2.70, S 12.37; found: C 60.33, H 3.05,
N 2.86, S 12.69.


7-((S)-2-(Methoxymethyl)pyrrolidine)-2-nitro-9-(1�,2�,3�,4�-tetrahydrophe-
nanthrene-4�ylidene)-9H-thioxanthene (2): BINAP (15 mg, 0.0225 mmol)
and [Pd2(dba)3] (7.5 mg, 0.0063 mmol) were dissolved in dry toluene
(50 mL). This solution was stirred for 30 min at RT, whereupon it turned
from dark red to dark orange. After this period NaOtBu (125 mg,
1.3 mmol) was added, followed by bromo-substituted alkene 3 (100 mg,
0.19 mmol) and (S)-2-(methoxymethyl)pyrrolidine (4 ; 50 mg, 0.43 mmol).
The mixture was stirred at 80 �C for 2 d. Subsequently the reaction mixture
was poured into CH2Cl2 (50 mL). After filtration the solvents were
evaporated. The crude product was dissolved in a small amount of CH2Cl2
and purified using column chromatography (silica gel; CH2Cl2/n-hexane/
NEt3 50:50:1) to afford 2 as a red solid mixture of stereoisomers (60 mg,
58%). HRMS: m/z : calcd for C32H28N2O3S2: 552.15411; found: 552.15296.


Separation of stereoisomers was performed by HPLC (Econosphere Silica;
5 �m; 250� 4.6 mm). The following gradient of n-heptane and dichloro-
methane was used as an eluent: 0 ± 3 min pure n-heptane; 3 ± 15 min
gradient n-heptane/dichloromethane 100:0 to 0:100; 15 ± 20 min pure
dichloromethane; 20 ± 21 min gradient n-heptane/dichloromethane 0:100
to 100:0. The four diastereomers are readily separated with retention times
of 16.9 min ((S)-(M)-cis-2 a); 17.4 min ((S)-(P)-cis-2 a); 18.2 min ((S)-(P)-
trans-2b); 18.8 min ((S)-(M)-trans-2b). The respective (M)- and (P)-
isomers were assigned by comparison of the CD spectra with other
sterically overcrowded alkenes synthesized. The respective cis- and trans-
isomers were assigned by 1H NMR (see below).
1H NMR: (S)-(M)-cis-2a and (S)-(P)-cis-2a : �� 1.92 ± 2.06 (m, 8H), 2.24 ±
2.31 (m, 2H), 3.08 ± 3.26 (m, 4H), 3.34 (s, 3H), 3.38 (s, 3H), 3.43 ± 3.58 (m,
8H), 3.76 ± 3.88 (m, 3H), 3.90 ± 3.98 (m, 1H), 6.59 (t, J� 2.2 Hz, 1H), 6.62
(t, J� 2.2 Hz, 1H), 6.87 (t, J� 2.6 Hz, 2H), 6.91 ± 6.96 (m, 2H), 7.01 ± 7.06
(m, 2H), 7.18 ± 7.24 (m, 2H), 7.28 ± 7.59 (m, 14H); (S)-(M)-trans-2b and (S)-
(P)-trans-2 b : �� 1.92 ± 2.06 (m, 8H), 2.24 ± 2.31 (m, 2H), 3.08 ± 3.26 (m,
4H), 3.17 (s, 3H), 3.21 (s, 3H), 3.43 ± 3.58 (m, 8H), 3.76 ± 3.88 (m, 3H),
3.90 ± 3.98 (m, 1H), 5.77 (d, J� 2.2 Hz, 1H), 5.87 (d, J� 2.2 Hz, 1H), 6.08
(dd, J� 8.4, 2.2 Hz, 1H), 6.14 (dd, J� 8.4, 2.2 Hz, 1H), 7.01 ± 7.16 (m, 6H),
7.47 ± 7.60 (m, 8H), 7.67 (d, J� 8.4 Hz, 2H), 8.07 ± 8.13 (m, 2H), 8.34 (d, J�
2.2 Hz, 1H), 8.39 (d, J� 2.2 Hz, 1H).


(S)-(M)-cis-2 a : UV/Vis (n-hexane): �max (�)� 255 (18610), 273 (16686),
368 (3385); CD (n-hexane): �max (��)� 241 (�18.6), 256 (�22.6), 280
(�36.7), 326 (�1.6), 362 (�6.3).


(S)-(P)-cis-2 a : UV/Vis (n-hexane): �max (�)� 257 (23552), 287 (13652), 369
(3058); CD (n-hexane): �max (��)� 241 (�20.7), 255 (�24.2), 280 (�37.7),
326 (�1.8), 358 (�6.5).


(S)-(M)-trans-2b : UV/Vis (n-hexane): �max (�)� 257 (20005), 271 (14895),
312 (5942), 355 (2229), 398 (1681); CD (n-hexane): �max (��)� 243 (0), 255
(�37.7), 275 (�37.4), 325 (�7.3), 353 (�3.8).


(S)-(P)-trans-2b : UV/Vis (n-hexane): �max (�)� 255 (17065), 275 (14981),
312 (6287), 327 (3882), 362 (1618), 402 (1681); CD (n-hexane): �max (��)�
242 (�4.4), 255 (�30.3), 275 (�28.9), 325 (�5.7), 354 (�3.9).
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Synthesis of Directly Linked Zinc(��) Porphyrin ± Imide Dyads and Energy
Gap Dependence of Intramolecular Electron Transfer Reactions
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Hiroshi Miyasaka,*[b] Tadashi Okada,[b] Yasushi Nagata,[c] Akira Itaya,[c] Hyun Sun Cho,[d]
Dongho Kim,*[d] and Atsuhiro Osuka*[a]


Abstract: A series of zinc(��) porphyr-
in ± imide dyads (ZP-Im), in which an
electron donating ZP moiety is directly
connected to an electron accepting
imide moiety in the meso position, have
been prepared for the examination of
energy gap dependence of intramolecu-
lar electron transfer reactions with large
electronic coupling. The nearly perpen-
dicular conformation of the imide moi-
ety towards the porphyrin plane has
been revealed by X-ray crystal struc-
tures. The energy gap for charge sepa-
ration, 1ZP* ± Im�ZP� ± Im�, is varied
by changing the electron accepting
imide moiety to cover a range of about
0.8 eV in DMF. Definitive evidence for


electron transfer has been obtained in
three solvents (toluene, THF, and DMF)
through picosecond ± femtosecond tran-
sient absorption studies, which have
allowed us to determine the rates of
photoinduced charge separation, 1ZP* ±
Im�ZP� ± Im�, and subsequent ther-
mal charge recombination ZP� ± Im��
ZP± Im. The free-energy gap depend-
ence (energy gap law) has been probed
from the normal to the nearly top region
for the charge separation rate alone, and


only the inverted region for the charge
recombination rate. Although both of
the energy gap dependencies can be
approximately reproduced by means of
the simplified semiclassical equation,
when we take into consideration the
effect of the high frequency vibrations
replaced by one mode of averaged
frequency, many features, including the
effects of solvent polarity and the elec-
tron tunneling matrix element on the
energy gap law, differ considerably from
those of the previously studied porphyr-
in ± quinone systems, which have weaker
interchromophore electronic interac-
tions.


Keywords: absorption ¥ donor ±
acceptor systems ¥ electron transfer ¥
porphyrinoids


Introduction


Among many factors that govern electron transfer (ET)
reactions, the free energy gap (��G) dependence of the ET
rate (energy-gap law) has been extensively studied with the
goal of confirming the Marcus theory,[1] and thus to deepen
the understanding of fundamental mechanisms of ET. Dis-
tance-fixed covalently-linked donor ± acceptor pairs are par-
ticularly effective in examining the energy gap law, since such
models are free from concerns about donor-acceptor distance
distribution.[2] Most models so far examined have been limited
to those with weak electronic coupling between the donor and
acceptor, since the Marcus Equation [Eq. (1)] is valid in
nonadiabatic regimes.[3, 4] In this expression, V is the electronic
tunneling matrix element, and FCWD represents the nuclear
coordinates as the Franck ± Condon weighted density of
states.[1b] FCWD depends on the energy gap, the nuclear
vibrational modes relevant to the ET process, the changes in
bond lengths and angles of the substrates and the changes in
solvation upon ET.


kET�
2�


�h
V 2 FCWD (1)
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Through our own studies on the energy-gap law,[4±7] we
became interested in testing the Marcus theory in a region of
rather large electronic coupling. This interest stems from a
recent finding that the energy-gap law of charge recombina-
tion in contact ion pairs follows a so-called exponential
energy-gap law of kCR� exp[�� ��GCR � ].[7] With this in
mind, we designed a new class of ZnII porphyrin-imide
acceptor models (ZP-Im)[8] (Scheme 1) to examine the


Scheme 1.


energy-gap law in a region of large electronic coupling. A key
structural feature ofZP-Im is the direct linkage of an electron-
accepting imide at the meso position of ZnII porphyrin, where
a rather restricted perpendicular arrangement is likely to
minimize the electronic interactions. Another important
feature is the easy detection of anion radicals, particularly
for pyromellitimide (PI) and 1,8:4,5-naphthalene-tetracar-
boxylic diimide (NI).[9] Using these ZP-Im dyads, we recently
revealed a bell-shaped energy-gap dependence for the charge
separation (CS) between the S2-excited state of ZP and Im as
the first unambiguous demonstration of CS reactions in
covalently-linked systems.[10] This success seems to arise from
the wide energy gap available for the CS process and the
relatively long-lived S2 state of ZnII TPP-type porphyrins.[11]


The present models may also be attractive in light of their
ultrafast ET, since such molecules may be of use in molecular
devices such as switches[12] and logic gates,[13] which preferably
have ultrafast response and integration. In these applications,
the prediction of ET rates based on a reliable theory is of the
utmost importance in the design of the molecular devices. As
closely related donor-acceptor molecules, there have been
many examples of directly linked porphyrin-quinone dy-
ads,[14, 15] most of which exhibit characteristic charge transfer
(CT) absorption bands that reflect much stronger electronic
coupling. Among these, it is interesting to note that Hoch-
strasser and Therien reported the occurrence of CS between


the vibrationally hot S1 state of MgII porphyrin and benzo-
quinone.[15]


Here, we report the synthesis and characterization of
directly linked ZnII porphyrin-imide molecules (ZP-Im).
Particular attention is focused on the energy-gap dependence
of the CS 1ZP* ± Im�ZP� ± Im� and subsequent thermal
charge recombination (CR) ZP� ± Im��ZP± Im in situa-
tions with quite large electronic coupling.


Results and Discussion


Synthesis : Directly linked porphyrin-imide dyads were pre-
pared from the condensation of ZnII 10-amino-5,15-bis(3,5-di-
tert-butylphenyl)porphyrin (ZPNH2) and corresponding di-
carboxylic anhydrides (Scheme 2). Treatment of ZnII 5,15-
bis(3,5-di-tert-butylphenyl)porphyrin (ZDP) with AgNO2 and


Scheme 2.


I2 in CHCl3 gave ZnII 10-nitro-5,15-bis(3,5-di-tert-butylphe-
nyl)porphyrin (ZPNO2) in 98 % yield.[16, 17] This was reduced
with SnCl2/HCl and remetallated with Zn(OAc)2 to give ZnII


10-amino-5,15-bis(3,5-di-tert-butylphenyl)porphyrin (ZPNH2)
in 87 % yield.[16] The ZnII porphyrin-imide dyads (ZP-Im)
were prepared by the condensation of ZPNH2 and the
corresponding anhydrides in 6 ± 48 % yield by heating in
pyridine or DMF, although the reaction conditions (solvent,
concentration, temperature, and reaction time) were adjusted
depending on the structures of anhydrides.


In the reaction with 3,4,5,6-tetrafluorophthalic anhydride,
the corresponding porphyrin-imide was not obtained but
porphyrin-tetrafluorophenylcarboxyamide was isolated in
low yield (3 %, ZP-F4PA, Scheme 3). Diimide-linked ZnII


Scheme 3.


porphyrins ZP-PI and ZP-NI were prepared by the con-
densation of ZPNH2 with half imides 1 and 2, respectively
(Scheme 4). This condensation achieved 44 % yield forZP-PI,
which is higher than the yield (12 %) reported for the cross
condensation reaction.[8]


Alternatively, we found that ZP-Im can be prepared
directly from nucleophilic trapping of the ZnII porphyrin
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Scheme 4.


cation radical by a phthalimide anion. Addition of
(BrC6H4)3NSbCl6 to a solution containing ZDP, [18]crown-6,
and excess potassium phthalimide in CHCl3 resulted in direct
coupling of a phthalimide moiety at the meso position of ZnII


porphyrin to afford ZP-PH (35 %) with concurrent formation
of meso ±meso linked oligoporphyrins[17] as byproducts
(Scheme 5). Dyad ZP-MPH was similarly prepared by the


Scheme 5.


reaction with potassium 4-methylphthalimide but the yield of
ZP-Cl4PH was quite small, probably owing to the low
solubility of potassium 3,4,5,6-tetrachlorophthalimide. A high
concentration of a phthalimide anion is essential because of
serious competition with the porphyrin meso ±meso coupling
reaction.[17] This direct introduction of the imide group is
apparently more convenient than the stepwise method, but
the low solubility of potassium phthalimides in CHCl3 limits
the range of this reaction.


Structures : Structural optimization of ZP-Im compounds has
been carried out by the PM3 method (WinMOPAC 3.0) for a
porphine substrate without 3,5-di-tert-butylphenyl groups. In
the most stable conformation, a porphine and an imide are
held in an approximately perpendicular geometry (88 ± 91�).
Both the porphine and imide rings are calculated to be quite
planar and the center-to-center distances are calculated to be
8.49 ä in ZP-NI, 8.33 ä in ZP-PI, 7.90 ä in ZP-NPH, and
7.00 ä in the other dyads. The edge-to-edge distances (the
bond length between the meso-carbon and the imide nitro-
gen) are calculated to be 1.43 ä in ZP-NI, 1.45 ä in ZP-NPH,
and 1.41 ä in the other dyads. Calculation has also predicted
that the thermal fluctuation of the dihedral angle is restricted
within 90� 15�. The 1H NMR spectra of ZP-Im display the
porphyrin peripheral protons at nearly the same chemical


shifts as those of ZnII 5,10,15-tris(3,5-di-tert-butylphenyl)por-
phyrin (ZTP), indicating that the meso-substituted imide
moiety in all ZP-Im takes on a nearly perpendicular
conformation towards the porphyrin plane, similar to the
meso-phenyl group in ZTP.


The X-ray structures of ZP-PH, ZP-MPH, ZP-Cl2PH, and
ZP-Cl4PH were determined. The structure of ZP-PH is
shown in Figure 1 and selected structural parameters are


Figure 1. X-ray structure ofZP-PH. Hydrogen atoms and tert-butyl groups
are omitted for clarity.


listed in Tables 1 and 2. In all of these cases, the imide moiety
is rather planar but the porphyrin ring has a slightly ruffled
conformation with relatively large mean plane deviations
(0.55 ä ZP-PH, 0.57 ä ZP-MPH, 0.54 ä for ZP-Cl2PH, and
0.48 ä ZP-Cl4PH). The dihedral angles between the porphyr-
in and the imide are 76 ± 88� and the center-to-center distances
are 7.21 ± 7.27 ä in ZP-Cl2PH and 7.27 ä in ZP-PH with the
edge-to-edge distances of 1.42 ± 1.44 ä. These structural
features are roughly consistent with those estimated by PM3
calculations. Although there are some differences in the
geometrical parameters in the solid state, we may consider
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Table 1. Data for X-ray structures of ZP-Cl4PH, ZP-Cl2PH, ZP-PH, and
H2P-MPH.


Compound �[a] [ä] �[b] [ä] �1
[c] [ä] �2


[d][ä] �[e] [�]


ZP-Cl4PH 1.437 7.21 0.480 0.040 80
ZP-Cl2PH 1.435 7.22 0.574 0.020 76
ZP-PH 1.432 7.27 0.554 0.001 88
ZP-MPH 1.424 7.23 0.568 0.011 79


[a] � is the bond distance between the porphyrin meso-carbon and the
imide nitrogen. [b] � is the center-to-center distance. [c] �1 is the porphyrin
mean plane deviation. [d] �2 is the imide mean plane deviation. [e] � is the
dihedral angle.
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that the ETreaction in theZP-Immodels proceeds in a similar
perpendicular conformation, which disrupts �-conjugation
between the porphyrin and the imide.


Redox potentials : The first oxidation and reduction potentials
versus the ferrocene/ferrocenium potential were measured in
DMF by the differential pulse voltammetry method (Table 3).
The first oxidation potentials (Eox), which correspond to the
one-electron oxidation of a ZnII porphyrin donor, were in the
0.43 ± 0.49 V range; this indicates that the effects of an
attached imide group are not so significant. The first reduction
potentials (Ered), which correspond to one-electron reduction
of an imide acceptor, are in the �0.89 (NI) to � � 1.69 V
(MPH) range, reflecting the electron-accepting abilities of the
respective imides. The correlation between Eox and Ered is
relatively weak, again indicating that the electronic interac-
tions in the ground state are weak in ZP-Im. With eight ZP-
Im dyads in hand, a wide range of Eox ±Ered (1.32 ± 2.15 V) and


hence a wide range energy gaps associated with ET are now
available for investigation of the energy-gap dependence on
the CS.


Steady-state spectroscopy: The UV/Vis absorption spectra
are shown in Figure 2 and the numerical data are summarized
in Table 4. All the ZP-Im dyads have almost the same
absorption spectrum as that ofZTP, in which the Soret band is
observed at 420 nm and the Q bands are observed at 551 and
589 nm in THF. Charge transfer absorption bands, which are
clearly detected in directly linked porphyrin-quinone sys-
tems,[14, 15] are not detected in ZP-Im, suggesting weaker
electronic interactions between ZP and Im in the ground
state.


The fluorescence spectra of ZP-Im, taken for excitation at
546 nm in THF, are shown in Figure 3. The fluorescence
spectral shapes remain nearly the same throughout the series,
while the intensity decreases with an increase in the electron
accepting ability of the imide moiety, reaching virtually no
detectable fluorescence for ZP-NI, ZP-NPH, and ZP-PI. The
fluorescence quantum yields, �F, were determined with
respect to the reported value of ZnII TPP in benzene (�F �
0.03),[18] and are listed in Table 4. From these fluorescence
quantum yields, the charge separation rates between 1ZP*
and Im, kCS, were estimated by Equation (2), in which � 0


F and
�F are the fluorescence quantum yields of reference porphyr-
in ZTP and ZP-Im, respectively, and �0 is the fluorescence
lifetime of ZTP. The kCS values obtained are listed in Table 5.
The kCS values estimated from the fluorescence quantum yield
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Table 2. Crystal data and structure refinements for ZP-Cl4PH, ZP-Cl2PH, ZP-PH, and ZP-MPH.


ZP-Cl4PH ZP-Cl2PH ZP-PH ZP-MPH


formula C56H51Cl4N5O2Zn C56H53Cl2N5O2Zn C56H55N5O2Zn C57H57N5O2Zn
formula wt 1033.24 964.35 895.46 909.49
T [K] 123 123 123 123
� [ä] 0.7107 0.7107 0.7107 0.7107
cryst system triclinic triclinic triclinic triclinic
space group P1≈ P1≈ P1≈ P1≈


unit cell dimensions
a [ä] 12.935(1) 14.2032(5) 14.0839(8) 14.1429(7)
b [ä] 13.627(1) 15.4030(7) 15.3743(8) 15.3850(9)
c [ä] 16.313(2) 15.5722(5) 15.548(1) 15.572(1)
� [�] 100.608(2) 109.353(3) 105.311(5) 109.046(3)
� [�] 100.273(3) 110.942(2) 112.791(2) 111.371(2)
� [�] 95.921(3) 103.832(2) 101.076 103.733(2)
V [ä3] 2753.5(4) 2743.7(2) 2824.7(4) 2727.2(3)
Z 2 2 2 2
	calcd [gcm�3] 1.387 1.167 1.053 1.107

 [cm�1] 7.860 5.872 4.75 4.925
F(000) 1192.00 1008.00 944.00 960.00
cryst size [mm3] 0.40� 0.40� 0.10 0.40� 0.40� 0.20 0.60� 0.40� 0.20 0.20� 0.20� 0.10
2�max [�] 55.0 55.0 55.0 55.0
obsd reflctns 12286 12218 9997 11920
total reflctns 24459 24345 24 376 21945
completeness to �� 55.0� [%] 100.0 100.0 100.0 100.0
absorpn corrn empirical empirical empirical empirical
data/restraints/params 12286/0/715 12218/0/619 9997/0/640 11920/0/677
goodness of fit on F 2 0.785 1.170 3.520 0.840
final R indices R1 0.045 0.083 0.081 0.080
[I� 3�(I)] wR1 0.060 0.100 0.113 0.115
largest diff peak and hole [eä�3] 0.54/� 0.45 1.81/� 0.83 3.81/� 0.92 1.27/� 0.61


Table 3. Redox potentails in DMF (vs ferrocene/ferrocenium; in V).


Compound Eox Ered Eox �Ered


ZP-NI 0.43 � 0.89 1.32
ZP-NPH 0.48 � 1.08 1.56
ZP-PI 0.45 � 1.14 1.59
ZP-Cl4PH 0.49 � 1.35 1.84
ZP-Cl2PH 0.48 � 1.56 2.04
ZP-ClPH 0.44 � 1.64 2.08
ZP-PH 0.45 � 1.69 2.14
ZP-MPH 0.46 � 1.69 2.15
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Figure 3. Fluorescence spectra of ZTP and ZP-Im taken for excitation at
546 nm in THF.


are less reliable in comparison to those based on the transient
absorption data (discussed later), often owing to contamina-
tion by other fluorescent material. They do, however, provide
a supplementary guide for estimating kCS values that are not
so large, for instance, in the cases of ZP-MPH, ZP-PH, and
ZP-ClPH.


kCS �
� 0


F


�F


� 1
� �


(�0)�1 (2)


Transient absorption spectra : In order to confirm the ET
events, we examined the transient absorption spectra of ZP-
Im. We used two laser systems, a picosecond pump-probe
system with 15 ps excitation pulse at 532 nm,[19] and a
subpicosecond pump-probe system with a 160 fs tunable
pulse.[20] Figure 4 shows the transient absorption spectra of
ZTP in toluene at 20 ps and 6 ns delay times, which
correspond to S1 � Sn and T1 �Tn absorptions, respectively.
The S1 � Sn absorption spectrum exhibits a peak at 460 nm
and bleaching at 545, 590, and 645 nm. The bleaching at 545
and 590 nm corresponds to the ground-state absorption of
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Figure 2. Absorption spectra of ZTP and ZP-Im in THF.


Table 4. Absorption and fluorescence spectra.


Compound Toluene THF DMF
absorption fluorescence [�F] absorption fluorescence [�F] absorption fluorescence [�F]


ZnAr3P 419, 544, 583 590, 638 (0.028) 420, 551, 589 594, 644 (0.031) 422, 555, 593 597, 650 (0.046)
ZP-NI 421, 546, 579[a] nd[b] 419, 550, 589 nd 421, 552, 591 nd
ZP-NPH 420, 545, 576[a] nd 419, 550, 590 nd 421, 552, 593 nd
ZP-PI 420, 545, 576[a] nd 419, 549, 589 nd 421, 552, 591 nd
ZP-Cl4PH 420, 546, 576[a] 590, 637 (0.0012) 419, 549, 590 593, 650 (0.0012) 421, 551, 594 593, 650 (0.0012)
ZP-Cl2PH 420, 545, 576[a] 590, 640 (0.024) 419, 550, 590 593, 647 (0.0030) 421, 552, 592 593, 650 (0.0009)
ZP-ClPH 420, 545, 576[a] 588, 640 (0.023) 419, 549, 589 593, 645 (0.018) 421, 552, 591 594, 651 (0.0030)
ZP-PH 420, 546, 576[a] 591, 638 (0.021) 419, 550, 589 593, 645 (0.021) 421, 553, 593 595, 649 (0.024)
ZP-MPH 420, 545, 576[a] 590, 639 (0.023) 419, 549, 589 593, 646 (0.022) 421, 552, 591 595, 649 (0.032)


[a] Shoulder; [b] not detected.
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Figure 4. a) Transient absorption spectra of ZTP at 20 ps (solid line) and
6 ns delay times (dotted line) taken for excitation by a 532 nm laser pulse
with 15 ps pulsewidth in toluene. b) Temporary profile of ZTP at 680 nm.


ZTP and that at 645 nm corresponds to the induced emission
of 1ZTP*. The T1 �Tn absorption spectrum shows broad
bands around 490 and 850 nm and bleaching at 545 and
585 nm. Spectral evolutions from 1ZTP* to 3ZTP* were
examined at 490, 600, 680, and 850 nm, commonly yielding
time constants of 2.1 ± 2.2 ns, in agreement with the fluores-
cence lifetime of ZTP (1.9 ns).


The transient absorption spectrum of ZP-PI in toluene
exhibits a characteristic sharp absorption band at 705 nm due


to PI� and an absorption band
around 680 nm due to ZP�


(Figure 5 c), clearly providing
evidence for CS. Bleaching at
545 nm is also consistent with
the occurrence of CS, indicating
depletion of the ZP ground
state. The absorbance at
700 nm increases with �	
5.8 ps and decays with �	
95 ps (Figure 6 c). The absorb-
ance at 680 nm, due to ZP�,
exhibits essentially the same
time-dependent profile as that
at 700 nm. From the analysis of
these time dependent profiles,


the charge separation (kCS) and charge recombination (kCR)
rates for ZP-PI were determined to be 1.7� 1011 s�1 and 1.0�
1010 s�1, respectively. The transient absorption spectrum of
ZP-NI exhibits, in addition to a broad band at 680 nm due to
ZP�, characteristic bands at 610, 670, and 790 nm (Figure 5 a),
which can be assigned to NI� on the basis of previous
studies.[9] By following the same analysis, the rate constants


Figure 5. Transient absorption spectra at 20 ps delay time; a) ZP-NI,
b) ZP-NPH, c) ZP-PI, and d) ZP-Cl4PH taken for excitation at 532 nm in
toluene.
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Table 5. Time constants of charge separation and recombination (kCS and kCR [s�1]).


Compound Toluene THF DMF
kCS kCR kCS kCR kCS kCR


ZP-NI 1.1� 1011 [a] 1.5� 1010 [a] 7.7� 1011 [a] 2.1� 1011 [a] 2.0� 1012 [a] 4.8� 1011 [a]


ZP-NPH 1.9� 1011 [a] 2.0� 1010 [a] 5.3� 1011 [a] 2.2� 1011 [a] 1.0� 1012 [a] 4.5� 1011 [a]


ZP-PI 1.7� 1011 [a] 1.1� 1010 [a] 3.8� 1011 [a] 1.1� 1011 [a] 5.6� 1011 [a] 3.2� 1011 [a]


ZP-Cl4PH 5.3� 1010 [a] 3.6� 109 [a] 1.3� 1011 [a] 4.5� 1010 [a] 2.5� 1011 [a] 1.1� 1011 [a]


9.5� 109 [b] 9.9� 109 [b] 1.4� 1010 [b]


ZP-Cl2PH 7.6� 107 [b] 5.0� 1010 [a] 4.0� 109 [a] 9.6� 1010 [a] 1.6� 1010 [a]


3.6� 109 [b] 1.9� 109 [b]


ZP-ClPH 1.0� 108 [b] 2.9� 108 [b] 8.0� 1010 [a] 5.0� 109 [a]


5.6� 109 [b]


ZP-PH 1.4� 108 [b] 2.0� 108 [b] 3.5� 108 [b]


ZP-MPH 9.9� 107 [b] 1.5� 108 [b] 1.7� 108 [b]


[a] From fs transient absorption [b] From steady-state fluorescence quenching.
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were determined; kCS � 1.9� 1011 s�1 and kCR � 2.0� 1010 s�1


for ZP-NI. The transient absorption spectra of both ZP-NPH
and ZP-Cl4PH displayed broad bands around 680 nm due to
ZP�, while the absorption bands due to NPH� and Cl4PH�


were not so prominent (Figure 5 b and d). We have therefore
monitored the time profiles at 680 nm (Figure 6 b and d), from
which we have determined kCS and kCR for ZP-NPH and ZN-
Cl4PH (Table 5). In toluene, ZP-PH and ZP-MPH had
spectra and decay profiles almost identical to those of
ZnAr3P, and thus we concluded no CS in these dyads.


In THF, the transient absorption spectra confirmed the
occurrence of CS for ZP-NI, ZP-NPH, ZP-PI, ZP-Cl4PH,
and ZP-Cl2PH, while those of ZP-MPH, ZP-PH, and ZP-
ClPH were the same as that of ZnAr3P indicating that there
was no CS. In more polar DMF, only ZP-PH and ZP-MPH


did not exhibit CS. The kCS and
kCR values are listed in Table 5.
These values are roughly in
agreement with those estimated
from the steady-state fluores-
cence quenching.


Estimation of energy gaps in
electron-transfer reactions : En-
ergy gaps for the CS between
1ZP* and Im, �GCS, and of the
CR in ZP� ± Im� ion pair, �GCR,
were estimated by Equations (3)
and (4), in which E(S1) is the
excitation energy to 1ZP*, �Gs is
the correction term which in-
cludes the effects of solvent
polarity and Coulombic interac-
tion between the charged donor
and acceptor. The correction
term �Gs may be calculated by
the Born equation [Eq. (5)],[21]


but this treatment would often
overstimate �Gs in low dipolar
solvents.


��GCS �E(S1)��GCR (3)


��GCR �Eox �Ered ��GS (4)


�GS�e 2
1


2rD


� 1


2rA


� �
1


�s


� 1


�r


� �
� e 2


�sr
(5)


Alternatively, the correction
term �Gs can be estimated when
appropriate dyads ZP-Im, in
which E(S1) is close to that of
��GCR and thus ��GCS is al-
most zero and its fluorescence
exhibits biphasic decay, are
available. Fortunately, we have
observed such biphasic decays
for ZP-ClPH and ZP-Cl2PH in
toluene (Figure 7), ZP-PH and
ZP-ClPH in THF, and ZP-PH in


DMF. In these cases, the fluorescence decays were fit with
biexponential functions; 180 ps (23%) and 1620 ps (77 %) for
ZP-ClPH in toluene; 450 ps (21 %) and 1500 ps (79 %) for
ZP-Cl2PH in toluene; 280 ps (67 %) and 1440 ps (33 %) for
ZP-PH in THF; 280 ps (58 %) and 1190 ps (42 %) for ZP-
ClPH in THF; 160 ps (46 %) and 1180 (54 %) for ZP-PH in
DMF. These biphasic decays were interpreted in terms of the
thermal repopulation of the ion-pair state ZP� ± Im� to
1ZP* ± Im, which has been well demonstrated for covalently
linked donor-acceptor models with nearly zero
��GCS.[3c, 4, 5, 22]


Assuming the thermal repopulation of 1ZP* ± Im from
ZP� ± Im�, kCS, k�CS, and kCR were calculated according to
well-established procedures [Eq. (6) ± (10)], in which k�CS is
the rate of reverse electron transfer to generate 1ZP* ± Im, k0
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Figure 6. Temporary profiles of the transient absorption spectra in a) toluene; b) ZP-NI (�ex � 550 nm, �pr�
700 nm); c) ZP-NPH (�ex � 532 nm, �pr� 680 nm); d) ZP-NPH (�ex � 550 nm, �pr� 680 nm); e) ZP-PI (�ex �
532 nm, �pr� 700 nm); f) ZP-PI (�ex � 550 nm, �pr� 700 nm); g) ZP-Cl4PH (�ex � 532 nm, �pr� 680 nm); and
h) ZP-Cl4PH (�ex � 550 nm, �pr� 680 nm) in toluene.
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Figure 7. Fluorescence decay in toluene (�ex � 590 nm, �em � 650 nm); solid
lines indicate biexponential fits as described in the text. a) ZP-ClPH ;
b) ZP-Cl2PH.


is (1.9 ns)�1 (the fluorescence lifetime of ZTP, 1.9 ns), and C1,
C2 , �, and � are the experimental values determined from the
fluorescence decay analysis.


[1ZP* ± Im]�C1e��t�C2e��t (6)


�� 1³2
�
kCS � k�CS � k0 � kCR


�
�����������������������������������������������������������������������������������������

�kCS � k�CS �� k0 � kCR�2 � 4kCSk�CS


� �
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kCS � k�CS � k0 � kCR
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k0 � kCS � �


� � �
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C2 �
� � k0 � kCS


� � �
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Through this analysis we calculated the values of kCS, k�CS,
and kCR. Based on the relation ��GCS �RT ln (kCS/k�CS), in
which ��GCS is the energy gap for CS (1ZP* ± Im�ZP� ±
Im�), the energy levels of ZP� ± Im� were estimated with
respect to that of 1ZP* ± Im. These results are quite informa-
tive, allowing a direct estimate of the correction term, �Gs, in
each solvent. The energy levels of the excited states E(S1)
were determined on the basis of the absorption (0,0) and
corresponding fluorescence (0,0) bands; 2.115 eV in toluene,
2.097 eV in THF, and 2.084 eV in DMF. The results obtained
for ZP-ClPH and ZP-Cl2PH in toluene led to placement of
the ion-pair state ZP� ± Im� above the 1ZP* state by 0.027 and
0.015 eV, respectively, which in turn allowed us to estimate
�Gs in Equation (4) to be 0.062 and 0.090 eV. Thus, we used
an average value of 0.076 eV for �Gs in toluene. Similarly,
from the results for ZP-PH and ZP-ClPH in THF we
estimated an average value of �0.03 eV for �Gs. The results


for ZP-PH in DMF led to a correction term of �0.06 eV.
Energy-gap values thus estimated indicate that there is a wide
range of energy gaps available; ��GCS and ��GCR respec-
tively cover a range of �0.06 ± 0.77 eV and 1.32 ± 2.15 eV in
DMF, of �0.09 ± 0.74 eV and 1.36 ± 2.19 eV in THF, and of
�0.20 ± 0.64 eV and 1.47 ± 2.32 eV in toluene (Table 6).


Energy-gap dependence of kCS and kCR in the framework of
nonadiabatic ET reaction : The ET reaction rate constants
obtained in toluene, THF, and DMF solutions were analyzed
on the basis of the nonadiabatic electron transfer theory, in
which it is assumed that the intrachromophore high-frequency
vibrations can be replaced by one mode with an averaged
frequency, and the solvent can be treated as a dielectric
continuum. The well-known expression in the above frame-
work is given in Equations (11) ± (13).[1b]
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In these equations, S� �v/�h�� is the electron-vibration
coupling constant; �v is the reorganization energy associated
with the averaged angular frequency ��, and �s is the solvent
reorganization energy.


Figure 8 shows semilogarithmic plots of kCS and kCR against
��GCS � and ��GCR � for ZP-Im studied here and their
simulations by means of Equation (11) in toluene, THF, and
DMF. In each case we used a value of 1500 cm�1 for �� on the
basis of the porphyrin macrocycle C�C double-bond frequen-
cy. In addition, the �v value of 0.3 eV, which was obtained for
the CS reaction in the S2 state of the present systems,[10] was
employed for all the analyses.


First we determined other key parameters from the best fit
in the case of THF solution at T� 295 K. The result calculated
with �s � 0.64 eV and V� 14 meV is shown as the solid line in
Figure 8 b. As mentioned in the introductory section, the
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Table 6. Energy gaps of charge separation (��GCS) and recombination
(��GCR).[a]


Compound ��GCS ��GCR


toluene THF DMF toluene THF DMF


ZP-NI 0.71 0.81 0.82 1.41 1.29 1.26
ZP-NPH 0.48 0.57 0.58 1.64 1.53 1.50
ZP-PI 0.46 0.54 0.55 1.66 1.56 1.53
ZP-Cl4PH 0.20 0.29 0.30 1.92 1.81 1.78
ZP-Cl2PH � 0.01 0.09 0.10 2.12 2.01 1.97
ZP-ClPH � 0.045 0.05 0.06 2.16 2.05 2.02
ZP-PH � 0.11 � 0.01 0.00 2.22 2.11 2.08
ZP-MPH � 0.13 � 0.02 � 0.01 2.24 2.12 2.09


[a] The energy levels of the excited states E(S1) were determined on the
basis of the corresponding fluorescence and absorption (0,0) bands;
2.115 eV in toluene, 2.097 eV in THF, and 2.084 eV in DMF. The correction
terms �GS of Equation (4) have been estimated on the basis of the
biexponential fluorescence decays of ZP-ClPH and ZP-Cl2PH in toluene
and ZP-PH and ZP-ClPH in THF, and ZP-PH in DMF. We used averaged
values of 0.076 eV in toluene and �0.03 eV in THF, and a value of �0.06 eV
in DMF.
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Figure 8. Energy gap dependence of kCS (�) and kCR (�) for ZP-Imide
dyads in a) toluene, b) THF, and c) DMF. The curves were calculated by
means of Equation (11), with common parameters T� 295 K, �v � 0.3 eV,
V� 14 meV, h��� 0.15 eV, and �s � 0.46 eV in toluene, 0.64 eV in THF,
and 0.65 eV in DMF.


energy gap dependence of the CS process from the S2 state
was investigated in various solvents for the present ZP-Im
systems[10] and the �s and V values in THF solutions were
found to be 0.55 eV and 24 meV, respectively. Compared to
these values for the CS process in the S2 state, the present �s is
slightly larger and the V value is smaller. These differences
may be explained in the following manner. Firstly, the kCS


values in the S2 state were on the order of �1012 s�1, which is
comparable to or faster than the solvent reorientation time of
THF (ca. 0.5 ps).[23] In contrast, the present CS process in the
S1 state and the CR of the charge-separated state take place
with a rate constant of �1012 s�1, for which a solvent
reorientation process can follow. Hence, the contribution
from the solvent reorientational motion to the total solvent
reorganization energy may become smaller for such a fast ET
process in the S2 state. Secondly, the smaller V value in the
present ET processes indicates that the interchromophore
electronic coupling for the charge separated species is larger
in the S2 state than in the S1 state. Although it is difficult to
derive a quantitative conclusion from this result, the rather
widely spread MO in the S2 state may lead to larger electronic
coupling with the vacant MO of an acceptor.


The V value of 14 meV originating from ET processes in the
present S1 state is, however, still considerably large compared
to those obtained for some other porphyrin systems, 3.8 meV
for the porphyrin-1,4-phenylene-methylene-quinone bridged
systems[4a] and about 6 meV for the porphyrin-quinone dyads


linked by 1,4-phenylene-amide-1,4-phenylene spacer.[24] The
large V value for the present systems might be accounted for
by a short D ± A distance through the direct connection. It is
interesting to note that a V value of 9.4 meV was obtained for
the ET dynamics in 1,4-phenylene-bridged zinc-free-base
hybrid diporphyrins in which the D ± A distance was larger
than the present systems.[4a] In addition, comparison of the
experimentally determined V values for the previously
reported molecules with various spacers implies that not only
the D ± A distance but also the electronic properties of spacers
play an important role in the ET dynamics; the use of a
conjugated spacer leads to the enhancement of the tunneling
matrix element for the ET process.[25]


The energy gap dependences of the ET rate constants in
toluene and DMF were analyzed by adjusting only the �s value
with other parameters fixed; the results with �s� 0.46 eV for
toluene and �s� 0.65 eV for DMF are shown in Figures 8 a and
c. The deviation of the simulated curve from the experimental
results for kCS and kCR is larger in toluene than in the two polar
solvents. The simulated curve with the fixed parameter of V�
14 meV for toluene suggests that this V value is overesti-
mated. We will discuss this below.


The estimated �s value of 0.46 eV is much larger than that
(ca. 0.01 eV) calculated by means of Equation (13). It is worth
noting here that similarly large �s values were also observed
for the porphyrin ± quinone linked system[4a] and zinc-free-
base porphyrin dyads,[5] for which �s values of 0.3 ± 0.35 eV
were estimated in benzene. Equation (13) was derived under
the assumption that the simple linear response for the
polarization of solvent is applicable in the solute ± solvent
interactions, and that the solvent can be regarded as the
dielectric continuum. The present and previous results[4a, 5]


indicate that the actual interactions between the solute and
solvent in the ET processes may include some nonlinear
solute ± solvent interactions and discrete molecular structures
within the solution. Recent theoretical treatments of the
energetics of ETreactions in solution based on such molecular
theories of solution structures seem to agree with the above
experimental �s values.[26] Although the analysis based on
Equation (12) suggests some unknown specific solute ± sol-
vent interactions, the simulation curve in Figure 8 a, obtained
by adjusting only �s to a smaller value, corresponds reasonably
well to the energy-gap dependence, covering the whole
energy-gap region including CS and CR.


Although a relatively large �s value was estimated by fitting
the energy gap dependence of ET in nonpolar toluene
solution, those in THF and DMF were estimated to be rather
small and the difference between THF and DMF was
intriguingly small. Similar results were also obtained in a
previous study on the energy gap dependence in 1,4-phenyl-
ene-bridged zinc-free-base hybrid diporphyrin systems.[5] In
contrast, a quite different solvent polarity dependence of �s


was observed in the case of the porphyrin-quinone dyads with
1,4-phenylene-methylene spacer,[4a] for which �s increased
more clearly with increasing solvent polarity. The present
solvent polarity dependence of �s may arise because the
positive and negative charges are held at a very short distance,
giving rise to somewhat specific solvation of the ion-pair state,
which may lead to weaker interactions with polar solvents.
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Although the tunneling-matrix element of V� 14 meV is
considerably large, it is possible to fit the observed ET rate
constants, including both kCS and kCR, to the simulation
calculated by means of Equation (11) over a wide energy-gap
range, both in THF and DMF solutions. This presumably
indicates that the nonadiabatic mechanism is still operative
for the present ZP-Im system as a whole.


Energy-gap dependence of kCR in the framework of radia-
tionless transition : The simulations of the experimental
results shown in Figure 8, which cover a wide energy-gap
range, were not possible in the framework of the classical
Marcus equation. This means that the contribution from the
intrachromophore high-frequency vibrational modes for the
ET in the inverted region is of crucial importance in this
system. It should be noted that the nature of the ET in the so-
called inverted region is fundamentally different from that in
the normal region. As discussed in a previous paper,[5a] the CR
in the inverted region is conceptually analogous to the
radiationless transition (internal conversion) in the weak
coupling limit, because of the embedded nature of the
potential surface of the initial state in that of the final state
and because of the transition between different eigenstates of
the same Hamiltonian, which in turn is due to the coupling
with promoting and accepting quantum modes of the intra-
molecular vibrations. Namely, the transition in the inverted
region is greatly facilitated by the quantum-mechanical
tunneling due to intrachromophore high-frequency modes.
Such tunneling effects are not so important in the normal
region, owing to the different nature of the energy surfaces.
Moreover, such a quantum-tunneling mechanism may be
more effective in systems with stronger interchromophore
electronic interactions, such as compact ion pairs[7] and
covalently linked systems with stronger interchromophore
interactions as the porphyrin dyad systems.[5a]


On the basis of the theoretical treatments of the radiation-
less transition in the weak coupling limit,[27] an approximate
relation for the energy-gap dependency of kCR in the inverted
region is given by Equations (14) and (15).


lnkCR � lnC� �


�h�M


� �
��GCR � (14)


�� ln
��GCR�
�h�MSM


� �
� 1 (15)


Here the pre-exponential factor C mainly represents the
contribution from the electronic coupling term connecting the
ion pair and the ground state and also some additional terms.
The term � (�/�h�M) ��GCR � arises from the energy release
into the acceptor modes in the ion pair in the course of
transition to the ground state. SM and �M are average
quantities for electron-vibrational coupling constants and
angular frequencies of the quantum modes, respectively.
Although � contains �GCR, its variation with the change of
�GCR is much smaller than the ��GCR � itself in the term
� (�/�h�M) ��GCR � .


Figure 9 shows the energy gap dependence of the CR rate
constants in the present systems in three different solutions,
and suggests that the relation lnkCR��� � ��GCR � is


Figure 9. logkCR versus ��GCR � linear plots for toluene, THF, and DMF
solutions.


applicable to the experimental results. The � values corre-
sponding to (�/�h�M) for these three solvents were almost
identical to each other, whereas the � values were different;
the � values for THF and DMF solutions were rather close
while that in toluene as smaller. In an extreme case of such a
supramolecule composed of very strongly interacting D and
A, the main contribution to C may be the electronic matrix
element of the kinetic energy parameter for the internal
conversion between the excited state with large CT degree
and the ground state with much smaller CT degree.[27±29]


Namely, the two electronic states are mixed by coupling to
promoting vibrations that break down the orthogonality of
the Born ± Oppenheimer states. In the previous section on the
whole energy gap dependence as shown in Figure 8, we
pointed out that the V value in toluene might be smaller than
the fixed value of 14 meV. The analysis based on Equa-
tions (14) and (15) also suggests a similar tendency. This
means that the electronic matrix element of the present large
value of 14 meV obtained by Equation (11) includes the
contribution from the mixing of the two electronic states by
coupling to promoting vibrations that break down the
orthogonality of these two states. The small � value in toluene
suggests that the degree of mixing is small because of the low
polarity of the solvent.


In summarizing the above results and discussion, the
following can be deduced: Although the tunneling-matrix
element of V� 14 meV is considerably large, the fact that the
simulations of the observed ET rate constants, including both
kCS and kCR, calculated by means of Equation (11), seem to
reproduce the experimental results in THF and DMF over a
wide energy-gap range. This presumably indicates that the
nonadiabatic mechanism is still operative. However, as shown
in Figure 9, the energy-gap dependencies of kCR could be
reproduced as well or better by the linear energy-gap law,
which was previously observed for the CR of CIPs (contact
ion pairs) with strong inter-ionic interactions.[7]


Experimental Section


General : All reagents and solvents were of commercial reagent grade and
were used without further purification except where noted. Dry CH2Cl2


was obtained by refluxing and distilling over P2O5. Dry CHCl3 was
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obtained by refluxing and distilling over CaH2. Preparative separations
were performed by silica gel flash column chromatography (Merck
Kieselgel 60H No. 7736), silica gel gravity column chromatography (Wako
gel C-200), and GPC column chromatography (BioRad, Bio-Beads SX-1).
1H NMR spectra were recorded in CDCl3 solution on a JEOL ALPHA-500
spectrometer (operating at 500 MHz), and chemical shifts were reported
relative to the internal standard of CHCl3 (� 7.260) in ppm. UV/Vis
absorption spectra were recorded on a Shimadzu UV-2400PC spectrom-
eter. Steady-state fluorescence emission spectra were recorded on a
Shimadzu RF-5300PC spectrometer. Mass spectra were recorded on a
JEOL HX-110 spectrometer, using the positive-FAB ionization method
with accelerating voltage 10 kV and a 3-nitrobenzylalcohol matrix. Redox
potentials were measured by cyclic voltammetry or differential pulse
voltammetry on a BAS electrochemical analyzer model 660.


Picosecond transient absorption spectra were measured by means of a
microcomputer-controlled laser photolysis system with a custom-built
repetitive mode-locked Nd3�/YAG laser. The second harmonic of the Nd3�/
YAG laser at 532 nm with 15 ps fwhm was used for excitation. For detection
with higher time resolution, a dual OPA femtosecond laser system was
employed. The output of the Ti/sapphire oscillator (65 fs fwhm, 800 nm,
800 mW, 82 MHz) was regeneratively amplified. This amplified pulse (90 fs
fwhm, 1 W, 1 kHz) was divided into two pulses with the same energy and
guided into the OPA system. By using several nonlinear crystals, the OPA
can cover the wavelength region from 300 nm to 3 �m with the output
energy of a few to several tens of 
J per pulse. One of the two OPA systems
was used for the pump light source and the other for the probe pulse. The
output energy of the probe pulse was reduced to 1/1000. The pulse duration
estimated by the cross-correlation between the pump and probe pulses at
the sample position was 160 fs.


The fluorescence spectra were recorded by a scanning SLM-AMINCO
4800 spectrofluorometer, which makes it possible to obtain the corrected
fluorescence spectra using Rhodamine B as a quantum counter. Picosecond
time-resolved fluorescence experiments were carried out by using the time-
correlated single photon counting (TCSPC) method.[30] The picosecond
excitation pulses were obtained from a cavity-dumped picosecond dye laser
(Coherent 702) synchronously pumped by a mode-locked Nd:YAG laser
(Coherent Antares 76-s). The cavity-dumped beam from the dye laser has a
2 ps pulse width and an average power of about 40 mW at a 3.8 MHz
dumping rate when Rhodamine 6G was used as the gain dye. The emission
was collected at 45� with respect to the excitation laser beam by 5 and 25 cm
focal length lenses, focused onto a monochromator (Jobin ± Yvon HR320),
and detected with a microchannel plate photomultiplier tube (Hamamatsu
R2809U). The signal was amplified by a wideband amplifier (Philip
Scientific), sent to a Quad constant fraction discriminator (Tennelec), a
time-to-amplitude converter (Tennelec), a counter (Ortec), and a multi-
channel analyzer (Tennelec/Nucleus), and stored on a computer.


ZnII 5,15-Bis(3,5-di-tert-butylphenyl)-10-nitroporphyrin ZPNO2 : A solu-
tion of AgNO2 (46 mg, 0.3 mmol) in MeCN (6 mL) was added to a solution
of ZnII 5,15-bis(3,5-di-tert-butylphenyl)porphyrin (ZDP ; 225 mg,
0.30 mmol) and I2 (38 mg, 0.15 mmol) in CHCl3 (100 mL). After stirring
for 1 h, the mixture was washed with water, aqueous Na2S2O3, water, and
brine, and was dried over anhydrous Na2SO4. The solvent was removed by
rotary evaporator and the residue was separated by silica gel flash column
chromatography with CH2Cl2/n-hexane 1:1 as eluent. A solution of
Zn(OAc)2 in methanol was added to a CH2Cl2 solution of the free-base
porphyrin thus obtained. After stirring for 1 h, the solution was washed
with water and brine and was dried over anhydrous Na2SO4. The solvent
was removed by rotary evaporator to give ZPNO2 (235 mg, 98 % yield).
1H NMR (CDCl3): � 10.35 (s, 1H), 9.42 (d, J� 5 Hz, 2 H), 9.40 (d, J�
5 Hz, 2H), 9.15 (d, J� 5 Hz, 2H), 9.11 (d, J� 5 Hz, 2 H), 8.07 (d, J� 2 Hz,
4H), 7.86 (t, J� 2 Hz, 2H), 1.56 (s, 36H); UV (CH2Cl2): �max � 417, 546,
586 nm; fluorescence (CH2Cl2, �ex � 417 nm): �em � 626, 664 nm; FAB MS:
calcd for C56H57N5O2: 793.3; found: 793 [M�]; elemental analysis calcd (%)
for C48H51N5O2Zn: C 72.49, H 6.46, N 8.81; found C 72.59, H 6.57, N 8.55.


ZnII 10-Amino-5,15-bis(3,5-di-tert-butylphenyl)porphyrin ZPNH2 : Con-
centrated HCl (10 mL) was added slowly to a solution of ZPNO2 (235 mg,
0.30 mmol) and SnCl2 (677 mg, 3.0 mmol) in dry diethyl ether (100 mL).
After refluxing for 7 h, the mixture was carefully neutralized with
concentrated aqueous NH3, and the product was extracted with CH2Cl2,
washed with water and brine, and dried over anhydrous Na2SO4. After the
removal of the solvent with a rotary evaporator, the product was separated


by silica gel column chromatography with CH2Cl3/hexane 1:1 as eluent. The
free-base meso-amino substituted porphyrin (H2PNH2) thus obtained was
dissolved in CH2Cl2 and was added to a solution of Zn(OAc)2 in methanol.
The resulting solution was stirred for 1 h, washed with water and brine, and
dried over anhydrous Na2SO4. After the evaporation of the solvent,
ZPNH2 was precipitated from a mixture of hexane and CH2Cl2 (183 mg,
87% yield). 1H NMR (CDCl3): � 9.35 (s, 1H), 9.06 (d, J� 5 Hz, 2H), 8.87
(d, J� 5 Hz, 2H), 8.71 (d, J� 5 Hz, 2 H), 8.61 (d, J� 5 Hz, 2 H), 7.96 (d, J�
2 Hz, 4H), 7.73 (t, J� 2 Hz, 4H), 6.42 (br s, 2 H), 1.51 (s, 36 H); UV (THF):
�max � 428, 541, 601, 646 nm; fluorescence (CH2Cl2, �ex � 428 nm): �em �
660, 713 nm; FAB MS: calcd for C48H55N5: 763.4; found: 763 [M�];
elemental analysis calcd (%) for C48H53N5Zn ¥ 2HCl: C 68.77, H 6.61, N
8.35; found: C 68.46, H 6.39, N 8.10.


General procedure for synthesis of ZP-Im from ZPNH2 : A solution of
ZPNH2 and anhydride (5 ± 10 equiv) in pyridine or N,N-dimethylacetamide
was heated under reflux for 5 h ± 2 d. After evaporation of the solvent,
CH2Cl2 was added to the reaction mixture and the resulting solution was
filtered once. The ZP-Im product was separated over a silica gel column
with CH2Cl2/n-hexane as eluent.


General procedure for synthesis of ZP-Im from ZDP : A solution of ZDP,
potassium phthalimide derivatives (5 ± 10 equiv), and [18]crown-6 in CHCl3


was added to a solution of (BrC6H4)3NSbCl6 (1 equiv) in CHCl3. After
stirring for 1 ± 2 h at room temperature, the solution was washed with water
and brine, and was dried over anhydrous Na2SO4. After ZnII ion insertion,
the products were separated by GPC chromatography with toluene as
eluent or silica gel flash column chromatography with CH2Cl2/hexane as
eluent. Precipitation from CH2Cl2/n-hexane gave ZP-Im.


ZP-MPH : This compound was prepared in 38 % yield by the condensation
reaction of ZPNH2 with 4-methylphthalic anhydride. 1H NMR (CDCl3):
� 10.32 (s, 1H), 9.42 (d, J� 5 Hz, 2 H), 9.14 (d, J� 5 Hz, 2H), 9.11 (d, J�
5 Hz, 2H), 9.09 (d, J� 5 Hz, 2H), 8.16 (d, J� 7 Hz, 1 H), 8.10 (d, J� 2 Hz,
4H), 8.09 (s, 1 H), 7.84 (d, J� 7 Hz, 1 H), 7.83 (t, J� 2 Hz, 2 H), 2.73 (s, 3H),
1.56 (s, 36H); UV (THF): �max � 419, 549, 589 nm; fluorescence (THF, �ex �
546 nm): �em � 593, 646 nm; FAB MS: calcd for C57H57N5O2Zn: 907.4;
found: 907 [M�]; elemental analysis calcd (%) for C57H57N5O2Zn ¥
C2H5OH ¥C5H5N ¥ H2O: C 73.02, H 6.70, N 7.92; found C 73.27, H 6.64 N
7.97.


ZP-PH : This compound was prepared in 41% yield by the condensation
reaction of ZPNH2 with phthalic anhydride and in 35 % yield by the direct
introduction of phthalimide anion to ZDP. 1H NMR (CDCl3): � 10.34 (s,
1H), 9.43 (d, J� 5 Hz, 2H), 9.15 (d, J� 5 Hz, 2 H), 9.13 (d, J� 5 Hz, 2H),
9.10 (d, J� 5 Hz, 2H), 8.29 (dd, J� 3, 6 Hz, 2 H), 8.10 (d, J� 2 Hz, 4H),
8.04 (dd, J� 3, 6 Hz, 2H), 7.82 (t, J� 2 Hz, 2 H), 1.55 (s, 36H); UV (THF):
�max � 419, 550, 589 nm; fluorescence (THF, �ex � 546 nm): �em � 593,
645 nm; FAB MS: calcd for C56H55N5O2Zn: 893.4; found: 893 [M�];
elemental analysis calcd (%) for C56H55N5O2Zn ¥ C2H5OH: C 73.99, H 6.53,
N 7.44; found C 74.08, H 6.26, N 7.60.


ZP-ClPH : This compound was prepared in 33% yield by the condensation
reaction of ZPNH2 with 4-chlorophthalic anhydride. 1H NMR (CDCl3):
� 10.33 (s, 1H), 9.42 (d, J� 5 Hz, 2 H), 9.13 (d, J� 5 Hz, 2H), 9.09 (d, J�
5 Hz, 2H), 9.08 (d, J� 5 Hz, 2H), 8.25 (d, J� 2 Hz, 1 H), 8.22 (d, J� 8 Hz,
1H), 8.09 (d, J� 2 Hz, 4H), 8.02 (dd, J� 2, 8 Hz, 1 H), 7.82 (t, J� 2 Hz,
2H), 1.55 (s, 36H); UV (THF): �max � 419, 549, 589 nm; fluorescence (THF,
�ex � 546 nm): �em � 593, 645 nm; FAB MS: calcd for C56H54ClN5O2Zn:
927.3; found: 927 [M�]; elemental analysis calcd (%) for C56H54ClN5O2Zn ¥
C2H5OH: C 71.38, H 6.20, N 7.18; found C 71.47, H 6.01, N 7.35.


ZP-Cl2PH : This compound was prepared in 48 % yield by the condensation
reaction of ZPNH2 with 4,5-dichlorophthalic anhydride. 1H NMR (CDCl3):
� 10.34 (s, 1H), 9.43 (d, J� 5 Hz, 2 H), 9.14 (d, J� 5 Hz, 2H), 9.11 (d, J�
5 Hz, 2 H), 9.05 (d, J� 5 Hz, 2H), 8.36 (s, 2H), 8.09 (d, J� 2 Hz, 4 H), 7.83
(t, J� 2 Hz, 2 H), 7.83 (t, J� 2 Hz, 2H), 1.55 (s, 36H); UV (THF): �max �
419, 550, 590 nm; fluorescence (THF, �ex � 546 nm): �em � 593, 647 nm;
FAB MS: calcd for C56H53Cl2N5O2Zn: 961.3; found: 962 [M�]; elemental
analysis calcd (%) for C56H53Cl2N5O2Zn: C 69.75, H 5.54, N 7.26; found C
69.58, H 5.43, N 7.10.


ZP-Cl4PH : This compound was prepared in 9% yield by the condensation
reaction of ZPNH2 with 3,4,5,6-tetrachlorophthalic anhydride. 1H NMR
(CDCl3): � 10.34 (s, 1 H), 9.43 (d, J� 5 Hz, 2H), 9.14 (d, J� 5 Hz, 2H),
9.11 (d, J� 5 Hz, 2 H), 9.07 (d, J� 5 Hz, 2H), 8.09 (d, J� 2 Hz, 4 H), 7.84 (t,
J� 2 Hz, 2H), 1.56 (s, 36H); UV (THF): �max � 419, 549, 590 nm;
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fluorescence (THF, �ex � 546 nm): �em � 593, 650 nm; FAB MS: calcd for
C56H51Cl4N5O2Zn: 1029.2; found: 1029 [M�].


ZP-PI : This compound was prepared in 44 % yield by the condensation
reaction of ZPNH2 with 1. 1H NMR (CDCl3): � 10.36 (s, 1H), 9.44 (d, J�
5 Hz, 2H), 9.15 (d, J� 5 Hz, 2H), 9.12 (d, J� 4 Hz, 2 H), 9.05 (d, J� 5 Hz,
2H), 8.69 (s, 2H), 8.09 (d, J� 2 Hz, 4 H), 7.83 (t, J� 2Hz, 2H), 3.83 (t, 2H),
1.81 (m, 2H), 1.52 (s, 36 H), 1.5 ± 0.5 (m, 13H); UV (THF): �max � 419, 550,
589 nm; FAB MS: calcd for C66H70N6O4Zn: 1074.5; found: 1074 [M�];
elemental analysis calcd (%) for C66H70N6O4Zn: C 73.62, H 6.55, N 7.81;
found C 73.48, H 6.55, N 7.53.


ZP-NPH : This compound was prepared in 6% yield by the condensation
reaction of ZPNH2 with 4-nitrophthalic anhydride. 1H NMR (CDCl3): �
10.36 (s, 1 H), 9.44 (d, J� 5 Hz, 2 H), 9.16 (d, J� 5 Hz, 2H), 9.12 (d, J�
5 Hz, 2 H), 9.10 (d, J� 2 Hz, 1H), 9.06 (d, J� 5 Hz, 2 H), 8.92 (dd, J� 2,
8 Hz, 1 H), 8.48 (d, J� 8 Hz, 1H), 8.09 (d, J� 2 Hz, 4 H), 7.83 (t, J� 2 Hz,
2H), and 1.55 (s, 36 H); UV (THF): �max � 419, 550, 590 nm; FAB MS: calcd
for C56H54N6O4Zn: 938.3; found: 938 [M�].


ZP-NI : This compound was prepared in 20 % yield by the condensation
reaction of ZPNH2 with 2. 1H NMR (CDCl3): � 10.33 (s, 1H), 9.43 (d, J�
5 Hz, 2H), 9.13 (d, J� 5 Hz, 2H), 9.11 (d, J� 5 Hz, 2 H), 9.06 (d, J� 5 Hz,
2H), 9.01 (d, J� 8 Hz, 2H), 8.95 (d, J� 8 Hz,2 H), 8.07 (d, J� 2 Hz, 4H),
7.81 (t, J� 2 Hz, 2 H), 4.30 (t, J� 8 Hz, 2H), 1.84 (m, 2 H), 1.53 (s, 36H),
1.5 ± 0.8 (m, 13 H); UV (THF): �max � 419, 550, 589 nm; FAB MS: calcd for
C70H72N6O4Zn: 1124.5; found: 1125 [M�].


ZP-F4PA : This compound was prepared in 3% yield by the condensation
reaction of ZPNH2 with 3,4,5,6-tetrafluorophthalic anhydride. 1H NMR
(CDCl3): � 10.31 (d, J� 12Hz, 1 H), 10.30 (s, 1H), 9.41 (d, J� 5 Hz, 2H),
9.40 (d, J� 5 Hz, 2H), 9.13 (d, J� 5 Hz, 2 H), 9.11 (d, J� 5 Hz, 2H), 8.10 (d,
J� 2 Hz, 4H), 8.06 (s, 1 H), 7.84 (t, J� 2 Hz, 2 H), 1.56 (s, 36 H); UV (THF):
�max � 400, 419, 551 nm; fluorescence (THF, �ex � 419 nm): �em � 597,
647 nm; FAB MS: calcd for C55H53F4N5OZn: 939.3; found: 939 [M�].
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Highly Diastereoselective [3�2] Cycloadditions between Nonracemic
p-Tolylsulfinimines and Iminoesters: An Efficient Entry to Enantiopure
Imidazolidines and Vicinal Diaminoalcohols


Alma Viso,*[a] Roberto Ferna¬ndez de la Pradilla,*[a] Ana GarcÌa,[a] Carlos Guerrero-
Strachan,[a] Marta Alonso,[a] Mariola Tortosa,[a] Aida Flores,[a] MartÌn MartÌnez-Ripoll,[b]


Isabel Fonseca,[b] Isabelle Andre¬,[b] and Ana RodrÌguez[c]


Abstract: A new procedure for the
asymmetric synthesis of imidazolidines
and vicinal diamines is reported. The
1,3-dipolar cycloaddition between non-
racemic p-tolylsulfinimines and azome-
thine ylides generated in situ from �-
iminoesters and LDA produces N-sulfi-
nylimidazolidines with a high degree of
stereocontrol. In contrast, the presence


of Lewis acids promotes formation of
the cycloadducts through a highly dia-
stereoselective process with opposite
stereochemistry. Subsequent transfor-


mations of the imidazolidines including
oxidative, reductive, and hydrolytic
processes that provide easy access to
vicinal diaminoalcohols have been ex-
plored. Among these, reductive cleav-
age of the aminal with LiAlH4 is an
extremely efficient and general reaction
for the synthesis of enantiopure N-
sulfinyl-N�-benzyldiaminoalcohols.


Keywords: cycloadditions ¥
heterocycles ¥ imidazolidines ¥
sulfinimines ¥ ylides


Introduction


The 1,3-dipolar cycloaddition between alkenes and dipoles is
one of the most powerful tools for the synthesis of 5-mem-
bered heterocycles.[1] In particular, azomethine ylides which
are commonly generated in situ, have proved to be versatile
intermediates for the reaction with alkenes to produce
pyrrolidines[2] with high stereocontrol, and this well-estab-
lished methodology allows the use of a variety of chiral
auxiliaries or chiral catalysts in the synthesis of nonracemic
pyrrolidines.[1d, e, 3] In contrast, the majority of the routes
towards enantiopure 1,3-imidazolidines A utilize the conden-
sation of aldehydes B and chiral 1,2-diamines C and are often
limited to the use of C2-symmetric diamines to reduce the
number of possible final diastereomers (Scheme 1,
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Scheme 1. Strategies for the synthesis of enantiopure 1,3-imidazolidines.


route a). Consequently, the success of this approach relies on
an efficient access to optically pure vicinal diamines.[4]


Notwithstanding the well-established synthetic usefulness of
enantiopure imidazolidines,[5] reports on dipolar cycloaddi-
tions between azomethine ylides and imines are scarce
(Scheme 1, route b)[6] and the asymmetric variant of this
process had not been documented.[7]


Chiral sulfinimines are readily available in both enantio-
meric forms and have proved to be valuable intermediates for
the synthesis of different nitrogen-containing targets.[8] These
compounds display excellent facial selectivity towards nucleo-
philes, and removal of the chiral sulfinyl auxiliary is easy.[9]


The above facts along with our interest in the development of
sulfur-directed methodology prompted us to consider sulfini-
mines as precursors to enantiopure 1,3-imidazolidines by 1,3-
dipolar cycloadditions with azomethine ylides. Thus, here we
disclose a full description of the first examples of the
asymmetric 1,3-dipolar cycloaddition of azomethine ylides D
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with enantiopure sulfinimines E to produce enantiopure
imidazolidines A.[10] In this account we will also report in full
the Lewis acid mediated stepwise condensation between
enolates derived from �-iminoesters and sulfinimines[10b] as
well as expedient and novel transformations of the resulting
N-sulfinylimidazolidines A into enantiopure nonsymmetrical
vicinal diamines C (Scheme 1).


Results and Discussion


1,3-Dipolar cycloadditions : To begin our study we selected
sulfinimine 1 a (R1�Ph, Scheme 2) and iminoester 2 a,
derived from benzaldehyde and phenylalanine methyl ester.
To our dismay many of the common conditions used to
generate the dipole did not lead to the desired cycloaddition
(LiBr/Et3N/CH3CN, NaHMDS/THF, etc.). Instead starting
material was recovered from the reaction mixtures. After
considerable experimentation we found that generation of the
dipole with LDA (nBuLi, iPr2NH),[11] followed by addition of
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Scheme 2. 1,3-Dipolar cycloaddition between azomethine ylides and
enantiopure sulfinimines. [a] Except for 3e and 3 f, combined yields are
given. [b] Ratios measured by integration of the crude 1H NMR spectra.


the sulfinimine and allowing the reaction to warm up to
approximately 4 �C produced just two of the eight possible 1,3-
imidazolidines, 3 a and 4 a, as a 95:5 mixture along with small
amounts of starting material (ca. 15%). The major isomer 3 a
was isolated in 50% yield from this mixture by crystalliza-
tion.[12] Comparable behavior was found when the �-imi-
noester derived from alanine methyl ester was employed.
Thus, 1,3-imidazolidines 3 b and 4 b were obtained in a 95:5
ratio and the major isomer was isolated in 47% yield. By
placing a nitro group at the para position of the aromatic ring
attached to the sulfinimine (R1� p-NO2C6H4, 1 b), a more
reactive dipolarophile was obtained which underwent com-
plete conversion to cycloadducts 3 c and 4 c with a slight
improvement in the facial selectivity (97:3). Similar behavior
was observed when the dipole was generated with LDA and
the �-iminoester derived from leucine methyl ester and
benzaldehyde (3 d :4 d 98:2). We also obtained excellent
diastereocontrol with the sulfinimines 1 c (R1� 3-pyr) and
1 d (R1� 2-furyl) under the reaction conditions, and 1,3-
imidazolidines 3 e and 3 f were obtained as practically single
isomers; however, again the more electron-deficient sulfini-
mine (1 c) provided a better yield of the cycloadducts.


The structural determination of the cycloadducts was based
on their spectral features. Thus, for N-sulfinylimidazolidines
3 a ± f, the unusually upfield signals attributed to protons of
the carbomethoxy groups at C4 (s, 2.97 ± 3.27 ppm) indicated a
cis relative arrangement to the phenyl group at C5. Further
proof of the relative stereochemistry of the new chiral centers
was found by D-NOE (3 a : H2 ±H5� 1.3%, CH2Ph ±H2�
4.3%). However, the definitive proof of the facial outcome of
the process was established by an X-ray diffraction analysis of
3 a.[13] Furthermore, to confirm that 3 a and 4 a were facial
isomers regarding the sulfinyl group, they were independently
oxidized to N-sulfonylimidazolidines 5 a and ent-5a respec-
tively with identical optical rotation but opposite sign
(Scheme 3).
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Scheme 3. Oxidation of N-sulfinylimidazolidines 3a and 4a with mCPBA.


The remarkably high stereoselectivity and the absence of
any detectable open-chain intermediates in the reaction made
us consider a 1,3-dipolar pathway for the process with an endo
approach, which allows an overlap between the ester (ylide)
and the aromatic group R1


(sulfinimine), to the less hindered
� face of sulfinimines 1[14a] on the
side of the sulfur lone pair, as
shown in Figure 1, to provide
3a± f as the predominant cyclo-
adducts. It should be pointed out
that our process displayed a re-


Abstract in Spanish: En este trabajo se describe un nuevo
procedimiento de sÌntesis de imidazolidinas y diaminas
vecinales que implica la cicloadicion 1,3-dipolar entre p-
tolilsulfiniminas no race¬micas e iluros de azometino, generados
in situ a partir de �-iminoe¬steres y LDA, y que transcurre con
alto grado de estereocontrol. Por otra parte, la presencia de
a¬cidos de Lewis promueve la formacio¬n de las imidazolidinas
con estereoquÌmica opuesta. Se han estudiado procesos de
oxidacio¬n, reduccio¬n e hidro¬lisis de las imidazolidinas que en
algunos casos permiten el acceso a diaminoalcoholes vecinales.
En este contexto, la apertura reductora del aminal con LiAlH4,
es una reaccio¬n eficiente y general que da lugar a N-sulfinil-N�-
bencildiaminoalcoholes enantiopuros.
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markable facial selectivity opposite to that observed for most
other additions of enolates to sulfinimines.[14b±f]


Lewis acid mediated cyclizations : At this stage we focused our
efforts on the extension of the scope of our methodology to
other substrates and a variety of conditions were tested with
benzylidene glycinate (2 d) (R2�H) as the azomethine ylide
precursor and p-tolylsulfinimines derived from aliphatic and
aromatic aldehydes as dipolarophiles. Unfortunately, most
experiments did not give the desired imidazolidines[15] and
therefore we examined the effect of Lewis acids as potential
promoters of the cycloadditions.[16] Initially, we selected BF3 ¥
OEt2, and after considerable experimentation[17] we found
that the reaction of 1 a and 2 d indeed provided a satisfactory
isolated yield (85%) of an 83:17 mixture of diastereomeric
imidazolidines 7 a and 8 a along with a small amount (5%) of
the corresponding N-sulfinyldiaminoester (Table 1, entry 1).
In contrast to the cycloadditions previously studied, we
observed a rapid disappearance of the starting material
(10 min, at �78 �C), but when the 1H NMR spectrum of the
crude reaction mixture was recorded immediately after
workup, the desired cycloadducts could barely be detected.
However, when we recorded subsequent 1H NMR spectra of
the same sample, increasing amounts of cycloadducts 7 a and
8 a and the disappearance of a number of other signals,
tentatively attributed to iminoesters 6, were observed. These
observations prompted us to allow the crude mixtures to stand
in 0.1� CHCl3 solution and monitor the progress of the
cyclization by 1H NMR spectroscopy at intervals of about
24 h. In most cases, after 2 ± 4 d we could not detect significant
changes in the composition of the mixture. These results may
be rationalized in terms of a stepwise process initiated by
addition of an iminoester derived enolate to the sulfinimine
followed by cyclization of the open-chain intermediate 6,
presumably promoted by the presence of trace amounts of
acidic species in solution.[18] Additionally, the isolation of
variable amounts of N-sulfinyldiaminoesters derived from 6
also supports a stepwise mechanism under these conditions.[19]


A number of different Lewis acids were then tested leading
to comparable diastereoselectivities. The generality of the
reaction was then explored by using BF3 ¥ OEt2 as an acidic
promoter, and the results are gathered in Table 1. The
increase in facial selectivity found for glycine derivative 2 e,
which has a more electron-rich imine moiety (Ar� p-
CH3OC6H4), is noteworthy. On the other hand, a decrease
of facial selectivity was observed when sulfinimine 1 e was
treated with iminoester 2 d (R1� p-CH3OC6H4). A significant
improvement in facial selectivity was accomplished when
electron-poor sulfinimines (1 f, R1� p-ClC6H4 and 1 c, R1� 3-
pyr) were tested, while other aromatic groups (1 g, R1� p-
FC6H4, 1 h, R1� 1-naphthyl) behaved as 1 a (R1�Ph) in terms
of facial selectivity. In addition, these reaction conditions led
to excellent yields and selectivities when sulfinimines 1 i ± l,
which have aliphatic groups (R1�CH2CH2Ph, Et, iPr, Me),
were used as starting materials. Finally, despite the consid-
erable generality of our methodology for the preparation of
N-sulfinylimidazolidines, some substrates failed to give the
expected products; p-tolylsulfinimines derived from furfural,
cinnamaldehyde, and pivalaldehyde provided complex reac-


tion mixtures under the above conditions.[20] Additionally, the
tert-butylsulfinimine analog of 1 a (R1�Ph) again produced a
complex reaction mixture.


The gross structure of these adducts (7 a ± k), including the
relative stereochemistry around the ring, was established by
detailed inspection of their spectroscopic features. The trans
relative stereochemistry (C4 ±C5) was secured by the cou-
pling constant (J4,5� 4 ± 6 Hz) along with the 1H NMR
chemical shifts observed for the carbomethoxy group (s,
3.75 ± 3.82 ppm). However, these studies did not allow a
conclusive stereochemical assignment relative to the chiral
sulfur atom. This crucial matter was subsequently solved by an
X-ray analysis of 18 a[13] (see below), a derivative of 7 a, which
established the predominant facial outcome of our enolate
addition/cyclization protocol. This may be accounted for in
terms of addition of the chelated iminoester enolate to the less
hindered � face of sulfinimines 1, anti to the p-tolyl group,
upon activation by the Lewis acid (Figure 2). On the other
hand, the trans stereochemistry around the C4 ±C5 bond may
be accounted for by an open
transition state with a less
crowded arrangement of the
substituents, although at this
point we cannot rule out coor-
dination of the sulfinyl oxygen
atom with the lithium atom of
the enolate.


Table 1. Lewis acid mediated cyclizations between glycine iminoesters and
p-tolylsulfinimines.


R1


N


OMe


N


Ar


N
N


SpTol


R1


CO2Me


Ar
O


H
N


N


S
pTol


H


R1
CO2Me    


Ar
O


+


+


S


O


pTol
O


NH
N


S
pTol


R1


CO2Me


O
Ar


1 2 (2 equiv) 6


7 8


3) 0.1 M CHCl3
        RT
4) PhCHO 
    MgSO4


[a]


1) LDA (2.1 equiv)
2) Lewis acid 
     3.25 equiv
    −78 to −20 ˚C


Entry 1 (R1) 2 (Ar) Lewis acid Ratio 7 :8[b] Yield
[%][c]


1 1 a (Ph) 2d (Ph) BF3 ¥ Et2O 7 a (83):8a (17) 85
2 1 a (Ph) 2d (Ph) Et2AlCl 7 a (83):8a (17) 43
3 1 a (Ph) 2d (Ph) Ti(OiPr)3Cl 7 a (60):8a (40) 40
4 1 a (Ph) 2d (Ph) SnCl4 7 a (70):8a (30) 55
5 1 a (Ph) 2e (p-MeOC6H4) BF3 ¥ Et2O 7b (87):8b (13) 53
6 1 e (p-MeOC6H4) 2d (Ph) BF3 ¥ Et2O 7 c (76):8c (24) 67
7 1 f (p-ClC6H4) 2d (Ph) BF3 ¥ Et2O 7d (90):8d (10) 61
8 1 g (p-FC6H4) 2d (Ph) BF3 ¥ Et2O 7 e (83):8e (17) 66
9 1 c (3-pyr) 2d (Ph) BF3 ¥ Et2O 7 f (90):8f (10) 60


10 1 h (1-naphthyl) 2d (Ph) BF3 ¥ Et2O 7 g (83):8g (17) 72
11 1 i (-(CH2)2Ph) 2d (Ph) BF3 ¥ Et2O 7h (98):8h (2) 83
12 1 j (Et) 2d (Ph) BF3 ¥ Et2O 7 i (95):8 i (5) 64
13 1 k (iPr) 2d (Ph) BF3 ¥ Et2O 7 j (95):8j (5) 93
14 1 l (Me) 2d (Ph) BF3 ¥ Et2O 7k (92):8k (8) 64


[a] Optionally, step 4 can accelerate (1 ± 2 h) the cyclization with comparable ratios
and yields. [b] Measured by integration of the 1H NMR spectra of the crude.
[c] Combined yields of pure imidazolidines 7 and 8.
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Figure 2. Stereochemical out-
come of the Lewis acid medi-
ated condensation of sulfini-
mines 1 and glycine-derived
enolates.
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The effect of Lewis acid catalysis on the cycloaddition
between sulfinimines and �-substituted iminoesters 2 a and 2 b
(R2�Bn and CH3) paralleled the previous observations for
glycinate derivatives (R2�H) although with diminished syn/
anti selectivity at C4 and C5. Thus, the treatment of 1 a with 2 a
in the presence of BF3 ¥ OEt2 or Cp2TiCl2 resulted in a mixture
of cycloadducts in which 9 a was the major product (Table 2).
In addition, the use of TiCl4 provided a remarkably high
diastereo and facial selectivity even though deoxygenation to
sulfenamide 10 a[13] was simultaneously observed (entry 3,
(9 a�10 a):11 a, 92:4). p-Tolylsulfinimines 1 f (R1� p-ClC6H4)
and 1 k (R1� iPr) showed similar behavior upon reaction with
iminoester 2 b to give 9 b and 9 c as major products,
respectively. Interestingly, these highly substituted N-sulfinyl-
imidazolidines displayed lower rates of epimerization (see
footnote [b] in Table 2) at the aminal upon standing in
solution or purification by chromatography (silica gel).


The general structure of adducts 9 a ± c was readily derived
from their spectral features.[21] However, a definitive proof of
the relative configuration of the ring and the sulfur atoms for
the mayor product was obtained by an X-ray analysis of
15 a�,[13] a derivative of 9 a (see below), thereby establishing
the main facial sense of the process. Furthermore, an X-ray
analysis ofN-sulfenylimidazolidine 10 a[13] was also carried out
to establish its structure and absolute configuration.


Given the above results, we decided to explore the
reactivity of p-tolylsulfonimines with �-iminoesters under
both uncatalyzed and catalyzed conditions. Thus, the treat-
ment of 1 m with 2 a in the presence of LDA resulted in an
89:11 mixture of racemic N-sulfonylimidazolidines 5 a and
12 a ; this suggests that both concerted and stepwise mecha-
nisms are operative to some extent. In addition, in the
presence of BF3 ¥ OEt2 this substrate provided an even lower
selectivity (5 a :12 a 67:33). In contrast, the reaction between
sulfonimine 1 m and the glycine-derived iminoester 2 d gave
just monotosyldiaminoesters 13 and with a fairly low syn :anti
selectivity (syn :anti 30:70) (Scheme 4).


The structural assignment of N-sulfonylimidazolidines 5 a
and 12 a was mainly based on their spectral data. Further-
more, chemical correlations with the corresponding N-sulfi-
nylimidazolidines 3 a and 9 a by oxidation at sulfur (mCPBA)
provided 5 a and 12 a as enantiopure materials; this provided a
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Scheme 4. Condensation of sulfonimine 1m with iminoesters.


definitive structural proof and a complementary route to 5 a
and 12 a.


Synthesis of 1,2-diamines : The N-sulfinylimidazolidines pro-
duced by our methodology are nicely functionalized for
subsequent manipulations. Indeed, both nitrogen atoms are
already differentiated and both aryl rings can be readily
varied. Furthermore, the ester group should be an additional
™handle∫ for synthetic applications. Our studies on the
reactivity of these imidazolidines will be discussed next.
Initially, acidic hydrolysis of N-sulfinylimidazolidine 3 a with
TFA in methanol[22] led to desulfinylation and fragmentation
of the molecule to phenylalanine methyl ester. This observa-
tion prompted us to explore the reduction of the ester to the
primary alcohol with the expectation that this adjustment of
functionality would avoid the undesired fragmentation.


After a number of failed experiments with different
reducing agents,[23] we found that the treatment of cycloadduct
3 a with a large excess of LiAlH4 (9 equiv, 18 h) in Et2O
resulted in concurrent deoxygenation at sulfur and ester
reduction to afford sulfenamide 14 a (65%, n� 0, Scheme 5).
Shorter reaction times provided a substantial amount of
starting material (3 a), and forcing reaction conditions allowed
the isolation of variable amounts of N-sulfinyldiaminoalcohol
17 a derived from the simultaneous reduction of the ester and
reductive opening of the aminal. A more erratic behavior was
observed for N-sulfinylimidazolidine 3 e and N-sulfonylimi-


Table 2. Lewis acid mediated cyclizations of alanine and phenylalanine iminoesters and p-tolylsulfinimines.


N
N


SpTol


R1
CO2Me


Ph
O


H
N


N


S
pTol


H
R1


MeO2C


Ph
O


+ +1 2


1) LDA
2) Lewis acid
3) 0.1 M CHCl3, RT


  9:  n = 1
10:  n = 0


11


+3 4 +


(   )n


R2


R2


Entry 1 (R1) 2 (R2) Lewis acid syn 3� 4 [%][a] anti 9 [%][a,b] anti 10 [%][a] anti 11 [%][a] Yield [%][c]


1 1 a (Ph) 2a (CH2Ph) BF3 ¥ OEt2 3a� 4a (24) 9a (64) ± 11a (12) 87
2 1 a (Ph) 2a (CH2Ph) Cp2TiCl2 4a (30) 9a (60) ± 11a (10) 88
3 1 a (Ph) 2a (CH2Ph) TiCl4 4a (4) 9a (30) 10a (62) 11a (4) 54
4 1 f (p-ClC6H4) 2b (Me) BF3 ¥ OEt2 3g (22) 9b (63) ± 11b (15) 80
5 1 k (iPr) 2b (Me) BF3 ¥ OEt2 3h (16) 9c (84) ± ± 80


[a] Stereochemistry referred to the relative positions of R1 and CO2CH3 groups at the imidazolidine ring. Ratio of isomers measured by integration of the
1H NMR spectra of the crude; except for entries 1 ± 3, the structural assignments are tentative. [b] Minor amounts (5 ± 20%) of the epimer at the aminal (C2)
are included; for 9 c this epimer at C2 can reach 40% of the total product. [c] Combined yield.
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14a:  n = 0, R1 = Ph      17a   
14b:  n = 0, R1 = 3-pyr  17b
14c:  n = 1, R1 = 3-pyr
14d:  n = 2, R1 = Ph      17c


Scheme 5. Reductive transformations of 4-benzyl-N-sulfinyl- and 4-ben-
zyl-N-sulfonylimidazolidines.


dazolidine 5 a which yielded mixtures of unreacted starting
materials, hydroxymethylimidazolidines 14 b ± d, and N-tosyl-
or N-sulfinyl-N-benzyldiaminoalcohols 17 b, c. We found
these reductions to be very sluggish presumably due to the
carboxylate being very hindered.


In contrast, substrate 9 a, in which the relative arrangement
of R1 and the ester is trans, displayed a more reproducible
behavior and gave a good yield of hydroxymethylimidazoli-
dine 15 a (Table 3). Subsequently, we found that 9 c (R1� iPr,
R2�Me) reacts with LiAlH4 in Et2O to give a 63% yield of
17 e ; although shorter reaction times may produce the
hydroxymethylimidazolidine, we cannot rule out that the
bulky aliphatic isopropyl group accelerates the reductive
cleavage. Finally, N-tosylimidazolidine 12 a provided a good
yield of 17 d (63%, 0 �C to RT, 2 h); however, after a short
time and at low temperature (�20 �C to 0 �C, 10 min), 12 a


selectively gave hydroxymethylimidazolidine 15 b[24] (entries 3
and 4). A definitive structural proof for this family of
imidazolidines was provided by an X-ray analysis of para-
nitrobenzoate 15 a�, which was derived from 15 a by selective
esterification.


Given our previous results, we anticipated a more straight-
forward behavior in the reduction of N-sulfinylimidazolidines
7, derived from iminoglycine 2 d, due to the ester moiety being
less hindered in these compounds. Indeed, imidazolidine 7 a
reacted smoothly to produce N-benzyl-N-sulfinyldiaminoal-
cohol 17 f. In some experiments, particularly with short
reaction times, small amounts of 15 c were obtained. Similarly,
other related N-sulfinylimidazolidines gave N-sulfinyldiami-
noalcohols 17 g ± k in good yields. The scope of this procedure
is broad with regard to the nature of R1 (aromatic for 7 a, 7 e,
and 7 f or aliphatic for 7 h ± j). This process may be understood
in terms of initial reduction of the ester functionality followed
by aminal cleavage via an N-metalated intermediate and
subsequent reduction of the transient imino group thus
generated. To further probe this hypothesis we surveyed a
number of reducing agents in pursuit of the selective
reduction of the ester while preserving the heterocyclic
moiety. Thus, the use of NaBH4/LiI gave good yields of
imidazolidines 15 c ± e.[25] Subsequent treatment of 15 c with
LiAlH4 in Et2O afforded diaminoalcohol 17 f. As mentioned
before, the structural assignments of imidazolidines 7 a ± k
produced under Lewis acid catalysis were established by an
X-ray analysis of sulfinamide 17 f.[26]


Finally, once the ester group was removed, N-sulfenyl and
N-sulfinyl hydroxymethylimidazolidines (14 a, 15 a) under-
went smooth aminal methanolysis along with sulfur ± nitrogen
bond cleavage under acidic conditions to produce diastereo-
meric diamines 18 a and 18 b, respectively. In contrast, N-
sulfonylimidazolidines 15 b and 15 f (obtained by selective
esterification of 15 b) underwent aminal cleavage with the p-
toluenesulfonamide group remaining unaltered (Scheme 6). It
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Scheme 6. Synthesis of highly substituted vicinal diaminoalcohols under
acidic conditions.


Table 3. Reductive transformations of N-sulfinyl- and N-sulfonylimidazoli-
dines.
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OH


(   )n
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+
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pTolSO2NH H
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O
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Entry Substrate Method[a] 15 [%][b] 17 [%][b]


1 9a (n� 1, R1�Ph, R2�Bn) A 15a (75)
2 9c (n� 1, R1� iPr, R2�Me) A[c] 17e (63)
3 12a (n� 2, R1�Ph, R2�Bn) A[d] 15b (82) 17d (17)
4 12a (n� 2, R1�Ph, R2�Bn) A 17d (63)
5 7a (n� 1 R1�Ph, R2�H) A 17f (83)
6[e] 7a B 15c (78)
7[e] 7e (n� 1, R1� p-FC6H4, R2�H) A 17g (72)
8[e] 7e B 15d (71)
9 7f (n� 1, R1� 3-pyr, R2�H) A 17h (71)


10 7h (n� 1, R1� (CH2)2Ph, R2�H) A 17 i (68)
11 7h B 15e (79)
12 7 i (n� 1, R1�Et, R2�H) A 17j (79)
13 7j (n� 1, R1� iPr, R2�H) A 17k (75)


[a] Method A: LiAlH4, Et2O, 0 �C to RT, 2 ± 7 h; method B: NaBH4, LiI, THF,
RT. [b] Yield of pure isolated compounds. [c] 15 h. [d] THF, �20 to 0 �C,
10 min; reversible isomerization of 15b to oxazolidine 16 was observed.[24] [e] In
these cases combined yields are given, since reductions were performed with
mixtures 7/8.
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should be pointed out that, to the best of our knowledge, the
substitution pattern of diamines 18 a ± d is unprecedented in
the literature. Additionally, treatment of N-sulfinyldiaminoal-
cohols 17 e and 17 f with TFA/MeOH resulted in smooth
desulfinylation to give 18 e and 18 f in good yields.


Conclusions


In summary, we have developed two new highly diastereose-
lective methods for the synthesis of enantiopure N-sulfinyli-
midazolidines from p-tolylsulfinimines. The first method
relies on a diastereoselective 1,3-dipolar cycloaddition of
azomethine ylides generated from �-iminoesters and enan-
tiopure sulfinimines, and the latter involves a highly stereo-
controlled stepwise condensation of iminoester-derived eno-
lates and sulfinimines in the presence of BF3 ¥ OEt2. In
addition, we have explored the reactivity of related N-
sulfonylimines under both conditions. Subsequently, we have
successfully undertaken the study of the transformation of the
resulting N-sulfonyl- and N-sulfinylimidazolidines into a
variety of differentially protected vicinal diamines by using
reductive and/or hydrolytic protocols. Within this context, the
concurrent reduction of the ester and cleavage of the aminal
to produce N-sulfinyl-N�-benzyldiaminoalcohols is particular-
ly noteworthy.


Experimental Section


General : Reagents and solvents were handled by using standard syringe
techniques. Hexane, toluene, and CH2Cl2 were distilled from CaH2, and
Et2O and THF from sodium. Et3N and iPr2NH were distilled from CaH2.
BF3 ¥ OEt2 was distilled from CaH2 just prior to use; it was collected over
granular CaH2 and argon was bubbled through for 5 min. Crude products
were purified by flash chromatography on Merck 230 ± 400 mesh silica gel
(previously treated with Et3N, 25 �Lg�1 silica gel) with distilled solvents
(when a mixture of solvents is used, the percentage refers to the first
component given). Analytical TLC was carried out on Merck (Kieselgel
60F-254) silica gel-coated plates with detection by UV light and develop-
ment with iodine, acidic vanillin solution, 10% phosphomolybdic acid
solution in ethanol, or 15% KMnO4 in water containing 5% NaOH and
10% K2CO3. All reagents were commercial products purchased from
Aldrich, Acros, Fluka, or Merck. Organolithium reagents were titrated
prior to use.[27] Most starting materials were obtained by known proce-
dures: 1 a ± n,[28] 1m,[29] and 2[30] . Throughout this section, the volume of
solvents is reported in mLmmol�1 of starting material. Infrared spectra
(IR) were obtained on a Perkin ±Elmer 681 and on a Perkin ±Elmer
Spectrum One. 1H and 13C NMR spectra were recorded on a Bruker AM-
200 (200 MHz), Varian Gemini-200 (200 MHz), Varian INOVA-300
(300 MHz), and Varian INOVA-400 (400 MHz) with CDCl3 as solvent
and with the residual solvent signal as internal reference (CDCl3, 7.24 and
77.0 ppm). The following abbreviations are used to describe peak patterns
when appropriate: s (singlet), d (doublet), t (triplet), q (quartet), quint
(quintuplet), m (multiplet), br (broad), ap (apparent). Melting points were
determined on a Reichert Kofler microscope and are uncorrected. Optical
rotations were measured in CHCl3 solution on a Perkin ±Elmer 241
polarimeter at 20 �C using a sodium lamp. Low-resolution mass spectra
were recorded by direct injection onto a Hewlett Packard 5973 MSD
instrument using the electronic impact technique with an ionization energy
of 70 eV (EI) or on a Hewlett Packard 1100 MSD instrument using the
atmospheric pressure chemical ionization (APCI) or electrospray (ES)
chemical ionization techniques in positive or negative modes. Elemental
analyses were carried out on a Perkin ±Elmer 240 C and on a Heraus CHN-
O-Rapid instruments at Instituto de QuÌmica Orga¬nica, CSIC (Madrid).


General procedure for the 1,3-dipolar cycloaddition of sulfinimines with
azomethine ylides : A 100-mL round-bottomed flask fitted with a stirrer bar
and a rubber septum was charged with anhydrous THF (5 mLmmol�1) and
iPr2NH (2.1 equiv) under an atmosphere of argon. The mixture was cooled
to 0 �C and nBuLi (2.1 equiv) was added dropwise. The reaction mixture
was stirred at 0 �C for 10 min and then cooled to �78 �C and stirred for an
additional 10 min. A solution of theN-(benzylidene)aminoester (2.0 equiv)
in THF (5 mLmmol�1), previously dried over 4 ä sieves, was added
dropwise. The reaction mixture was stirred at �78 �C for 25 min and then a
solution of the corresponding sulfinimine (1 equiv) in THF (5 mLmmol�1),
previously dried over 4 ä sieves, was added dropwise. The reaction vessel
was sealed under argon and placed in a refrigerator (ca. 4 �C). After 20 h,
the reaction was quenched with a saturated solution of NH4Cl
(4 mLmmol�1), diluted with EtOAc (8 mLmmol�1), and the layers were
separated. The aqueous layer was extracted with EtOAc, and the combined
organic extracts were washed with a saturated solution of NaCl
(4 mLmmol�1), dried over anhydrous Na2SO4, filtered, and concentrated
under reduced pressure to give a crude product, which was purified by
column chromatography on silica gel using the appropriate mixture of
solvents.


(�)-Methyl [(2S,4R,5R,SS)-4-benzyl-5-p-nitrophenyl-2-phenyl-1-(p-tolyl-
sulfinyl)-1,3-imidazolidin-4-yl]carboxylate (3 c) and methyl [(2R,4S,5S,SS)-
4-benzyl-5-p-nitrophenyl-2-phenyl-1-(p-tolylsulfinyl)-1,3-imidazolidin-4-
yl]carboxylate (4 c): Prepared from a solution of LDA [iPr2NH (27 �L,
21 mg, 0.21 mmol) and nBuLi (1.27�, 0.16 mL, 0.21 mmol)] with a solution
of methyl 2-benzyl-2-(benzylideneamino)acetate (2 a, 53 mg, 0.20 mmol)
and a solution of (S)-(�)-N-p-nitrobenzylidene-p-toluenesulfinamide (1b,
30 mg, 0.10 mmol) according to the general procedure (formation of
cycloadduct was observed at �78 �C) (20 h) to give a 97:3 mixture of
cycloadducts 3 c and 4 c (80%) and traces of sulfinimine 1 b after
purification by chromatography (5 ± 30% EtOAc/hexane). From this
mixture of 3 c and 4 c, pure 3c (36 mg, 65%) was obtained by recrystalliza-
tion (30% Et2O/hexane) as a pale yellow solid. Rf� 0.14 (20% EtOAc/
hexane); m.p. 155 ± 159 �C; [�]20D ��145.6 (c� 1.03); 1H NMR (300 MHz,
CDCl3): �� 7.80 (dm, J� 9.0 Hz, 2H; Ar-H), 7.77 (dm, J� 8.9 Hz, 2H; Ar-
H), 7.57 ± 7.47 (m, 3H; Ar-H), 7.25 ± 7.16 (m, 5H; Ar-H), 7.19 (d, J� 8.2 Hz,
2H; Ar-H), 7.04 (d, J� 8.1 Hz, 2H; Ar-H), 6.85 (d, J� 8.1 Hz, 2H; Ar-H),
5.93 (d, J� 10.6 Hz, 1H; H-2), 4.88 (s, 1H; H-5), 3.44 (d, J� 14.2 Hz, 1H;
CH2Ph), 3.37 (d, J� 14.2 Hz, 1H; CH2Ph), 3.35 (d, J� 10.7 Hz, 1H; NH-3),
3.03 (s, 3H; CO2Me), 2.16 ppm (s, 3H; Me-Tol); 13C NMR (50 MHz,
CDCl3): �� 170.2, 147.9, 146.5, 141.8, 138.7, 137.7, 135.7, 130.1 (2C), 129.5,
129.2 (2C), 128.7 (2C), 128.6 (2C), 128.2 (2C), 127.0, 125.2 (2C), 122.3
(2C), 77.2, 75.8, 64.5, 51.8, 41.0, 21.1 ppm; IR (CHCl3): �� � 3450, 3030, 2930,
1740, 1600, 1520, 1450, 1350, 1260, 1210, 1090, 1070, 860, 810, 750, 700 cm�1;
MS (EI):m/z (%): 356 (5), 324 (9), 292 (26), 246 (12), 208 (20), 176 (93), 139
(84), 117 (49), 91 (100), 90 (63), 65 (45); elemental analysis calcd (%)
C31H29N3O5S (555.65): C 67.01, H 5.26, N 7.56, S 5.77; found: C 66.99, H 5.24,
N 7.55, S 5.48.


Compound 4c (partial data): 1H NMR (300 MHz, CDCl3): �� 5.80 (d, J�
10.7 Hz, 1H; H-2), 5.08 (s, 1H; H-5), 3.14 (s, 3H; CO2Me), 2.20 ppm (s, 3H;
Me-Tol).


(�)-Methyl [(2S,4R,5R,SS)-4-benzyl-2-phenyl-5-(3-pyridyl)-1-(p-tolylsul-
finyl)-1,3-imidazolidin-4-yl]carboxylate (3 e): Prepared from a solution of
LDA [iPr2NH (100 �L, 79 mg, 0.78 mmol) and nBuLi (1.6�, 0.45 mL,
0.72 mmol)] with a solution of methyl 2-benzyl-2-(benzylideneamino)ace-
tate (2a, 160 mg, 0.60 mmol) and a solution of (S)-(�)-N-(2-pyridylmethy-
lidene)-p-toluenesulfinamide (1 c, 73 mg, 0.30 mmol) according to the
general procedure (10 h). After purification by chromatography (5 ± 65%
EtOAc/CH2Cl2) this gave pure cycloadduct 3e (122 mg, 80%) as a white
solid, which was recrystallized from 25% CH2Cl2/hexane. Rf� 0.39 (20%
EtOAc/CH2Cl2); m.p. 158 ± 160 �C; [�]20D ��51.1 (c� 1.30); 1H NMR
(300 MHz, CDCl3): �� 8.23 (dd, J� 4.9, 1.7 Hz, 1H; Ar-H), 8.12 (d, J�
1.8 Hz, 1H; Ar-H), 7.80 (dm, J� 8.5 Hz, 2H; Ar-H), 7.57 ± 7.47 (m, 3H; Ar-
H), 7.26 ± 7.19 (m, 8H; Ar-H), 6.91 ± 6.86 (m, 3H; Ar-H), 5.94 (d, J�
11.1 Hz, 1H; H-2), 4.83 (s, 1H; H-5), 3.43 (AB system, 2H; CH2Ph), 3.37
(d, J� 10.7 Hz, 1H; NH-3), 3.05 (s, 3H; CO2Me), 2.19 ppm (s, 3H; Me-
Tol); 13C NMR (50 MHz, CDCl3): �� 170.0, 148.8, 147.6, 141.2, 138.2, 137.7,
135.7 (2C), 134.4, 129.9 (2C), 129.1, 128.8 (2C), 128.7 (2C), 127.8 (2C),
127.3 (2C), 126.6, 124.8 (2C), 121.8, 77.4, 75.5, 62.8, 51.4, 40.4, 20.8 ppm; IR
(CHCl3): �� � 2930, 2860, 1730 (C�O), 1640, 1600, 1530, 1490, 1450, 1340,
1270, 1160, 1100, 1010, 1000, 720, 700, 660 cm�1; elemental analysis calcd
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(%) C30H29N3O3S (511.63): C 70.43, H 5.71, N 8.21, S 6.27; found: C 70.06, H
5.54, N 8.43, S 6.38.


General procedure for the Lewis acid catalyzed condensation between
iminoester enolates and p-tolylsulfinimines : A 100-mL round-bottomed
flask fitted with a stirrer bar and a rubber septum was charged with
anhydrous THF (5 mLmmol�1 of sulfinimine) and iPr2NH (2.6 equiv)
under an atmosphere of argon. The mixture was cooled to 0 �C and nBuLi
(2.1 equiv) was added dropwise. The reaction mixture was stirred at 0 �C for
10 min and then cooled to �78 �C and stirred for an additional 10 min. A
solution of the N-(benzylidene)aminoester (2.0 equiv) in THF
(5 mLmmol�1 of sulfinimine), previously dried over 4 ä sieves, was added
dropwise. The reaction mixture was stirred at �78 �C for 25 ± 30 min and
then a solution of the corresponding sulfinimine (1 equiv) in THF
(5 mLmmol�1), previously dried over 4 ä sieves, was added dropwise
followed by freshly distilled BF3 ¥ OEt2 (3.25 equiv). Upon addition of the
Lewis acid, the orange reaction mixture turned pale yellow and the mixture
was allowed to warm up slowly to approximately �20 �C until the starting
material (15 min ± 3 h) disappeared. The reaction was then quenched with a
5% solution of NaHCO3 (6 mLmmol�1). When the mixture had reached
about 0 �C, the layers were separated and the organic phase was washed
with a saturated solution of NaCl (4 mLmmol�1). The aqueous layer was
extracted twice with CH2Cl2, and the combined organic extracts were dried
over anhydrous Na2SO4, filtered, and concentrated under reduced pressure
to give a yellow oil. This crude product mixture was dissolved in CHCl3
(0.1�) and the ensuing cyclization was monitored by 1H NMR spectro-
scopy. After 2 ± 4 d, the mixture was purified by column chromatography on
silica gel with the appropriate mixture of solvents as eluent. In an
alternative procedure, 0.5 equiv of PhCHO and MgSO4 (1.3gmmol�1) was
added to the CHCl3 solution to accelerate the cyclization. In all experi-
ments, variable amounts of a related imidazolidine formed by dimerization
of the iminoester were also obtained.


(�)-Methyl [(2S,4S,5R,SS)-2-phenyl-5-(3-pyridyl)-1-(p-tolylsulfinyl)-1,3-
imidazolidin-4-yl)]carboxylate (7 f) and methyl [(2R,4R,5S,SS)-2-phenyl-
5-(3-pyridyl)-1-(p-tolylsulfinyl)-1,3-imidazolidin-4-yl)]carboxylate (8 f):
Prepared from a solution of LDA [iPr2NH (0.18 mL, 131 mg, 1.30 mmol)
and nBuLi (1.42�, 0.74 mL, 1.05 mmol)] with a solution of methyl
2-(benzylideneamino)acetate (2d, 177 mg, 1.00 mmol) and a solution of
(S)-(�)-N-(3-pyridinemethylidene)-p-toluenesulfinamide (1 c, 122 mg,
0.5 mmol) by adding BF3 ¥ OEt2 (231 mg, 0.20 mL, 1.625 mmol) according
to the general procedure (3 h 30 min) to give a 90:10 mixture of
cycloadducts 7 f and 8 f (126 mg, 60%) after purification by chromatog-
raphy (80% CHCl3/hexane, then 0 ± 100% Et2O/CHCl3 and then 5%
MeOH/Et2O). Pure 7 f (90 mg, 40%) was obtained as a white solid from
this mixture by recrystallization (Et2O). Rf� 0.23 (20% EtOH/hexane);
m.p. 155 ± 158 �C; [�]20D ��48.3 (c� 0.46); 1H NMR (300 MHz, CDCl3):
�� 8.19 (dd, 1H, J� 4.8, 1.7 Hz; Ar-H), 7.88 (d, 1H, J� 2.0 Hz; Ar-H), 7.73
(d, 2H, J� 7.5 Hz; Ar-H), 7.50 ± 7.40 (m, 3H; Ar-H), 7.28 (d, 2H, J� 8.2 Hz;
Ar-H), 6.91 (d, 3H, J� 8.0 Hz; Ar-H), 6.80 (dd, 2H, J� 7.9, 4.8 Hz; Ar-H),
6.05 (d, 1H, J� 5.6 Hz, H-2), 4.87 (d, 1H, J� 6.2 Hz; H-5), 3.80 (m, 1H;
H-4), 3.76 (s, 3H; CO2Me), 3.27 (br t, 1H, J� 7.7 Hz; NH-3), 2.19 ppm (s,
3H; Me-Tol); 13C NMR (300 MHz, CDCl3): �� 170.8, 148.8, 147.8, 141.6,
139.8, 138.9, 136.8, 134.3, 128.8 (2C), 127.2 (2C), 125.4 (2C), 122.5, 80.6,
68.5, 57.9, 52.6, 21.1 ppm; IR (CHCl3): �� � 3400, 3300, 1725, 1550, 1430,
1180, 1110, 1070,1040, 740, 670 cm�1; MS (APCI): m/z (%): 422 [M�H]�


(100), 282 (77); elemental analysis calcd (%) C23H23N3O3S (421.56): C
65.54, H 5.50, N 9.97, S 7.61; found: C 65.40, H 5.66, N 9.78, S 7.94.


Compound 8 f (partial data): Rf� 0.23 (20% EtOH/hexane); 1H NMR
(300 MHz, CDCl3): �� 5.94 (s, 1H; H-2), 5.09 (d, 1H, J� 7.4 Hz; H-5), 3.79
(s, 3H; CO2Me), 2.32 ppm (s, 3H; Me-Tol).


(�)-Methyl [(2S,4S,5R,SS)-5-methyl-2-phenyl-1-(p-tolylsulfinyl)-1,3-imi-
dazolidin-4-yl]carboxylate (7 k) and methyl [(2R,4R,5S,SS)-5-methyl-2-
phenyl-1-(p-tolylsulfinyl)-1,3-imidazolidin-4-yl]carboxylate (8 k): Prepared
from a solution of LDA [iPr2NH (0.64 mL, 461 mg, 4.56 mmol) and nBuLi
(1.6�, 2.6 mL, 4.18 mmol)] with a solution of methyl 2-(benzylideneami-
no)acetate (2d, 673 mg, 3.80 mmol) and a solution of (S)-(�)-N-ethyl-
idene-p-toluenesulfinamide (1 l, 344 mg, 1.90 mmol) by adding BF3 ¥ OEt2
(863 mg, 0.77 mL, 6.08 mmol) according to the general procedure (10 min)
to give a 92:8 mixture of cycloadducts 7k and 8 k (441 mg, 64%) as a
yellowish oil after purification by chromatography (5 ± 25% Et2O/CH2Cl2).
A second careful purification by chromatography (5 ± 20% Et2O/CH2Cl2)
afforded pure imidazolidine 7k (309 mg, 45%). Rf� 0.37 (30% Et2O/


CH2Cl2); [�]20D ��78.5 (c� 1.10); 1H NMR (300 MHz, CDCl3): �� 7.64 ±
7.57 (m, 4H; Ar-H), 7.40 ± 7.23 (m, 5H; Ar-H), 5.95 (s, 1H; H-2), 3.95
(apquint, J� 5.9 Hz, 1H; H-5), 3.77 (s, 3H; CO2Me), 3.44 (m, 1H; H-4),
2.39 (s, 3H; Me-Tol), 0.67 ppm (d, J� 6.6 Hz, 3H; Me); DNOE between
H-2/Ar-H (7.64): 0.5%, H-4/Me: 1.9%, H-5/Me: 0.9%, H-5/Ar-H (7.61):
0.3%, Me/H-4: 0.5%, Me/H-5: 0.8%, Me/Ar-H (7.64): 0.1%; 13C NMR
(50 MHz, CDCl3): �� 171.5, 141.5, 140.8, 140.6, 129.5 (2C), 128.4 (2C),
128.2, 127.0 (2C), 125.6 (2C), 81.4, 67.1, 53.2, 52.5, 21.9, 21.4 ppm; IR
(CHCl3): �� � 3306, 3030, 2952, 1745, 1644, 1596, 1492, 1448, 1376, 1351,
1276, 1206, 1130, 1089, 1068, 935, 813, 758, 737, 699 cm�1; MS(ES): m/z (%):
739 [2M�Na]� (15), 359 [M�H]� (100); elemental analysis calcd (%)
C19H22N2O3S (358.45): C 63.66, H 6.19, N 7.82, S 8.95; found: C 63.47, H
6.12, N 8.01, S 8.68.


Compound 8k (partial data from a 92:8 mixture): Rf� 0.36 (30% Et2O/
CH2Cl2); 1H NMR (200 MHz, CDCl3): �� 5.74 (s, 1H; H-2), 1.30 ppm (d,
J� 6.6 Hz, 3H; Me).


General procedure for oxidation of sulfinamides to sulfonamides with
mCPBA : mCPBA (1.5 ± 3.0 equiv, 70%) was added at 0 �C to a solution of
the sulfinamide in CH2Cl2 (10 mLmmol�1) under an argon atmosphere.
The reaction mixture was allowed to warm up slowly to room temperature
and was monitored by TLC. The reaction was quenched with 1� aqueous
Na2S2O4 (5 mLmmol�1), a saturated solution of NaHCO3 (3 mLmmol�1),
and H2O (4 mLmmol�1), diluted with EtOAc (8 mLmmol�1); the layers
were separated, and the aqueous layer was extracted with EtOAc (3� ,
5 mLmmol�1). The organic layer was washed with a saturated solution of
NaCl (4 mLmmol�1), dried over MgSO4, filtered, and concentrated under
reduced pressure to give a crude product that was purified by column
chromatography.


(�)-Methyl [(2S,4R,5R)-4-benzyl-2,5-diphenyl-1-(p-tolylsulfonyl)-1,3-imi-
dazolidin-4-yl]carboxylate (5 a): Prepared from sulfinamide 3a (11 mg,
0.02 mmol) and mCPBA (8 mg, 0.046 mmol) according to the general
procedure (12 h) to give sulfonamide 5a (7 mg, 65%) after chromatog-
raphy (50 ± 100% CH2Cl2/hexane) as a white solid that was recrystallized
from Et2O. Similarly, oxidation of 4a gave ent-5 a (62%) with comparable
optical rotation of opposite sign {[�]20D ��31.8 (c� 0.49) for ent-5a}.
Compound 5a : Rf� 0.37 (CH2Cl2); m.p. 115 ± 119 �C; [�]20D ��31.2 (c�
0.46); 1H NMR (300 MHz, CDCl3): �� 7.60 ± 7.56 (m, 2H; Ar-H), 7.39 ± 7.13
(m, 15H; Ar-H), 7.06 (d, J� 8.2 Hz, 2H; Ar-H), 5.77 (d, J� 11.6 Hz, 1H;
H-2), 4.96 (s, 1H; H-5), 3.30 (d, J� 11.8 Hz, 1H; NH-3), 3.20 (d, J�
14.0 Hz, 1H; CH2Ph), 3.05 (s, 3H; CO2Me), 2.82 (d, J� 13.9 Hz, 1H;
CH2Ph), 2.31 ppm (s, 3H; Me-Tol); 13C NMR (50 MHz, CDCl3): �� 169.9,
143.6, 139.0, 137.7, 135.9, 130.1 (2C), 129.2 (2C), 128.9, 128.5 (2C), 128.0
(4C), 127.8 (2C), 127.7 (2C), 127.6 (2C), 126.9, 78.7, 75.4, 72.2, 51.7, 41.0,
21.5 ppm; IR (KBr): �� � 3450, 3040, 2960, 1740, 1600, 1260, 1090, 1020, 800,
700, 660 cm�1; MS (EI):m/z (%): 467 (3), 283 (2), 266 (32), 260 (9), 206 (21),
176 (18), 155 (36), 117 (14), 92 (18), 91 (100), 90 (42), 77 (36); elemental
analysis calcd (%) C31H30N2O4S (562.57): C 70.70, H 5.74, N 5.32, S 6.09;
found: C 70.39, H 5.89, N 5.40, S 5.86.


General procedure for the reaction between sulfinylimidazolidines and
LiAlH4 : A round-bottomed flask was charged with anhydrous Et2O or
THF (6 mLmmol�1 of imidazolidine) and LiAlH4 (3 ± 9 equiv). After
10 min, the resulting suspension was cooled to 0 �C and a solution of the
corresponding imidazolidine in anhydrous Et2O or THF (4 mLmmol�1)
was added dropwise and the reaction mixture was stirred at room
temperature and monitored by TLC. When the reaction had reached
completion (2 ± 18 h), the mixture was quenched with a saturated NaHCO3


solution (4 mLmmol�1), H2O (4 mLmmol�1), and diluted with CH2Cl2
(8 mLmmol�1). The resulting suspension was filtered through Celite, the
residue was thoroughly washed with CH2Cl2, and the layers were
separated. The aqueous layer was extracted with CH2Cl2 (3 times,
8 mLmmol�1). The combined organic extracts were washed with a
saturated NaCl solution (4 mLmmol�1), dried over anhydrous Na2SO4,
filtered, and concentrated under reduced pressure to give a crude product,
which was purified by column chromatography on silica gel.


(�)-[(2S,4S,5R,SS)-4-Benzyl-2,5-diphenyl-1-(p-tolylsulfinyl)-1,3-imidazoli-
din-4-yl]methanol (15 a): Prepared from a suspension of LiAlH4 (3 equiv,
12 mg, 0.31 mmol) in Et2O and sulfinamide 9a (53 mg, 0.10 mmol) with
further additions of LiAlH4 (3 equiv) after 3 h and (3 equiv) after 12 h at
room temperature according to the general procedure (16 h) to give
hydroxymethylsulfinamide 15a (37.5 mg, 75%) as a colorless oil after
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chromatography (15 ± 100% EtOAc/hexane). Rf� 0.31 (50% EtOAc/
hexane); [�]20D ��95.4 (c� 1.42); 1H NMR (300 MHz, CDCl3): �� 7.78
(d, J� 6.9 Hz, 2H; Ar-H), 7.54 ± 7.45 (m, 3H; Ar-H), 7.24 ± 7.20 (m, 2H; Ar-
H), 7.13 ± 7.10 (m, 4H; Ar-H), 7.09 ± 6.99 (br s, 3H; Ar-H), 6.93 ± 6.90 (m,
3H; Ar-H), 6.82 (d, J� 8.1 Hz, 2H; Ar-H), 5.80 (s, 1H; H-2), 4.78 (s, 1H;
H-5), 3.75 (d, J� 11.1 Hz, 1H; CH2OH), 3.60 (d, J� 11.1 Hz, 1H; CH2OH),
2.44 (d, J� 13.9 Hz, 1H; CH2Ph), 2.17 (s, 3H; Me-Tol), 2.06 (d, J� 13.9 Hz,
1H; CH2-Ph), 1.70 ± 1.50 ppm (br, 2H; NH, OH); 13C NMR (50 MHz,
CDCl3): �� 140.9, 140.8, 139.7, 138.8, 136.8, 130.1 (2C), 128.9 (4C), 128.6
(2C), 128.3, 128.0 (2C), 127.4 (4C), 126.4 (2C), 125.4 (2C), 77.2, 68.6, 62.8,
62.1, 40.1, 21.1 ppm; IR (CCl4): �� � 3400, 3060, 3030, 2930, 1490, 1450, 1090,
1050, 700, 605 cm�1; MS (EI):m/z (%): 352 (2), 311 (7), 260 (6), 223 (9), 194
(9), 168 (16), 141 (17), 139 (26), 115 (27), 91 (100), 77 (35), 65 (17), 6 (14);
elemental analysis calcd (%) C30H20N2O2S (482.64): C 74.66, H 6.27, N 5.80,
S 6.64; found: C 74.95, H 6.54, N 5.55, S 6.48.


(�)-(2S,3R,SS)-2-(Benzylamino)-5-phenyl-3-(p-tolylsulfinylamino)pentan-
1-ol (17 i): Prepared from a suspension of LiAlH4 (149 mg, 3.66 mmol) in
Et2O and 7 h (1327 mg, 3.16 mmol) according to the general procedure (4 h
30 min). Purification by chromatography (0 ± 5% MeOH/CH2Cl2) afforded
diaminoalcohol 17 i (274 mg, 0.62 mmol, 68%) as a colorless oil. Rf� 0.30
(5% MeOH/CH2Cl2); [�]20D ��117.5 (c� 1.60); 1H NMR (300 MHz,
CDCl3): �� 7.54 (d, J� 8.2 Hz, 2H; Ar-H), 7.34 ± 7.22 (m, 7H; Ar-H),
7.21 ± 7.08 (m, 3H; Ar-H), 6.78 (d, J� 8.2 Hz, 2H; Ar-H), 5.03 (d, J�
8.3 Hz, 1H; S-NH), 3.85 (d, J� 13.1 Hz, 1H; N-CH2Ph), 3.70 (d, J�
13.1 Hz, 1H; N-CH2Ph), 3.64 (dd, J� 11.6, 4.4 Hz, 1H; H-1), 3.56 (dd,
J� 11.6, 7.3 Hz, 1H; H-1), 3.30 (m, 1H; H-3), 2.72 (ddd, J� 7.1, 4.4, 2.6 Hz,
1H; H-2), 2.41 (s, 3H; Me-Tol), 2.18 ± 2.01 (m, 2H; CH2-5), 1.72 ± 1.59 (m,
1H; H-4), 1.44 ± 1.34 ppm (m, 1H; H-4); 13C NMR (50 MHz, CDCl3): ��
141.5, 141.3, 140.2, 140.1, 129.5 (2C), 128.5 (2C), 128.3 (2C), 128.2 (2C),
128.0 (2C), 127.3, 125.9 (2C), 125.7, 61.6, 58.9, 52.9, 51.3, 35.8, 32.0,
21.3 ppm; IR (film): �� � 3317, 3060, 3026, 2925, 1601, 1494, 1453, 1086, 1046,
812, 747, 699 cm�1; MS (ES): m/z (%): 423 [M�H]� (100); elemental
analysis calcd (%) C25H30N2O2S (422.585): C 71.06, H 7.16, N 6.63, S 7.59;
found: C 70.89, H 7.34, N 6.46, S 7.33.


General procedure for the reaction between sulfinylimidazolidines and
NaBH4/LiI : A round-bottomed flask was charged with anhydrous THF
(2 mLmmol�1 of imidazolidine) and LiI (2 ± 3 equiv) was added, followed
by NaBH4 (2 ± 3 equiv). The resulting suspension was cooled to 0 �C and a
solution of the corresponding imidazolidine in anhydrous THF
(6 mLmmol�1) was added dropwise, and the reaction mixture was stirred
at 0 �C (30 min) and then at room temperature and monitored by TLC.
When the reaction had reached completion (2 ± 3 h), the mixture was
quenched with a 5% NaHCO3 solution (2 mLmmol�1) and diluted with
CH2Cl2 (8 mLmmol�1) and the layers were separated. The aqueous layer
was extracted with CH2Cl2 (3 times, 8 mLmmol�1). The combined organic
extracts were washed with a saturated NaCl solution (4 mLmmol�1), dried
over anhydrous Na2SO4, filtered, and concentrated under reduced pressure
to give a crude product, which was purified by column chromatography on
silica gel.


(�)-[(2S,4S,5R,SS)-2-Phenyl-5-(2-phenylethyl)-1-(p-tolylsulfinyl)-1,3-imi-
dazolidin-4-yl]methanol (15 e): Prepared from LiI (120 mg, 0.90 mmol) in
THF, with NaBH4 (35 mg, 0.90 mmol) and 7h (135 mg, 0.30 mmol)
according to the general procedure (3 h). Alcohol 15e (100 mg, 79%)
was obtained after chromatography (Et2O/EtOH 40:1) as a white solid that
was recrystallized from Et2O/CH2Cl2. Rf� 0.24 (40:1 CH2Cl2/EtOH); m.p.
136 ± 139 �C; 1H NMR (300 MHz, CDCl3): �� 7.57 ± 7.54 (m, 2H; Ar-H),
7.50 (d, J� 8.3 Hz, 2H; Ar-H), 7.43 ± 7.34 (m, 3H; Ar-H), 7.27 (d, J� 8.3 Hz,
2H; Ar-H), 7.16 ± 7.12 (m, 2H; Ar-H), 6.71 (dd, J� 7.8, 1.7 Hz, 2H; Ar-H),
5.75 (s, 1H; H-2), 3.79 ± 3.64 (m, 3H; H-4, CH2OH), 3.25 (td, J� 7.1, 2.3 Hz,
1H; H-5), 2.78 (br s, 1H; NH-3), 2.42 (s, 3H; Me-Tol), 2.27 ± 2.06 (m, 2H;
CH2-2�), 1.38 (m, 1H; H-1�), 1.00 ppm (m, 1H; H-1�); 13C NMR (50 MHz,
CDCl3): �� 141.5, 140.8, 140.3, 140.1, 129.5 (2C), 128.7 (2C), 128.6, 128.2
(2C), 128.0 (2C), 127.0 (2C), 125.8, 125.1, 80.4, 64.8, 62.4, 54.8, 37.8, 32.7,
21.4 ppm; IR (KBr): �� � 3435, 2933, 1656, 1500, 1454, 1058, 960, 811, 753,
697 cm�1; MS (ES): m/z (%): 863 [2M�Na]� (33), 443 [M�Na]� (41), 421
[M�H]� (100); elemental analysis calcd (%) C25H28N2O2S (420.62): C
71.38, H 6.72, N 6.66, S 7.62; found: C 71.19, H 7.02, N 6.75, S 7.54.


General procedure for desulfinylation and solvolysis with TFA : Trifluoro-
acetic acid (5 ± 10 equiv) was added to a solution of substrate (1 equiv) in
MeOH (10 ± 20 mLmmol�1; for poorly soluble substrates, 10 ± 20% of
CH2Cl2 was employed) and the reaction mixture was stirred at room


temperature and monitored by TLC (this often required spotting from
aliquots worked up with saturated aqueous K2CO3). Upon completion (5 ±
24 h), the solvent was removed in vacuo, the residue was diluted with
CH2Cl2 (10 mLmmol�1), and extracted with 15% aqueous HCl (2�
10 mLmmol�1); the combined aqueous layer was cooled to 5 �C, and
CH2Cl2 (10 mLmmol�1) was added. The resulting biphasic solution was
carefully neutralized with solid NaHCO3 (to pH 7.5 ± 9), the organic layer
was separated, and the aqueous layer was extracted with CH2Cl2 (2�
5 mLmmol�1). The combined organic extracts were washed with water
(4 mLmmol�1) and brine (6 mLmmol�1), dried (Na2SO4), concentrated,
and purified by column chromatography on silica gel. Alternatively, upon
completion of the reaction, solid NaOH (ca. 7.5 mmolmmol�1) was added
and the mixture was stirred at room temperature (ca. 10 h), the solvent was
removed under reduced pressure, and the residue was taken up in CH2Cl2
and then 10 ± 20% EtOH/CH2Cl2 and filtered through a short plug of silica
gel.


(�)-(2R,3R)-2-Benzyl-2,3-diamino-3-phenyl-propan-1-ol (18 a): Prepared
from sulfenamide 14a (10 mg, 0.021 mmol), with TFA (5 equiv, 8 �L,
11.8 mg, 0.103 mmol) in MeOH according to the general procedure (5 h).
Chromatography (0 ± 65% MeOH/Et2O) gave diamine 18 a (5.2 mg, 95%)
as a colorless oil. Rf� 0.18 (30% MeOH/Et2O); [�]20D ��11.0 (c� 0.55);
1H NMR (300 MHz, CDCl3): �� 7.42 ± 7.10 (m, 10H; Ar-H), 4.12 (s, 1H;
H-3), 3.60 (d, J� 11.5 Hz, 1H; CH2OH), 3.25 (d, J� 11.2 Hz, 1H; CH2OH),
2.68 (d, J� 13.4 Hz, 1H; CH2Ph), 2.56 (d, J� 13.4 Hz, 1H; CH2Ph), 2.40 ±
2.10 ppm (br s, 5H; 2NH2, OH); 13C NMR (50 MHz, CDCl3): �� 141.2,
136.3, 130.7 (2C), 128.5 (2C), 128.3 (2C), 128.1 (2C), 128.0, 126.7, 67.6, 65.0,
57.0, 40.6 ppm; IR (CCl4): �� � 3350, 3060, 3030, 2930, 1725, 1600, 1590,
1500 cm�1; MS (ES):m/z (%): 225 (2), 208 (3), 195 (5), 177 (3), 165 (14), 150
(100), 133 (22), 106 (34), 91 (87), 77 (23), 69 (23), 57 (37); elemental analysis
calcd (%) C16H20N2O (256.34): C 74.97, H 7.86, N 10.93; found: C 74.73, H
7.65, N 10.82.


(�)-(2S,3R)-3-Amino-2-benzylamino-3-phenylpropan-1-ol (18 f): Pre-
pared from sulfinyldiaminoalcohol 17 f (17 mg, 0.04 mmol) with TFA
(5 equiv, 16 �L, 23 mg, 0.20 mmol) in MeOH according to the general
procedure (24 h). Chromatography (CH2Cl2 to 50% EtOH/CH2Cl2) gave
diaminoalcohol 18 f (7.0 mg, 75%) as a white solid that was recrystallized
from Et2O. Similarly, from a 50:50 mixture of 17 f and 17 f� racemic 18 f was
obtained. Compound 18 f : Rf� 0.20 (25% EtOH/CH2Cl2); m.p. 176 ±
177 �C; [�]20D ��46.3 (c� 0.80); 1H NMR (300 MHz, CDCl3): �� 7.35 ±
7.23 (m, 10H; Ar-H), 4.06 (d, J� 6.7 Hz, 1H; H-3), 3.87 (d, J� 13.2 Hz,
1H; CH2Ph), 3.70 (d, J� 13.2 Hz, 1H; CH2Ph), 3.65 (dd, J� 11.5, 4.0 Hz,
1H; CH2OH), 3.45 (dd, J� 11.4, 3.2 Hz, 1H; CH2OH), 2.81 ppm (m, 5H;
H-2, NH2, NH, OH); 1H NMR (300 MHz, 40 �C, CDCl3): �� 7.35 ± 7.23 (m,
10H; Ar-H), 4.06 (d, J� 6.6 Hz, 1H; H-3), 3.87 (d, J� 13.2 Hz, 1H;
CH2Ph), 3.71 (d, J� 13.2 Hz, 1H; CH2Ph), 3.65 (dd, J� 11.4, 4.1 Hz, 1H;
CH2OH), 3.45 (dd, J� 11.4, 3.4 Hz, 1H; CH2OH), 2.81 (ddd, J� 6.7, 3.5 Hz,
1H; H-2), 2.75 ppm (br s, 4H; NH2, NH, OH); 13C NMR (50 MHz, CDCl3):
�� 143.2, 138.9, 128.7 (2C), 128.5 (2C), 128.3 (2C), 127.6, 127.4, 126.6 (2C),
62.7, 61.1, 57.3, 51.7 ppm; IR (KBr): �� � 3320, 2930, 2860, 1735, 1650, 1540,
1455, 1375, 1360, 1335, 1290, 1125, 1065, 1040, 1010, 740, 695 cm�1; MS
(APCI): m/z (%): 257 [M�H]� (100); elemental analysis calcd (%)
C16H20N2O (256.34): C 74.97, H 7.86, N 10.93; found: C 75.13, H 7.35, N
10.72.
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Upon the Intriguing Stereoselective Formation of Organobismuth(�)
Complexes


Hubert Barucki,[a] Simon J. Coles,[b] James F. Costello,*[a] and Michael B. Hursthouse[b]


Abstract: The preparation of triphenyl-
bismuth(�) 3a ± k and antimony(�) 4e ± k
bis-carboxy ester complexes is descri-
bed. A range of studies in solution
suggest that the diastereoselective for-
mation of (RR,SS)-3a ± j is governed by
the thermodynamic stability of rapidly
interconverting epimeric species. Dia-
stereoselectivity is absent in the case of
the corresponding Sb complexes, lead-


ing to the conclusion that a combination
of both ligand ± ligand (steric) and met-
al ± ligand (hyperconjugative) interac-
tions govern stereoselectivity. The for-
mation of homochiral complexes


(RR,SS)-3a ± j is rationalised using a
simple model, invoking for the first time
a palindromic BiPh3 propeller moiety,
which correlates the chirality of the trans
axial carboxy-ester ligands. The X-ray
crystal structures of both hetero- and
homochiral diastereoisomeric antimony
complexes (4h and 4 i, respectively) are
presented in support of this model.


Keywords: antimony ¥ bismuth ¥
diastereoselectivity ¥


hyperconjugation ¥ propellers


Introduction


Molecular propellers are structures possessing two or more
substituents arranged about a central helical axis, ranging in
scale from the remarkable macromolecular topology of
human telomeric DNA,[1] to relatively simple sterically
hindered organic and organometallic compounds.[2] Since
the early identification and subsequent stereochemical anal-
yses of correlated triaryl propeller systems (i.e. , Ar3X),[3] few
if any attempts have been made to investigate possible
applications in synthesis, or material science etc. Recently, we
rationalised and more importantly developed a predictive
model for describing the preferred chiral propeller arrange-
ments of ligands–such as the ubiquitous PPh3–when co-
ordinated to transition metal centres.[4] Related studies lead to
the discovery that an inversion of the propeller conformation
of co-ordinated PPh3 induced a switch in sign of the specific
rotation of stereogenic organometallic complexes.[5] Appreci-
ating the preferred conformations of phenyl propellers helps
us to understand chemical reactivity. For example, the


complex SbPh3Cl2 ¥ 2 ordinarily undergoes a cyclometallation
reaction with �-hydroxy carboxylates.[6] In the case of benzilic
acid [Ph2C(OH)CO2Ag], however, prohibitive steric clashing
involving CPh2 and SbPh3 propellers attenuates the rate of
cyclometallation to such a degree that simple chloride meta-
thesis occurs instead. Our interest in organobismuth(�)
chemistry has been stimulated recently by unusual observa-
tions which indicate novel applications for such complexes as
reagents for asymmetric synthesis.[7]


This report relates principally to the observations of Wang
et al. ,[8] who discovered that treatment of a THF solution of
BiPh3Cl2 ¥ 1 with two equivalents of (�)-Ag:b (Table 1)
afforded a single diastereoisomer of the corresponding bis-
carboxy ester 3b (Scheme 1). Furthermore, X-ray crystallog-
raphy confirmed the stereoisomer to possess the homochiral
(RR,SS) as opposed to the heterochiral (RS,SR) configura-
tion. Examination of the analogous reaction of Bi(C6H4p-
NMe2)3Cl2 with (�)-Ag:b, (�)-Ag:e and (�)-Ag:h furnished
the same conclusion; that is, the process appears to be
stereoselective with respect to the formation of a homochiral
bis-carboxy ester. An explanation for these observations
could not be presented at the time. However, it appeared to us
that a correlated, palindromic arrangement of the BiPh3


system must be involved in the formation of a homochiral
isomer. In this study, we describe the preparation of a variety
of complexes from 1 and 2, to examine the role of both steric
and electronic effects upon the diastereoselective formation
of 3b, for example. A variety of experiments have been
carried out in order to establish the kinetic/thermodynamic
basis for stereoselectivity. Having established this, we con-
clude by describing a simple model consistent with calcula-
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Scheme 1. Complex preparation.


tions and X-ray crystallographic data, which rationalises this
intriguing stereoselectivity. For the first time, we propose that
a chiral palindromic propeller arrangement facilitates the
formation of a homochiral diastereoisomeric complex.


Results


It is well known that both BiPh3Cl2 and SbPh3Cl2 (1 and 2,
Scheme 1) undergo metathetical reactions with the silver salts
of carboxylic acids to afford bis-carboxy esters 3 ± 4.[9] Here,
complexes 3a ±k and 4e ±k were prepared by stirring a THF
solution of 1 ± 2 with a two-fold excess of the silver salts of a ±k
(Table 1) for 2 h under nitrogen. The resulting bis-carboxy
esters were characterised using 1H/13C NMR, IR spectroscopy,
elemental analyses and where possible X-ray crystallography.
Parent ions eluded detection by low resolution EI, CI, FAB
and electrospray mass spectrometry techniques. In contrast
with 1, the antimony complex 2 reacts with �-hydroxy
carboxylates Ag:(�)-a ±d to afford cyclometallated com-
plexes, which have been discussed elsewhere.[6]


Stereochemical assignments for 3a ±k and 4e ± k are
summarised in Table 1. Salts Ag:(�)-a ± d appear to react
with 1 to afford 3a ± d as a single diastereoisomer. NMR
analyses across a range of field strengths (300 ± 400 and 68 ±
100 MHz for 1H and 13C, respectively), temperatures (213 ±
273 K) and solvents (CDCl3, [D8]THF, [D4]MeOH,
[D5]C5H5N and [D6]DMSO) fail to reveal more than a single
set of resonances for 3a ± d. A homochiral configuration (i.e.,
RR,SS) for 3a ± d is assigned on the basis of NMR and X-ray
crystallographic inference. The 1H/13C NMR spectra of (SS)-
3a for example, prepared using Ag:(S)-a, are identical to
those of (RR,SS)-3a. Furthermore, the X-ray crystal structure
of the tris(p-NMe2C6H4) analogue of (RR,SS)-3b[8a] has been
solved on several occasions, and in each case the homochiral
diastereoisomer is observed.


It has been reported that 1 reacts with Ag:(�)-e to afford
3e as a single diastereoisomer.[8] X-ray crystallographic
analyses of both 3e and the corresponding tris(p-NMe2C6H4)
analogue confirm a homochiral configuration in each case.[8b]


In contrast, resonance anisochronicity in the 13C NMR
spectrum of 4e (i.e., Ci, C� and C� suggest that 2 affords a
mixture of diastereoisomers (i.e. , RR/SS and RS/SR) under
the same reaction conditions. The stereochemistry attributed
to 3/4 f ± h is similar insofar as 1 furnishes a single diaster-
eoisomer with Ag:(�)-f ±h, whereas 2 affords both diaster-
eoisomers (i.e. , RR/SS and RS/SR). Importantly, the
first example of a meso complex (Figure 1) has been
characterised by the X-ray crystal structure analysis of a
single crystal of (RS)-4h, grown from a THF solution of all
stereoisomers.


Carboxylates Ag:(�)-(i ± j), possessing an �-ether function,
react with 1 to afford 3 i ± j as a single diastereoisomer. In
contrast, the corresponding Sb complexes 4 i ±k are formed
non-stereoselectively. In the case of the latter, two resonances
(assigned to C� of the carboxy ligands) are observed in the
13C NMR spectrum (in CDCl3) of (RR,SS,RS)-4 i (�C � 83.3
and 83.2 ppm). Single crystals of (SS,RR)-4 i suitable for X-ray
crystallographic analyses were grown from a THF solution of
(RR,SS,RS)-4 i (Figure 2).[10] The reaction of Ag:(�)-k and 1
constitutes the first example of a non-stereoselective reaction
involving this metal. Two resonances are observed in the 19F
NMR (CDCl3) spectrum of 3k (�F��71.1 and �71.2 ppm),
thereby confirming the presence of all stereoisomers (i.e.,
RR,SS,RS). Enantiomerically pure (SS)-3k (�F��71.1 ppm),


Table 1. Carboxylic acids a ± k, and the corresponding stereochemical
assignments for 3a ± k and 4e ± k.


Acid Metal
3 ¥ [Bi] 4 ¥ [Sb]


a (RR,SS) ±[a]


b (RR,SS) ±[a]


c (RR,SS) ±[a]


d (RR,SS) ±[a]


e (RR,SS) (RR,SS,RS)


f (RR,SS) (RR,SS,RS)


g (RR,SS) (RR,SS,RS)


h (RR,SS) (RR,SS,RS)


i (RR,SS) (RR,SS,RS)


j (RR,SS) (RR,SS,RS)


k (RR,SS,RS) (RR,SS,RS)


[a] Cyclometallation observed.[6]
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Figure 2. The molecular structure of (SS)-SbPh3[O2CCH(OMe)Ph]2 (4 i),
with 50% probability thermal ellipsoids.


prepared using Ag:(S)-k, allows
the unambiguous assignment of
both diastereoisomers to be
made.


To summarise, the organo-
bismuth complex 1 appears to
react diastereoselectively with a
variety of �-chiral carboxylic
acids (�)-a ± j, affording the
homochiral isomers.[11] Only
one exception to this trend has
been observed, that is, (�)-k.
Complex 2 reacts in a non-
stereoselective fashion with
the corresponding series of
acids, namely (�)-e ± k ; �-hy-
droxy derivatives lead to cyclo-
metallated products. The struc-
tural diversity of the ligands
considered here fails to impli-
cate hydrogen bonding or � ±�


type interactions in the process of stereoselection. However, it
is certain that both the nature of the metal centre, and the
observation of a homo-, as opposed to a heterochiral
diastereoisomer are both significant factors to be taken into
account when attempting to formulate an explanation for this
intriguing example of diastereoselectivity.


Discussion


Kinetic or thermodynamic control? It has been recognised for
some time that complexes related to 1 ± 2 undergo rapid
ligand redistribution in a variety of solvents.[12] In the case of
phenoxide adducts BiPh3(OAr)2, mixed ligand species have
been crystallised directly from an equilibrating solution of
BiPh3Br2 and BiPh3(OAr)2.[13] We and others[8] have attempt-
ed to isolate mixed adducts of the type BiPh3(O2CR)Cl
without success. Nevertheless, such species are readily ob-
served by NMR spectroscopy in a range of solvents (i.e.,
CDCl3, [D8]THF, and [D8]C6H5CH3).


Attention turns to the simplest system for study. NMR
indicates that mixing 1 with an excess of AgOAc suspended in
[D8]THF results in the rapid formation of BiPh3(OAc)2 (3)
(Figure 3; R�Me) and a fourth component characterised as
BiPh3(OAc)Cl (5) by additional resonances attributed to the
Bi ± Ph [�H� 8.27 (d, Ho), �C� 133.6 (Co), 159.0 (Ci), 133.8
(Cm) and 128.1 ppm (Cp)] and CH3 (�H� 1.83 and �C


21.6 ppm) moieties. Thorough mixing of the suspension
results in the smooth and quantitative conversion of 1 and 5
to 3. 1H NMR indicates the formation of trace amounts of
HOAc. However, THF and CHCl3 solutions of 1 remain
unaffected after several hours in the presence of HOAc; this
indicates that under these conditions the free acid does not act
as a nucleophile towards 1.[14]


In isolation, the 1H/13C NMR spectra of 1 and BiPh3(OAc)2


remain essentially unchanged throughout the temperature
range 293� 213 K ([D8]THF). However, the NMR spectra of
BiPh3(OAc)2 and 1 at equilibrium are markedly affected. The


Figure 1. The molecular structure of (RS)-SbPh3[O2CCH(C5H9)Ph]2 (4h), with 50% probability thermal
ellipsoids.


Table 2. Selected bond lengths [ä] and angles [�] for complexes 4h and 4 i.


4h 4 i


Sb1-C1 2.283(5) Sb1�C10 2.122(2)
Sb1�C7 2.152(6) Sb1�C16 2.093(3)
Sb1�C13 1.952(4) ± ±
Sb1�O1 2.137(3) Sb1�O1 2.1319(15)
Sb1�O3 2.151(3) ± ±
O1-Sb1-O3 175.84(12) O1-Sb1-O1[a] 178.39(7)
C1-Sb1-O1 84.94(15) C10-Sb1-O1 88.55(7)
C1-Sb1-O3 96.14(15) C10-Sb1-O1[a] 91.89(7)
C1-Sb1-C7 123.08(17) C10-Sb1-C16 105.81(6)
C1-Sb1-C13 138.06(19) C10-Sb1-C10[a] 148.37(11)
C7-Sb1-O1 98.36(13) C16-Sb1-O1 89.20(4)
C7-Sb1-O3 77.67(17) ± ±
C7-Sb1-C13 98.9(2) ± ±
C13-Sb1-O1 88.78(16) ± ±
C13-Sb1-O3 93.06(17) ± ±


[a] Generated by the symmetry operation (�x, y, �z�0.5).
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upper limb of the AA� spin system attributed to Ho for all
species exhibits splitting at 293 K. The resonance associated
with the CH3 moiety of BiPh3(OAc)Cl splits at 253 (�H�
1.83 ppm) and 233 K (�C� 21.6 ppm), respectively. Further
resonance splitting attributed to BiPh3(OAc)2 (Ci, 253 K),
BiPh3(OAc)Cl (Ci, 253 K) and 1 (Cm, 253 K) is also observed,
and significantly an additional CH3 environment is evident at
233 K (�C� 19.7 ppm). The resonance anisochronicity, which
is concentration dependent, in concert with the appearance of
an additional CH3 environment at 233 K, suggests that ligand
exchange may proceed via some aggregate, possibly involving
the well-characterised inter-penetrating Cl/OAc ligand mo-
tif.[15] NMR and thermodynamic measurements upon the
exchange reactions of SbMe3XY [X, Y�Cl, Br, OAc,
O2CCH3�nCln (n� 0 ± 3)] are consistent with the participation
of bridged intermediates.[16] The adduct generated by mixing
(RR,SS)-3a and 1 is readily identified by NMR resonances at
�C � 157.7 (Ci), 133.8 (Co) and 20.5 ppm (CH3) ([D8]THF).
The latter resonance splits at 253 or 233 K, depending upon
the concentration [1.0 ± 0.5�]. Importantly, NMR spectro-
scopy allows the formation of (RR,SS)-3a ± c (and 3g ± j) to be
observed in situ, thereby discounting the operation of a
crystallisation induced asymmetric transformation.[17]


It is difficult to study the mixed ligand species 5 in isolation
as it exists in dynamic equilibrium with 1 and 3. Nevertheless,
the proposition that enantiomerically pure 5 expresses chiral
discrimination when reacting with a racemic carboxylate salt
is readily challenged as follows (Scheme 2). A solution


Scheme 2.


containing a single enantiomer of 5 was prepared by mixing
equimolar quantities of (R)-(Ag:c) and 1 in THF. To this
solution was added a two-fold excess of Ag:(�)-c. If indeed
(R)-5c reacts in a diastereoselective fashion with Ag:(�)-c to
afford (RR)-3c, an enantiomerically enriched sample of
unreacted Ag:(�)-c will remain. The residual silver salts were
recovered from such a reaction, and after acidolysis in
acetone, the enantiomeric excess of ketal 6 was found to be
zero. Clearly, (R)-5c fails to resolve Ag:(�)-c, indicating that
1 reacts unselectively with Ag:(�)-c to afford (RS)-5c which
in turn undergoes a series of ligand re-distribution reactions to
afford 1, and (RR,SS)-3c. The process is driven to completion
by the consumption of 1. The redistribution of constitutionally


identical ligands is readily dem-
onstrated using 3k. Samples of
enantiomerically pure (RR)-3k
and (SS)-3k were prepared us-
ing (R)-Ag:k and (S)-Ag:k, re-
spectively. 19F NMR illustrates
the formation of both hetero-


(SR)-3k and homochiral (RR,SS)-3k complexes immediately
upon mixing solutions of (RR)-3k and (SS)-3k. To summarise,
the diastereoselectivity observed in the formation of 3a ± j is
governed by the thermodynamic stability of rapidly intercon-
verting epimeric species (RR,SS)-3a ± j and (SR,RS)-3a ± j. As
diastereoselectivity is not observed for the corresponding Sb
complexes 4e ±k, it must be concluded that a combination of
both ligand ± ligand and metal ± ligand interactions govern
stereoselectivity.


Rationalising diastereoselectivity : The preferred arrange-
ment of a tri-aryl system is governed both by inter ring ±
ring and inter ring ± ligand steric interactions.[18] Calculations
and X-ray crystallographic studies demonstrate[19] that the
equatorial phenyl ligands within the trigonal bipyramidal
(TBPY) complexes 1 ± 2 prefer to adopt the enantiomeric (P)/
(M) propeller arrangement (Figure 4). Both the (P) and (M)
arrangements possess aC2 axis of symmetry, thereby affording
cylindrical helicity that is palindromic.[20] As defined here, a
palindromic cylindrical helix reads the same irrespective of
which Cl�M bond the molecule is viewed. The formation of
homo- as opposed to heterochiral diastereoisomeric com-
plexes therefore implicates the participation of a palindromic
propeller system in the formation of bismuth complexes 3a ± j.


Figure 4. Projections (viewed along the Cl�M bond) of the degenerate,
palindromic propeller conformations adopted by 1 ± 2.


Figure 5b depicts a TBPY complex of type 3 (viewed along
the O�Bi bond) in which the equatorial phenyl ligands A ± C
adopt a correlated M propeller. The closed circle depicts the
commonly encountered cis arrangement of carboxy ligands.
The orientation of both �nb donating C�O groups approx-
imately anti to the Bi�Cipso bond of ring A affords a propitious
geometrical arrangement for �nb� �Bi* orbital overlap.[19]


Calculations and X-ray structural correlations suggest that
despite being sterically strained, the cis arrangement depicted
here is in fact favoured because of stabilising[21] Bi ¥ ¥ ¥ O�C
(�nb� �Bi*) interactions. The X-ray crystal structures of
stereogenic complexes 3e and the tris(p-NMe2C6H4) ana-
logues of 3b and 3e also adopt the arrangement depicted in
Figure 5b. Equilibrium constants [MPh3Cl2�MPh3(O2CR)2�
2MPh3(O2CR)Cl] for the redistribution of Cl and OAc in 1 ± 2
were calculated to examine the participation of such stabilis-
ing effects in solution.[22] The Bi complex demonstrates a near


Figure 3. Ligand redistribution.
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statistical distribution of species [K (Bi)� 0.8� 0.1], whereas
the analogous Sb complex exhibits a preference for the mixed-
ligand adduct MPh3(O2CR)Cl [K (Sb)� 1.7� 0.1]. The trend
extends to ligands e [K (Bi)� 1.3� 0.1; K (Sb)� 1.8� 0.1] and
g [K (Bi)� 3.1� 0.1; K (Sb)� 10.0� 0.1]. It would seem that
in solution, the bis-carboxy complexes of Bi are stabilised
relative to the corresponding Sb species. Calculations[23]


demonstrate that the LUMOs of 1 ± 2 for example, are
situated mainly on the metal centre, and as anticipated[24] the
energy of �*Bi±C is about 100 kJmol�1 less than that of the
corresponding �*Sb±C. Evidently, the overlap of C�O �nb and
�*Bi±C orbitals produces a greater stabilising affect than the
corresponding Sb-centred interaction.


Projections of an �-stereogenic carboxy-ester possessing
large (L), medium (M) and small (S) groups (arbitrarily
assigned S and R) are presented in Figure 5a and c,
respectively. The S carboxy-ester (Figure 5a) orients L above
the sterically undemanding face of ring C. However, the R
configuration (Figure 5c) orients L proximal to the sterically
demanding edge of ring B, which is anticipated to be
disfavoured. Consequently, as defined here the S carboxy-


Figure 5. Diastereoselection by a palindromic molecular propeller. The
closed circle of (b) represents the C�O atom above the plane of the
equatorial phenyl ligands.


ester favours the M propeller arrangement of the BiPh3


moiety. Given the palindromic nature of the BiPh3 moiety, a
complementary configuration of co-ordinated carboxy esters
is therefore preferred that is, homochiral (S-M-S) as opposed
to the alternative heterochiral (S-M-R) arrangement. A
similar argument applies to the degenerate P propeller
configuration, where the configurational preference decreases
in the order (R-P-R) � (S-P-R) � (S-M-S). The X-ray crystal
structures of (SR)-4h and (SS)-4 i (Figures 1 and 2, respec-
tively, and indeed 3e and the tris(p-NMe2C6H4) analogues of
3b and 3e) are consistent with this model. Firstly, the SbPh3


unit of (SS)-4 i adopts a correlated M propeller arrangement
[i.e. , (S-M-S) Figure 5b]. As anticipated, the propeller is


sandwiched by a complementary pair of cis disposed (S)
carboxy ligands (i.e., Figure 5a, L�Ph, M�OMe and S�H).
Strong non-bonded interactions are characterised by Sb ¥ ¥ ¥
O�C 2.80 ä.


The X-ray crystal structure of the meso complex (SR)-4h
(Figure 1) also adopts the cis arrangement as depicted in
Figure 5b. As expected, the (S) carboxy ester (i.e., L�Ph,
M�C5H9 and S�H) and the M propeller adopt the
complementary arrangement depicted in Figure 5a. However,
distortions attend the non-complementary (R) ester. The
anticipated steric clashing associated with the (S-M-R)
combination (i.e. , Ph vs the edge of ring B, Figure 5c) is
circumvented by a 180� rotation about the OC�C� bond,
thereby orienting L (Ph) proximal to ring C (Figure 5c, d).
The attendant structural distortions prevent the mismatched
carboxy ester from participating in a secondary bonding
interaction (Sb ¥ ¥ ¥ O�C 3.60 ä).


We have demonstrated previously the correlation between
the pKa of a parent carboxylic acid, and the crystallograph-
ically determined M ¥ ¥ ¥O�C distance within 3 ± 4.[19] In the
case of 4 for example, a parent acid with pKa�2.8 does not
participate in secondary bonding interactions (Sb ¥ ¥ ¥ O�C
�3.2 ä) and subsequently fails
to stabilise the commonly en-
countered, and sterically strain-
ed cis arrangement. This obser-
vation is consistent with the
bonding model outlined earlier,
in which an electron withdraw-
ing substituent ™R∫ (Figure 6)
serves to attenuate �nb� �M±C*
overlap. The stereoselectivity
observed for the series of com-
plexes (RR,SS)-3c (pKa �3.8),
(RR,SS)-3 i (pKa �2.8) and
(RR,SS,RS)-3k (pKa �1.0)[25]


would appear to suggest that the -CF3 group of k is sufficiently
electron withdrawing to destabilise the strained conformation
required to correlate trans carboxy ligands within 3k.


Conclusion


The diastereoselective formation of the homochiral organo-
bismuth complexes 3a ± j is believed to proceed by a relatively
strained palindromic chiral propeller arrangement, stabilised
by intramolecular �nb� �*Bi±C orbital interactions. The model
used to rationalise stereoselectivity is consistent with calcu-
lations and empirical data derived from X-ray crystallography.
Calculations, X-ray crystallographic studies and equilibrium
measurements indicate that the �nb ��*M±C interactions of Sb
are less stabilising than those of the corresponding Bi
complexes. The difference in complex stability appears to be
sufficient for the corresponding organoantimony complexes
4e ±k to be formed non-stereoselectively. Similarly, the
carboxy ligand within the organobismuth complex 3k, ap-
pears to provide insufficient electron density to afford
stabilising �nb� �*Bi�C orbital interactions, and thereby fur-
nish a single, homochiral diastereoisomer.


Figure 6. Asymmetric biden-
tate bonding destabilised by
electron withdrawing ™R∫.
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Experimental Section


General : All reactions were performed under an atmosphere of dry
nitrogen. Tetrahydrofuran (THF) was distilled under an atmosphere of
nitrogen from sodium/benzophenone. Unless otherwise stated, all other
materials were purchased from Aldrich and used without further purifi-
cation. Silver salts of carboxylic acids were prepared from the correspond-
ing sodium salts by reaction with AgNO3. 1H NMR spectra were recorded
on either a JEOL Eclipse� 300 (300 MHz) or a Bruker DPX400
(400 MHz) spectrometer, using CDCl3 as solvent and referenced to
residual CHCl3, with chemical shifts being reported as � (ppm) from
tetramethylsilane, and J values measured in Hz. 13C NMR (DEPT) spectra
were recorded on either a JEOL Eclipse� 300 (75 MHz) or a Bruker
DPX400 (100 MHz) spectrometer. 13C NMR signal splitting means
resonance anisochronicity of the order 3 ± 8 Hz, and is attributed to the
presence of two diastereoisomers (i.e., RR,SS,SR). All signals are reported
for splitting � 8 Hz. 19F NMR spectra were recorded on a Jeol Eclipse�
300 (283 MHz) spectrometer. IR spectra were recorded on a Perkin Elmer
Spectrum BX FTIR spectrophotometer. Elemental analyses were con-
ducted by the University of Warwick analytical service. Gas chromatog-
raphy was conducted on a Schimadzu GC-17A instrument using a
Chiraldex G-TA column (30 m� 0.25 mm).


(RR,SS)-BiPh3[O2CCH(OH)Me]2 (3a): The silver salt of lactic acid (R,S)-
a (231 mg, 1.17 mmol) was added to a solution of 1 (300 mg, 0.59 mmol) in
THF (20 mL) and stirred at room temperature for ca. 2 h in the absence of
light. After filtration, a clear solution was obtained which was concentrated
in vacuo (ca. 10 mL). Hexane was added (5 ± 10 mL) and the solution was
allowed to stand at 0 �C, affording a white crystalline solid characterised as
3a (72%). IR (KBr): �� � 3497, 1296, 1604 cm�1; 1H NMR (300 MHz,
CDCl3): �� 8.10 (d, 6H, J� 7.0 Hz), 7.63 (t, 6H, J� 7.0 Hz), 7.50 (t, 3H, J�
7.0 Hz), 4.03 (q, 2H, J� 7.0 Hz), 2.99 (br s, 2H), 1.12 (d, 6H, J� 6.0 Hz);
13C NMR (100 MHz, CDCl3): �� 180.6, 158.7, 133.9, 131.5, 131.3, 67.4, 20.7;
elemental analysis calcd (%) for C24H25BiO6 (618.2): C 46.6, H 4.1; found: C
46.8, H 4.0.


(RR,SS)-BiPh3[O2CCH(OH)Et]2 (3b): Prepared using the same proce-
dure as described for 3a using the silver salt of (R,S)-b (67%). IR (KBr):
�� � 3482, 1324, 1619 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.12 (d, 6H,
J� 7.5 Hz), 7.63 (t, 6H, J� 7.5 Hz), 7.52 (t, 3H, J� 7.5 Hz), 3.92 (brm, 2H),
2.91 (br s, 2H), 1.57, 1.42 (2�m, 4H), 0.56 (t, 6H, J� 7.3 Hz); 13C NMR
(100 MHz, CDCl3): �� 180.0, 159.1, 134.1, 131.4, 131.3, 71.8, 27.6, 8.4;
elemental analysis calcd (%) for C26H29BiO6 (646.3): C 48.3, H 4.5; found:
C 47.9, H 4.5.


(RR,SS)-BiPh3[O2CCH(OH)Ph]2 (3c): Prepared using the same proce-
dure as described for 3a, using the silver salt of (R,S)-c (74%). IR (KBr):
�� � 3473, 1297, 1625 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.73 (m, 6H),
7.46 (m, 9H), 7.20 (m, 10H), 4.95 (d, 2H, J� 5.0 Hz), 3.62 (d, 2H, J�
5.0 Hz); 13C NMR (100 MHz, CDCl3): �� 177.4, 156.9, 140.1, 133.7, 131.5,
131.2, 128.1, 126.4, 127.5, 73.6; elemental analysis calcd (%) for C34H29BiO6


(742.3): C 55.0, H 3.9; found: C 54.6, H 3.9.


(RR,SS)-BiPh3[O2CC(OH)(Me)Et]2 (3d): Prepared using the same pro-
cedure as described for 3a, using the silver salt of (R,S)-d (81%). IR (KBr):
�� � 3482, 1324, 1619 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.13 (d, 6H,
J� 8.0 Hz), 7.63 (m, 6H), 7.50 (m, 3H), 3.40 (br s, 2H), 1.59, 1.45 (2�m,
4H), 1.14 (s, 6H), 0.45 (m, 6H); 13C NMR (100 MHz, CDCl3): �� 182.1,
159.3, 133.9, 133.3, 131.1, 75.0, 33.1, 26.1, 7.6; elemental analysis calcd (%)
for C28H33BiO6 (674.3): C 49.8, H 4.9; found: C 49.8, H 4.9.


(RR,SS)-BiPh3[O2CCH(Ph)CH2OH]2 (3e): see ref. [8].


(RR,SS)-BiPh3[O2CCH(Me)Et]2 (3 f): Prepared using the same procedure
as described for 3a, using the silver salt of (R,S)-f (80%). IR (KBr): �� �
1674 cm�1; 1H NMR (300 MHz, CDCl3): �� 8.15 (d, 6H, J� 8.0 Hz), 7.55
(m, 6H), 7.44 (m, 3H), 2.12 (q, 2H, 3J� 6.7 Hz), 1.42, 1.22 (2�m, 4H), 0.85
(d, 6H, J� 6.7 Hz), 0.53 (t, 6H, J� 7.0 Hz); 13C NMR (75 MHz, CDCl3):
�� 183.2, 161.5, 134.0, 130.9, 130.5, 42.0, 27.4, 17.3, 11.5; elemental analysis
calcd (%) for C28H33BiO4 (642.3): C 52.3, H 5.1; found: C 51.8, H 4.9.


(RR,SS)-BiPh3[O2CCH(Me)Ph]2 (3g): Prepared using a similar procedure
to that described earlier for 3a, using the silver salt of (R,S)-g (65%). IR
(KBr): �� � 1650 cm�1; 1H NMR (400 MHz, CDCl3): �� 7.92 (m, 6H), 7.41
(m, 10H), 7.11 (m, 9H), 3.53 (q, 2H, 3J� 6.7 Hz), 1.26 (d, 6H, 3J� 6.7 Hz);
13C NMR (100 MHz, CDCl3): �� 179.7, 159.6, 142.1, 133.8, 130.4, 130.0,


128.1, 127.4, 126.1, 46.6, 18.9; elemental analysis calcd (%) for C36H33BiO4


(738.4): C 58.5, H 4.5; found: C 57.2, H 4.4.


(RR,SS)-BiPh3[O2CCH(C5H9)Ph]2 (3h): Prepared using the same proce-
dure as described for 3a using the silver salt of (R,S)-h (84%). IR (KBr):
�� � 1663 cm�1; 1H NMR (400 MHz, CDCl3): �� 7.91 (m, 6H), 7.38 (ms,
9H), 7.13 (br s, 10H), 3.12 (d, 2H, J� 11 Hz), 2.40 (m, 2H), 1.50 ± 1.30, 0.90
(2�m, 16H); 13C NMR (100 MHz, CDCl3): �� 179.4, 160.2, 140.2, 133.6,
130.8, 130.2, 128.2, 127.9, 126.1, 59.1, 43.5, 31.0, 30.6, 25.2, 24.9; elemental
analysis calcd (%) for C44H45BiO4 (846.2): C 62.4, H 5.3; found: C 62.4, H
5.3.


(RR,SS)-BiPh3[O2CCH(OMe)Ph]2 (3 i): Prepared using the same proce-
dure as described for 3a, using the silver salt of (R,S)-i (71%). IR (KBr):
�� � 2823, 1722, 1681 cm�1; 1H NMR (400 MHz, CDCl3): �� 7.91 (m, 6H),
7.41 (m, 9H), 7.17 (m, 10H), 4.60 (s, 2H), 3.19 (s, 6H); 13C NMR (100 MHz,
CDCl3): �� 175.5, 158.4, 137.7, 134.0, 131.2, 130.7, 128.2, 127.7, 127.1, 83.6,
57.0; elemental analysis calcd (%) for C36H33BiO6 (770.2): C 56.1, H 4.3;
found: C 53.8, H 4.2.


(RR,SS)-BiPh3[O2CCH(OPh)Me]2 (3 j): Prepared using the same proce-
dure as described for 3a using the silver salt of (R,S)-j (75%). IR (KBr):
�� � 1670 cm�1; 1H NMR (400 MHz, CDCl3): �� 7.96 (m, 6H), 7.49 (m, 9H),
7.03 (m, 4H), 6.83 (m, 2H), 6.57 (d, 4H, J� 7.6 Hz), 4.49 (q, 2H, J� 6.6 Hz),
1.32 (d, 6H, J� 6.6 Hz); 13C NMR (100 MHz, CDCl3): �� 178.4, 158.0,
157.8, 134.3, 132.8, 131.9, 129.4, 121.0, 114.8, 72.9, 18.7; elemental analysis
calcd (%) for C36H33BiO6 (770.3): C 56.1, H 4.3; found: C 55.6, H 4.1.


(RR,SS,RS)-BiPh3[O2CC(CF3)(OMe)Ph]2 (3k): Prepared using the same
procedure as described for 3a, using the silver salt of (R,S)-k (80%). IR
(KBr): �� � 1646, 1346, 1259, 1185 cm�1; 1H NMR (400 MHz, CDCl3): ��
8.21 (d, 6H, J� 8.0 Hz), 7.58 (m, 9H), 7.19 (m, 2H), 7.07 (m, 8H), 3.23, 3.22
(s, 6H); 13C NMR (100 MHz, CDCl3): �� 170.9, 158.1*, 134.5*, 133.9,
131.5, 131.4, 128.6, 127.7, 127.2, 123.9 (q, 1JC,F� 287 Hz), 84.5 (q, 2JC,F�
27 Hz), 54.8; 19F NMR (283 MHz, CDCl3): ���71.1, �71.2 (2� s);
elemental analysis calcd (%) for C36H31BiO6F6 (882.0): C 50.3, H 3.4;
found: C 49.5, H 3.4. *Splitting observed.


The diastereoisomers (SS)- and (RR)-3k were prepared using the silver
salts of (S)- and (R)-k, respectively. (SS)-3k (77%). 1H NMR (300 MHz,
CDCl3): �� 8.21 (d, 6H, J� 8.0 Hz), 7.58 (m, 9H), 7.19 (m, 2H), 7.08 (m,
8H), 3.22 (s, 6H); 13C NMR (75 MHz, CDCl3): �� 171.0, 158.3, 134.6,
131.6, 133.8, 131.4, 128.7, 127.9, 127.3, 123.9 (q, 1JC,F� 287 Hz), 84.5 (q,
2JC,F� 27 Hz), 54.7; 19F NMR (283 MHz, CDCl3): ���71.1 (s); elemental
analysis calcd (%) for C36H31BiO6F6 (882.0): C 50.4, H 3.4; found: C 50.2, H
3.4.


(RR,SS,RS)-SbPh3[O2CCH(Ph)CH2OH]2 (4e): Prepared by a similar
procedure to that described earlier for 3e, using 2 (87%). IR (KBr): �� �
1769, 1644, 1354 cm�1; 1H NMR (300 MHz, CDCl3): � �7.70 (m, 6H), 7.38
(m, 13H), 7.20 (m, 4H), 6.92 (m, 2H), 3.82, 3.60 (2�m, 6H), 2.50 (br s,
2H); 13C NMR (75 MHz, CDCl3): �� 176.4, 136.7*, 136.6, 133.7, 131.3,
129.3, 128.5, 128.3, 127.1, 64.6*, 54.8*; elemental analysis calcd (%) for
C36H33SbO6 ¥ 0.4CHCl3 (682.8): C 63.2, H 4.8; found: C 59.6, H 4.6.
*Splitting observed.


(RR,SS,RS)-SbPh3[O2CCH(Me)Et]2 (4 f): Prepared by a similar procedure
to that described earlier for 3 f, using 2 (68%). IR (KBr): �� � 1640 cm�1;
1H NMR (300 MHz, CDCl3): �� 7.96 (m, 6H), 7.55 (m, 9H), 2.13 (q, 2H,
3J� 6.7 Hz), 1.40, 1.21 (2�m, 4H), 0.86 (d, 6H, J� 6.7 Hz), 0.54 (t, 6H, J�
9.0 Hz); 13C NMR (75 MHz, CDCl3): �� 181.3, 139.8, 139.0, 134.1, 133.8,
131.2, 130.7, 129.4, 129.0, 42.9, 41.9, 27.1, 17.1, 17.0, 11.8, 11.4; elemental
analysis calcd (%) for C28H33SbO4 (554.8): C 60.6, H 5.9; found: C 60.2, H
5.5.


(RR,SS,RS)-SbPh3[O2CCH(Me)Ph]2 (4g): Prepared by a similar proce-
dure to that described earlier for 3g, using 2 (76%). IR (KBr): �� �
1650 cm�1; 1H NMR (400 MHz, CDCl3): �� 7.69 (m, 6H), 7.34 (m, 4H),
7.32 (m, 9H), 7.17 (m, 6H), 3.51 (q, 2H, 3J� 6.9 Hz), 1.26 (d, 6H, 3J�
6.9 Hz); 13C NMR (100 MHz, CDCl3): � �177.1*, 133.7, 130.8, 129.0, 128.2,
127.5, 126.4, 46.8*, 18.2*; elemental analysis calcd (%) for C36H33SbO4


(617.8): C 66.3, H 5.1; found: C 66.4, H 5.1. *Splitting observed.


(RR,SS,RS)-SbPh3[O2CCH(C5H9)Ph]2 (4h): Prepared by a similar proce-
dure to that described earlier for 3h, using 2 (76%). IR (KBr): �� �
1663 cm�1; 1H NMR (400 MHz, CDCl3): �� 7.67 (d, 6H, J� 9.0 Hz), 7.39
(m, 3H), 7.28 (m, 6H), 7.13 (m, 10H), 3.13 (d, 2H, J� 11 Hz), 2.37 (m, 2H),
1.55 ± 1.30, 1.0 ± 0.8 (2�m, 16H); 13C NMR (75 MHz, CDCl3): �� 177.0*,
139.7, 138.0, 133.6, 128.9, 130.7, 128.3, 128.0, 126.4, 59.4, 42.9, 31.2*, 30.7,
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25.2, 24.9; elemental analysis calcd (%) for C44H45SbO4 (759.6): C 69.6, H
5.9; found: C 69.4, H 5.9. *Splitting observed. Single crystals of the
diastereoisomer (RS)-(4h) suitable for X-ray crystallography were grown
by slow evaporation of a THF solution.


(RR,SS,RS)-SbPh3[O2CCH(OMe)Ph]2 (4 i): Prepared by a similar proce-
dure to that described earlier for 3 i, using 2 (69%). IR (KBr): �� �
1653 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.65 (m, 6H), 7.41 (m, 4H),
7.31 (m, 9H), 7.29 (m, 6H), 4.54* (s, 2H), 3.18, 3.19 (s, 6H); 13C NMR
(100 MHz, CDCl3): �� 173.0*, 138.5, 138.3, 133.6, 129.1, 128.2, 127.1, 127.0,
126.4, 83.3, 83.2, 56.8: elemental analysis calcd (%) for C44H45SbO4 (683.4):
C 63.2, H 4.9; found: C 63.1, H 4.8. *Splitting observed. Single crystals of
the diastereoisomer (RR,SS)-(4 i) suitable for X-ray crystallography were
grown from a THF solution.


(RR,SS,RS)-SbPh3[O2CCH(OPh)Me]2 (4 j): Prepared by a similar proce-
dure to that described earlier for 3 j, using 2 (76%). IR (KBr): �� �
1663 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.78 (m, 6H), 7.41 (m, 9H),
7.08 (m, 4H), 6.85 (m, 2H), 6.58 (d, 4H, J� 8.0 Hz), 4.46 (q, 2H, J�
6.9 Hz), 1.32 (d, 6H, J� 6.9 Hz); 13C NMR (75 MHz, CDCl3): �� 175.5*,
157.9*, 136.4*, 133.9, 131.2, 129.4, 129.3*, 120.8, 114.8*, 73.0, 72.9, 18.5*;
elemental analysis calcd (%) for C36H33SbO6 (682.8): C 63.3, H 4.9; found:
C 63.1, H 5.0. *Splitting observed.


(RR,SS,RS)-SbPh3[O2CC(CF3)(OMe)Ph]2 (4k): Prepared by a similar
procedure to that described earlier for 3k, using 2 (71%). IR (KBr): �� 1675,
1312, 1259, 1122 cm�1; 1H NMR (300 MHz, CDCl3): �� 7.98 (d, 6H, J�
6.5 Hz), 7.49 (m, 9H), 7.20 (m, 2H), 7.05 (m, 8H), 3.16 (s, 6H); 13C NMR
(100 MHz, CDCl3): �� 169.0, 135.7*, 134.3, 133.5, 131.8, 129.5, 128.8, 127.9,
127.2, 123.7 (q, 1JC,F� 288 Hz), 84.3 (q, 2JC,F� 27 Hz), 54.8; 19F NMR
(235 MHz, CDCl3)��71.6, �71.7; elemental analysis calcd (%) for
C38H31SbO6F6 (723.0): C 55.7, H 3.8; found: C 55.4, H 3.8. *Splitting
observed.


Resolution study : (R)-Ag:c (0.75 g, 2.9 mmol) was added to a rapidly
stirred solution of 1 (1.48 g, 2.9 mmol) in THF (40 mL). After 0.5 h, (R,S)-c
(1.5 g, 5.81 mmol) was added and the mixture was stirred for a further 1 h.
The insoluble salts were collected by filtration and washed thoroughly with
THF. The solid was suspended in acetone (5 mL), cooled to �10 �C and the
rapidly stirred solution acidified with conc. H2SO4 before being poured into
Na2CO3 (aq). The heterogeneous mixture was extracted with CHCl3 and
the combined extracts dried (MgSO4) and reduced in vacuo to afford a
white solid characterised as 1,3-dioxolan-2,2�-dimethyl-5-phenyl-4-one
(6).[26] 1H NMR (300 MHz, CDCl3): � �7.45 (m, 5H), 5.39 (s, 1H), 1.70
(d, 6H, J� 15 Hz). Gas chromatography using a chiral column afforded
separation of the enantiomers accordingly (R)-6� 11.43 and (S)-6�
12.31 min (160 �C isothermal, 1.0 mLmin�1). The order of elution was
established by the preparation of (R)-6 from (R)-c.


Data retrieval: Crystal structures were located within version 5.21 (April
2001 release) of the Cambridge Structural Database (CSD) which
contained 233 218 entries using the QUEST program.[27]


X-ray crystallography : Data collection: Data were collected at 120 K on a
Bruker-Nonius KappaCCD area detector diffractometer at the window of a
rotating anode FR591 generator with a molybdenum target [�(MoK�)�
0.71073 ä] and controlled by the COLLECT[28] and DENZO[29] software
packages. Data were corrected for absorption using the empirical method
employed in SORTAV.[30]


Structure solution and refinement : The structures were solved by direct
methods (SHELXS-97[31]) and then subjected to full-matrix least squares
refinement based on F 2


o (SHELXL-97). Non hydrogen atoms were refined
anisotropically with hydrogens included in idealised positions (C ± H
distance� 0.97 ä) with isotropic displacement parameters riding on those
of the parent atom. The weighting Scheme used was w� 1/[� 2(F 2


o	]. The
methoxy group of structure 4 i is disordered over two positions, with the
major component (83% occupied) being depicted in Figure 2. See Table 3
for structural data.


CCDC-194654 (4h) and -194655 (4 i) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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3[(dx2�y2 , dxy)(pz)] Excited States of Binuclear Copper(�) Phosphine Complexes:
Effect of Copper ±Ligand and Copper ±Copper Interactions on Excited State
Properties and Photocatalytic Reductions of the
4,4�-Dimethyl-2,2�-bipyridinium Ion in Alcohols.


Zhong Mao, Hsiu-Yi Chao, Zheng Hui, Chi-Ming Che,* Wen-Fu Fu, Kung-Kai Cheung,
and Nianyong Zhu[a]


Abstract: A comprehensive study of the
structural and spectroscopic properties
of two-, three-, and four-coordinate
copper��) complexes with aliphatic phos-
phine ligands is presented. All com-
plexes described in this work are char-
acterized by X-ray crystallography. The
intramolecular Cu ¥ ¥ ¥Cu separations
in [Cu2(dcpm)2]X2, [Cu2(dcpm)2-
(CH3CN)2]X2, and [Cu2(dmpm)3]-
(ClO4)2 (dcpm� bis(dicyclohexylphos-
phino)methane; dmpm� bis(dimethyl-
phosphino)methane; X�ClO4


� and
PF6�) are in the range 2.639(2) ±
3.021(2) ä. The anion ¥ ¥ ¥CuI interaction
is weak, as evidenced by the nearest
O ¥ ¥ ¥Cu separation of 2.558(6) ä in


[Cu2(dcpm)2](ClO4)2 and the closest
Cu ¥ ¥ ¥F separation of 2.79(1) ä in
[Cu2(dcpm)2](PF6)2. The absorption
bands of [Cu2(dcpm)2]X2 and
[Cu2(dcpm)2(CH3CN)2]X2 (X�ClO4


�


and PF6�) at �max 307 ± 311 nm in CH2Cl2
are assigned as 1[3d�*� 4p�] transi-
tions; this has been confirmed by reso-
nance Raman spectroscopy. The triplet
emissions in the visible region from
these complexes exhibit long lifetimes
and are sensitive to the environment.


The lowest emissive excited state is
tentatively ascribed as 3[(dx2�y2 , dxy)(pz)]
in nature. For [Cu2(dcpm)2]2� salts in
CH3CN, the emissive species is postu-
lated to be [Cu2(dcpm)2(CH3CN)n]2�


(n� 3). Efficient photocatalytic reduc-
tion of MV2� (4,4�-dimethyl-2,2�-bipyri-
dinium) to MV� in alcoholic solutions
by using [Cu2(dcpm)2](PF6)2 or
[Cu2(dppm)2(CH3CN)4](ClO4)2 (dppm�
bis(diphenylphosphino)methane) as a
catalyst has been observed. The addition
of CH3CN or use of [Cu2(dmpm)3]-
(ClO4)2 as a catalyst did not allow
photocatalytic reduction processes to
occur.


Keywords: copper ¥ luminescence ¥
metal ±metal interactions ¥
phosphanes ¥ photochemistry


Introduction


Luminescent copper��) complexes have generated consider-
able interest due to their rich photophysical properties[1] and
potential applications in materials sciences.[2, 3] In the area of


chemosensors, Ford and co-workers demonstrated significant
changes in emission energy for [{CuI(4-picoline)}4] when
exposed to volatile organic solvents.[2] We recently reported
the realization of organic light-emitting devices (OLEDs)
derived from luminescent copper��) arylacetylide complexes
as light-emitting materials.[3] While the triplet metal-to-ligand
charge-transfer (MLCT) emissions of copper��) complexes
containing aromatic diimine ligands is well documented in the
literature,[1d, 4] there are a number of copper��) complexes that
contain ligands without low-energy �* orbitals, but display
intense long-lived phosphorescence in the visible region
under ambient conditions. Notable examples of these are
the tri-, tetra-, and hexanuclear copper��) complexes with
chalcogenide capping ligands.[5] For photoluminescent poly-
nuclear copper��) complexes that display Cu ¥ ¥ ¥Cu contacts of
less than 3.0 ä, CuI ¥ ¥ ¥CuI interactions are invariably invoked
in the spectral assignment of their emissions.[1b,e, 2, 5, 6]


Recently, we communicated spectroscopic evidence for a
metal–metal-bonded singlet [d�*p�] excited state in dinu-
clear copper��) complexes.[7] The strong UV absorption of
[Cu2(dcpm)2]2� salts with Cu ¥ ¥ ¥Cu distances of 2.639(2) ±
2.790(5) ä occurs at �max 307 ± 311 nm and is assigned to the


[a] Prof. Dr. C.-M. Che, Z. Mao, Dr. H.-Y. Chao, Dr. Z. Hui, Dr. W.-F. Fu,
Dr. K.-K. Cheung, Dr. N. Zhu
Department of Chemistry
and HKU-CAS Joint Laboratory on New Materials
The University of Hong Kong, Pokfulam Road
Hong Kong SAR (P.R. China)
Fax: (�852) 2857-1586
E-mail : cmche@hku.hk


Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author. Study of the reaction of
[Cu2(dcpm)2](PF6)2 with CH3CN, 31P NMR chemical shift for 1 in
CD3CN and CD2Cl2 at various temperatures, perspective views of
cations of 2, 5, and 7, and solid-state emission spectra of 6 and 7 at
298 K. Electronic absorption spectra of 9 in H2O and CH3CN,
absorption, excitation, and emission spectra of 9 in aqueous solution
at 298 K, UV-visible spectral changes of 2 and MV2� in methanol as a
function of irradiation time, and UV-visible spectral changes of
[Cu(dppm)2(CH3CN)4](ClO4)2 and MV2� in ethanol as a function of
irradiation time.
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[3d�*� 4p�] transition. Based on resonance Raman experi-
ments, it was suggested that the Cu ±Cu interaction is stronger
in the excited state than the ground state.[7] The emission of
[Cu2(dcpm)2]2� was significantly affected by its micro-envi-
ronment; it was virtually nonemissive in CH2Cl2 (quantum
yield�10�4), but emitted at different energies from 77 K glass
to 298 K CH3CN solution. Furthermore, the proximity of
counteranions to the copper��) ions in the crystal lattices of
[Cu2(dcpm)2]X2 significantly affected the solid-state photo-
luminescent properties.[7]


The question arises as to the nature of the emissive excited
state for dinuclear/polynuclear copper��) complexes with and
without CuI ¥ ¥ ¥CuI interactions. For three-coordinate d10-gold
phosphine complexes, we and Gray et al. have suggested that
the 3[(dx2�y2 , dxy)(p�)] {or 3[(dx2�y2 , dxy)(pz)} for mononuclear
gold��)} excited state may be more important than 3[d�*p�]
with respect to their influence on the photoluminescent
characteristics.[8]


In this paper, an extensive study of the spectroscopic
properties of two-, three-, and four-coordinate copper��)
complexes with aliphatic UV-silent phosphine ligands is
described. Based on the findings in this work, we propose
that the intermolecular copper ¥ ¥ ¥ ligand interaction(s), both in
the ground and excited states, is a key factor in determining
the photophysical properties of di- and polynuclear copper��)
complexes. This also indicates that their lowest emissive
electronic excited state is 3[(dx2�y2 , dxy)(pz)] in nature, and the
long emission lifetime can be attributed to the forbidden
nature of the (dx2�y2 , dxy)� pz transition. In addition, the
efficient photocatalytic reduction of MV2� (4,4�-dimethyl-2,2�-
bipyridinium) to the MV� radical in alcoholic solutions by
using [Cu2(dcpm)2](PF6)2 or [Cu2(dppm)2(CH3CN)4](ClO4)2
as a catalyst is described, and a reactive [Cu2(dcpm)2]3�


intermediate capable of alcohol oxidation is postulated.


Results and Discussion


Synthesis : Two- and four-coordinate copper��) phosphine
complexes have been studied less than their three-coordinate
analogues; the formation of the former requires sterically
bulky auxiliary ligands such as tribenzyl-[9] or tricyclohexyl-
phosphine. Recently, Hoffmann and co-workers reported
dinuclear two-coordinate copper��) complexes supported by


the bulky bis(di-tert-butylphosphino)methane ligand.[10] We
previously communicated the synthesis and spectroscopic
properties of [Cu2(dcpm)2]2� salts.[7] Although [Cu(PR3)2]�


and [Cu(PR3)X]2 derivatives were reported as early as
1970,[11] their photophysical properties have not been reported
previously.
Here, [Cu(CH3CN)4]X (X�ClO4


� and PF6�) were used as
starting materials for the preparation of the mono- and
dinuclear copper��) phosphine complexes 1, 2, and 4 ± 9
(Scheme 1). Reactions of [Cu(CH3CN)4]X with dcpm in dry
acetone or dichloromethane gave two kinds of products,
depending on the dcpm/Cu molar ratio; a 1:1 ratio gave
[Cu2(dcpm)2]X2 (X�ClO4


� (1), PF6� (2)), whereas a 2:1 ratio
gave [Cu(dcpm)2](PF6) (8). Complexes 1 and 2 are stable in
CH2Cl2 for more than 30 minutes in the absence of the free
dcpm ligand. Diffusion of diethyl ether into solutions of 1 and
2 in acetonitrile gave [Cu2(dcpm)2(CH3CN)2]X2 (X�ClO4


�


(4), PF6� (5)), in which the CH3CN molecule is coordinated to
CuI. Attempts to obtain [Cu2(dcpm)2L2]2� by the treatment of
[Cu2(dcpm)2](ClO4)2 (1) with L (L�PPh3 or pyridine) were
unsuccessful. Complex 3 was prepared by the reaction of CuI
with dcpm in a 1:1 molar ratio. Mononuclear complexes
[Cu(PCy3)2]X (X�ClO4


� (6), PF6� (7)) were synthesized by
reacting [Cu(CH3CN)4]X with excess PCy3 in acetone or
dichloromethane. Reaction of [Cu(CH3CN)4](ClO4) with the
less bulky dmpm ligand gave 9 instead of [Cu2(dcpm)2]-
(ClO4)2. Complexes 1 ± 9 are stable in the solid state with
respect to air and moisture.


Crystal structures : Complexes 1 ± 9 have been characterized
by X-ray crystal analysis. The cations of 1 (Figure 1) and 2
(Supporting Information) consist of two copper��) ions
bridged by two dcpm ligands, with Cu�P bond lengths in the
range 2.199(2) ± 2.229(2) ä. The anion ¥ ¥ ¥CuI interaction is
weak, as signified by the nearest Cu ¥ ¥ ¥O and Cu ¥ ¥ ¥F
interactions of 2.558(6) ä in 1 and 2.79(1) ä in 2. The
anion ¥ ¥ ¥ copper interaction is presumably responsible for the
deviation of the P-Cu-P angle from the expected linear
geometry (i.e. 162.48(8) and 165.67(9)� in 1 and 170.0(2)� in
2). The intramolecular Cu ¥ ¥ ¥Cu distances of 2.639(2) and
2.731(2) ä in 1 and 2.790(5) ä in 2 (Table 1) fall in the range
in which weak CuI ¥ ¥ ¥CuI interactions become feasible. The
cations in 4 and 5 are essentially isostructural and indepen-


Scheme 1. Synthesis of 1 ± 9.
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Figure 1. Perspective view of 1. Selected bond lengths (ä) and angles (�)
for one independent molecule: Cu1 ¥ ¥ ¥Cu1* 2.731(2), Cu1 ¥ ¥ ¥O 2.558(6),
Cu1�P1 2.228(2), Cu1�P2 2.229(2), P1-Cu1-P2 162.48(8).


dent of the counteranions. Figure 2 shows the
[Cu2(dcpm)2(CH3CN)2]2� core in 4 (for 5, see Supporting
Information). The CuI atoms exhibit Y-shaped trigonal CuP2N
configurations. The P-Cu-P angles in 4 (143.86(4)�) and 5


Figure 2. Perspective view of the cation of 4. Selected bond lengths (ä)
and angles (�): Cu1 ¥ ¥ ¥Cu1* 2.8096(9), Cu1�N1 2.029(4), Cu1�P1 2.248(1),
Cu1�P2* 2.249(1), P1-Cu1-P2* 143.86(4), P1-Cu1-N1 108.8(1), P2*-Cu1-
N1 105.7(1).


(146.1(1) and 146.2(1)�) are considerably smaller than those in
1 and 2, suggesting that the CH3CN molecules engage in
stronger interaction with the CuI core than the ClO4


� and PF6�


species. The Cu ¥ ¥ ¥Cu bond distances 4 and 5 are 2.810(1) and
2.810(2) ä, respectively, which are noticeably longer than
those in 1 and 2. Complex 3 features a three-coordinate
copper��) configuration (Figure 3). The Cu�I bond lengths are
2.621(1) and 2.623(1) ä, while the Cu�P bond lengths
(2.248(2) and 2.254(2) ä), and P-Cu-P angles (141.84(8) and
145.24(7)�) are comparable to those in 4 and 5. The intra-
molecular Cu ¥ ¥ ¥Cu separations in 3 are 2.872(2) and
2.938(2) ä; these are the longest among the dinuclear
derivatives 1 ± 5 (Table 1).


Figure 3. Perspective view of 3. Selected bond lengths (ä) and angles (�):
Cu2 ¥ ¥ ¥Cu2* 2.872(2), Cu2�I2 2.621(1), Cu2�P3 2.248(2), Cu2�P4* 2.254(2),
P3-Cu2-P4* 141.84(8), P3�Cu2�I2 114.27(6), P4*-Cu2-I2 103.08(5).


Complex 8 is four-coordinate with two chelating dcpm
ligands. To the best of our knowledge, the structures of
[Cu(PR2CH2PR2)2]� complexes have not been reported. As
depicted in Figure 4, the CuI center adopts a distorted
tetrahedral geometry with P-Cu-P angles of 75.74(3) ±
130.44(3)�. The Cu�P bond length (2.351(1) to 2.376(1) ä)
is significantly longer than those in the dinuclear complexes
1 ± 5 (2.199(2) to 2.254(2) ä). Figure 5 shows a perspective
view of the cation in 9. The [Cu2(dmpm)3]2� core adopts a
−manxane× structure[12] similar to [Pt2(dppm)3][13] and
[Au2(dmpm)3]2�.[14] The P-Cu-P angles are 117.6(1) ±
121.2(1)�, which are normal for trigonal planar copper��)
complexes. The ClO4


� ion is noncoordinating (nearest Cu ¥ ¥ ¥O
distance 2.77(1) ä). The intramolecular Cu ¥ ¥ ¥Cu distance is
3.021(2) ä, which is noticeably longer than those in 1 and 2
(2.639(2) ± 2.790(5) ä). The Cu�P bond lengths range from
2.246(3) to 2.261(3) ä and are comparable to those observed
in 3 ± 5.


Table 1. Cu ¥ ¥ ¥Cu and shortest Cu ¥ ¥ ¥Xdistances, and P-Cu-P angles of complexes
1 ± 7 and 9.


Complexes Cu ¥ ¥ ¥Cu [ä] shortest Cu ¥ ¥ ¥X [ä] P-Cu-P [�]


1 2.639(2), 2.731(2) 2.558(6) (X�O) 162.48(8), 165.67(9)
2 2.790(5) 2.79(1) (X�F) 170.0(2)
3 2.872(2), 2.938(2) 141.84(8), 145.24(7)
4 2.810(1) 143.86(4)
5 2.810(2) 146.1(1), 146.2(1)
6 2.26(1) (X�O) 144.44(9)
7 3.072(3) (X�F) 179.47(3)
9 3.021(2) 2.77(1) (X�O) 117.6(1), 118.4(1)


120.1(1), 121.2(1)
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Figure 4. Perspective view of the cation of 8. Selected bond lengths (ä)
and angles (�): Cu1�P1 2.351(1), Cu1�P2 2.376(1), P1-Cu1-P2 130.43(3),
P1-Cu1-P2� 75.74(3), P1-Cu1-P1� 122.98(5), P2-Cu1-P2� 130.16(5).


Figure 5. Perspective view of the cation of 9. Selected bond lengths (ä)
and angles (�): Cu1 ¥ ¥ ¥Cu2 3.021(2), Cu1�P1 2.239(3), Cu1�P4 2.246(3),
Cu1�P5 2.250(3), P1-Cu1-P4 121.2(1), P1-Cu1-P5 118.4(1), P4-Cu1-P5
120.1(1).


The structure of 6 was reported in 1975, [15] and we have
obtained a similar structure in this work. The structure of the
cation in 7 (Supporting Information) is similar to that of 6
except the CuI ¥ ¥ ¥ anion distances in the latter are sufficiently
short for significant interaction. The closest Cu ¥ ¥ ¥O distance
in 6 is 2.26(1) ä (comparable with 2.220(7) ä reported
earlier[15]), which is longer than the sum of covalent radii
(1.98 ä), but close to the sum of ionic radii (2.17 ä). The
P-Cu-P angles in 6 and 7 are 144.44(9) and 179.47(3)�,
respectively. Apparently, the ClO4


� ¥ ¥ ¥ [Cu(PCy3)2]� interac-
tion is stronger than that for PF6� ¥ ¥ ¥ [Cu(PCy3)2]� .


Electronic absorption and 31P NMR spectroscopy: The
photophysical data of 1 ± 9 are listed in Table 2. Complexes
1 and 4, like 2 and 5, display identical absorption spectra in
CH2Cl2 except for minor differences in � values. Figure 6
displays the electronic absorption spectra of 1 and 6 in CH2Cl2
and 1 in CH3CN. An intense absorption band is observed at
311 nm for 1 (�� 1.4� 104 dm3mol�1 cm�1) and at 307 nm for 2
(�� 1.7� 104 dm3mol�1 cm�1) in CH2Cl2. Since the mononu-
clear complex 6 does not exhibit any significant absorption
above 280 nm, we assign the intense absorptions for 1 and 2 to
1[3d�*� 4p�] transitions. Previous results from resonance
Raman measurements also supported this assignment.[7] The
small difference in absorption maxima between 1 and 2 in
CH2Cl2 may be attributed to the effect of the anion upon the
CuI ¥ ¥ ¥CuI interaction in the ground state. As revealed by
X-ray crystal analysis, the [Cu2(dcpm)2]2� core weakly inter-
acts with counterions/solvent molecules in the crystal lattice
of 1, 2, 4, and 5. The blue shift of the 3d�*� 4p� transition
from 1 (311 nm) to 2 (307 nm) is consistent with the shorter
Cu ¥ ¥ ¥Cu separation in 1 (mean 2.685 ä) relative to 2
(2.790(5) ä).
The electronic absorption spectrum of 9 in water shows an


intense band at 276 nm. Since the intensity and shape of this
band are similar to those for the 1[3d�*� 4p�] transition of 1,
it is similarly assigned. The Cu ¥ ¥ ¥Cu distance in 9 (3.021(2) ä)
is significantly longer than that in 1 (2.639(2) and 2.731(2) ä),
and this may be correlated to the red shift of the metal-
centered 1[3d�*� 4p�] transition from 276 nm for 9 to
307 nm for 1.
We found that the 1[3d�*� 4p�] transition is affected by


coordinating solvents. For the [Cu2(dcpm)2]2� species, the
intense absorption band of 1, 2, 4, and 5 at about 310 nm
decreases in intensity and undergoes a red shift to about
319 nm when the fluid medium is changed from CH2Cl2 to
CH3CN. In a non-nitrile coordinating medium, such as
CH2Cl2/MeOH (1:1),[16] 1 shows absorption bands at 286 and
308 nm with � values below 104 mol�1dm3cm�1 (Table 2). For
9, the intense absorption band at 276 nm in H2O becomes
featureless in CH3CN and is replaced by a broad absorption at
240 ± 300 nm (Supporting Information). Anion coordination
at the CuI core also affects the 1[3d�*� 4p�] transition. The
absorption spectrum of complex 3, which features a coordi-
nated iodide moiety at each CuI center and a Cu ¥ ¥ ¥Cu
separation of 2.872(2) and 2.938(2) ä, in CH2Cl2 shows a less
prominent band at 323 nm (�� 3400 mol�1dm3cm�1), which is
different from the intense 311 nm absorption band of 1
(�� 14100 mol�1dm3 cm�1). Other three-coordinate species
such as [{Cu(PCy3)Cl}2] and [{Cu(PCy3)I}2], with two �2-halide
groups, show intense absorption bands at 233 nm
(�� 104mol�1dm3cm�1), while absorptions at �� 300 nm ex-
hibit very low �values (�100mol�1dm3cm�1) (Table 2).
It is pertinent to compare the absorption spectra of the


dinuclear copper��) phosphine derivatives 1, 2, 4, and 5 with
those of congeners bearing arylphosphine ligands, such as
[Cu2(dppm)2(CH3CN)4](ClO4)2 and [Cu2(dppm)2(L)2](ClO4)2
(L�PPh3 or nitrogen bases).[17] The latter show broad
absorption bands/shoulders at 306 ± 315 nm (�� 8.54� 103 to
4.19� 104 mol�1dm3cm�1) in CH2Cl2. Due to the low-lying ��*
excited states of dppm and L, and the absence of CuI ¥¥¥CuI
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interactions (Cu ¥ ¥ ¥Cu separation�3.7 ä) in these complexes,
the 306 ± 315 nm absorptions were assigned to metal-per-
turbed intraligand ���* transitions of dppm and L.
The 31P NMR chemical shift of 1 (15.8 ppm) in CD2Cl2 is


different from that of 2 (18.4 ppm), presumably due to the
effect of anions upon the [Cu2(dcpm)2]2� core. Changing the
temperature from 293 to 243 K resulted in minimal impact
upon the 31P NMR chemical shift of 1 (15.77 vs 15.43 ppm) in


CD2Cl2 (Supporting Information). The 31P NMR chemical
shifts of 1, 2, 4, and 5 in CD3CN are virtually identical (9.8 ±
9.9 ppm), and appear upfield from those recorded in CD2Cl2
(�15 ppm). It is noteworthy that the 31P NMR chemical shift
of 1 in CD3CN is temperature-dependent and varies
from 9.76 ppm at 293 K to 8.46 ppm at 243 K (Supporting
Information). We tentatively attribute this to the
rapid equilibrium process: [Cu2(dcpm)2]2� � nCH3CN�


Table 2. Photophysical data of complexes 1 ± 9.


Complex Medium (T [K]) �abs [nm] (� [dm3mol�1cm�1]) �em [nm]/�[�s][a] �em


1[b] CH3CN (298) 269 (4830), 319 (4820) 480/4.2 0.048
CH2Cl2 (298)[c] 278 (5840), 311 (14090) � 480 (w, br) � 10�4


CH2Cl2/MeOH (1:1) (298) 286 (6770), 308 (7310) � 600 (w, br) � 10�4


glass (77)[d] 420
solid (298) 475/44
solid (77) 384 (sh)/35, 476/120


2 CH3CN (298) 269 (4850), 319 (4830) 480/4.2 0.045
CH2Cl2 (298)[c] 307 (16660) � 440 (w, br) � 10�4


glass (77)[d] 417/29
solid (298) 380/58, 475/63
solid (77) 379/30, 485/91


3 CH2Cl2 (298) 280 (7410), 323 (3450) 485/2.4 5.7� 10�4
glass (77)[d] 456/17
solid (298) 460/8.3
solid (77) 463/11


4 CH3CN (298) 269 (4880), 319 (4850) 480/4.4 0.046
CH2Cl2 (298)[c] 278 (5590), 311 (13510) � 480 (w, br) � 10�4


glass (77)[d] 420/43
solid (298) 418/1.9
solid (77) 417/35


5 CH3CN (298) 269 (4890), 319 (4850) 480/4.4 0.044
CH2Cl2 (298)[c] 307 (16550) � 440 (w, br) � 10�4


glass (77)[d] 420
solid (298) 411/8.2
solid (77) 411/42


6 CH3CN (298) 210 (23400), 230 (sh) (12500), 272 (900) nonemissive
CH2Cl2 (298)[c] 239 (11500), 249 (9700), 275 (sh) (270) nonemissive
glass (77)[d] 416/182[e]


solid (298) 491[e,f]


solid (77) 413/99[e]


7 CH3CN (298) 210 (22500), 230 (sh) (11500), 272 (880) nonemissive
CH2Cl2 (298) 239 (11600), 249 (10300), 275 (sh) (120) nonemissive
glass (77)[d] 416/183[e]


solid (298) 435/102[e]


solid (77) 412/108[e]


8 CH3CN (298) 253 (13800) 482
CH2Cl2 (298) 255 (28400) nonemissive
glass (77)[d] 506
solid (298) 458/76
solid (77) 450/135


9 H2O (298) 276 (10800) 509/54 0.078
CH3CN (298) 264 (sh) (7380) 504/10.5 0.016
glass (77)[d] 521
solid (298) 475/252
solid (77) 502


[Cu(PCy3)Cl]2 CH2Cl2 (298) 233 (14000) nonemissive
CH3CN (298) 226 (18600) nonemissive
solid (298) 430
solid (77) 428


[Cu(PCy3)I]2 CH2Cl2 (298) 233 (26500), 285 (sh) (1240) nonemissive
CH3CN (298) 242 (23400), 287 (750) nonemissive
solid (298) 454
solid (77) 454


[a] For emission spectrum measurements, �ex� 330 nm; for luminescence lifetime measurements, �ex� 355nm. [b] In acetone, 1 shows very weak emission at
611 nm. In THF, decomposition occurred. [c] In dilute CH2Cl2 solution, slow decomposition occurred. [d] Solvent: EtOH/MeOH (1/4). [e] For emission
spectrum measurements, �ex� 280 nm; for luminescence lifetime measurements, �ex� 266 nm. [f] Biexponential decay, �1 : 3.2 �s; �2: 14.3 �s.
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Figure 6. Electronic absorption spectra of 1 (solid line) and 6 (dashed line)
in CH2Cl2, and 1 in CH3CN (dotted line) at 298 K.


[Cu2(dcpm)2(CH3CN)n]2�. Indeed, recrystallization of
[Cu2(dcpm)2]2� in CH3CN was found to give the
[Cu2(dcpm)2(CH3CN)2]2� species, which was obtained as the
ClO4


� or PF6� salt. As discussed below, a minor population of
[Cu2(dcpm)2(CH3CN)n]2� (n� 3) species is present in solu-
tions of [Cu2(dcpm)2]2� salts in CH3CN.


Solid-state emission spectroscopy : Here, the dinuclear cop-
per��) ± dcpm complexes show intense photoluminescence in
the solid state, and the emission energies are affected by the
counterions and solvent molecules present in the respective
crystal lattices (Table 2). Figure 7 shows the solid-state


Figure 7. Solid-state emission spectra of 1 (solid line) and 2 (dashed line) at
298 K.


emission spectra of 1 and 2 at 298 K. Upon excitation at 280 ±
350 nm, crystalline 1 emits at 475 nm with a lifetime of 44 �s.
For 2, a similar solid-state emission band at 475 nm (lifetime
63 �s) and a weak emission band at 380 nm (lifetime 58 ms)
are observed. At 77 K, 1 displays solid-state emission at 384
(shoulder) and 476 nm. The solid-state emission maxima of 4
(418 nm) and 5 (411 nm) at 298 K are similar and higher in
energy than those of 1 and 2 (�475 nm). In our previous study
on related [Au2(dcpm)2]X2 solids,[8e, 18] the high-energy emis-
sion at 360 ± 370 nm was assigned to a 3[5d�*6p�] excited
state, and the low-energy emission in the visible region was
attributed to solvent/counteranion exciplex formation. We


envision that the coordinative unsaturated copper��) ions in
[Cu2(dcpm)2]2� salts can also interact with solvent molecules/
counterions in their vicinity, and such interactions are
proposed to be responsible for the low-energy emission of 1
and 2 at �� 450 nm. The weak high-energy solid-state
emission observed at about 380 nm for 1 and 2 and at 411 ±
418 nm for 4 and 5 may be tentatively assigned to the excited
state directly populated by light excitation into the 3d�*�
4p� transition.
Upon excitation at 280 nm, the mononuclear complex 6


emits at 491 nm, while 7 emits at 435 nm in the solid state at
298 K (Supporting Information). With reference to the crystal
data, the PF6� ion in 7 is distant from the CuI core, rendering
copper ± anion interactions unlikely. There is close contact
between CuI and the ClO4


� ion in 6, and stabilization of the
excited state by Cu ¥ ¥ ¥OClO3


� interactions; this may account
for the red shift in solid-state emission energy from 7 to 6. At
77 K, the solid-state emission maxima of 6 and 7 are similar
(�412 nm) and blue-shifted from that at 298 K. Complex 3, a
dinuclear complex with the CuI centers in trigonal planar
geometry, emits at 460 nm (lifetime 8.3 �s) in the solid state at
298 K; lowering the temperature to 77 K does not affect the
solid-state emission maximum. Similarly, the solid-state
emission maxima of the dinuclear three-coordinate copper��)
complexes [{Cu(PCy3)X}2] (X�Cl and I) are not influenced
by decreasing the temperature from 298 to 77 K. Interestingly,
[{Cu(PCy3)Cl}2] exhibits a longer Cu ¥ ¥ ¥Cu separation than
[{Cu(PCy3)I}2] (3.07 vs 2.89 ä),[19, 20] yet the solid-state emis-
sion of the former appears at a higher energy (430 vs. 454 nm,
respectively).
The solid-state emission spectrum of 8 at 298 K shows a


broad and asymmetric band with �max at 458 nm. Upon
lowering the temperature to 77 K, the bandwidth becomes
narrow and a slight blue shift (�max 450 nm) is detected. This
emission has a very long lifetime of 76 �s at 298 K and 135 �s
at 77 K. A long-lived solid-state emission has also been
observed for 9. At 298 K, the emission maximum occurs at
475 nm with a lifetime of 252 �s, and this red-shifts to 502 nm
at 77 K. The very long emission lifetime is indicative of the
strongly forbidden nature of the transition responsible for
radiative decay of the excited state.


Emission spectroscopy in fluid solutions : Complexes 1, 2, 4,
and 5 emit very weakly in CH2Cl2 (quantum yield �10�4), but
emission at �480 nm is ™switched on∫ upon addition of
CH3CN. Addition of MeOH to a solution of 1 in CH2Cl2,
however, did not give rise to a similar emission. Figure 8
shows the increase in emission intensity upon addition of
CH3CN to a solution of 2 in CH2Cl2. A nonlinear plot of
emission intensity at 480 nm versus CH3CN concentration was
found, as depicted in the inset of Figure 8 (the concentration
of 2 was kept at 2.4� 10�4 moldm�3). Enhancement of the
emission intensity at 480 nm is not prominent at CH3CN
concentrations below 1 moldm�3. However, at [CH3CN]�
10 moldm�3, the 480 nm emission intensity increases
sharply and continues even when [CH3CN] tends
towards pure CH3CN. The greatest intensity at 480 nm was
found for 2 in pure CH3CN. We have observed that
CH2Cl2 only exerts a small quenching effect upon the
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Figure 8. Emission spectral changes of 2 (2.4� 10�4�) in CH2Cl2 upon
addition of CH3CN (�ex� 310 nm) at 298 K. Concentration of CH3CN:
1) 0.05� 2) 0.24� 3) 2.4� 4) 4.8� 5) 9.6� 6) 12.5� 7) 14.4� 8) 14.9�
9) 16.6�, 10) 17.8� 11) 18.2� 12) 18.7�, 13) 19.2�. Inset: Emission
intensity at 480 nm vs. [CH3CN] and theoretical fitting curve.


480 nm emission in CH3CN (quenching rate constant� 6.9�
105 dm3mol�1 s�1).
The experimental data was fitted to the equilibria, which is


shown in Scheme 2. Details of these fittings are given in the
Supporting Information. The data are not consistent


Scheme 2. Experimental data fitted to the equilibria.


with the fitting for n� 1 or 2, but match the fitting curve for
n� 3.[21] Thus, at sufficient [CH3CN], the reaction shown in
Equation 1 is proposed.:


[Cu2(dcpm)2]2� � nCH3CN ��
K
[Cu2(dcpm)2(CH3CN)n]2�(n� 3) (1)


With n� 3 and Equation S6 (Supporting Information), the
fitting curve is shown in the inset of Figure 8. Even at a very
high CH3CN concentration (19.2 moldm�3), less than 1% of
[Cu2(dcpm)2]2� undergoes reaction with CH3CN molecules to
give [Cu2(dcpm)2(CH3CN)n]2� species (n� 3). Assuming n�
3, the K, K11, K12, and K13 values were estimated to be 8�
10�7��3, 8� 10�10, 1, and 1� 103��1, respectively (Supporting
Information). The low K value may explain the apparent lack
of saturation for the emission intensity even when [CH3CN] is
nearly pure CH3CN. Coordination of two CH3CN molecules
to a single CuI site in [Cu2(dcpm)2]2� would disrupt the weak
CuI ¥ ¥ ¥CuI interaction, since the CuI center becomes tetrahe-
dral. We noted that the related [Cu2(dppm)2(CH3CN)4]2�


species contains a Cu ¥ ¥ ¥Cu separation of 3.757(3) ä.[22]


Therefore, the 480 nm emission for CH3CN solutions of
[Cu2(dcpm)2]2� salts is tentatively assigned to the 3[(dx2�y2 ,
dxy)(pz)] excited state of the copper��) core in
[Cu2(dcpm)2(CH3CN)n]2� (n� 3).
Similarly, interaction between CH3CN and 9 is evident. The


intense absorption band of 9 at 276 nm measured in aqueous
solution is not present in acetonitrile (Supporting Informa-
tion), but the emission recorded in these two solvents are
similar in energy (CH3CN: 504 nm; H2O: 509 nm). The
emission has a very long lifetime (54 �s) in aqueous solution.
The absorption, excitation, and emission spectra of 9 meas-
ured in H2O are shown in the Supporting Information, and the
absorption and excitation spectra show a clear resemblance.
We note that the Stokes shift between the 1[3d�*� 4p�]
absorption at 276 nm and the 509 nm emission band is
16600cm�1; this exceeds the expected singlet-triplet splitting
of the [d�*p�] excited state. In the study of the AuI analogue
[Au2(dmpm)3]2�, there is also a large Stokes shift of
22500 cm�1 between the 3[(dx2�y2, dxy)(p�)] emission (604 nm)
and the 1[5d�*� 6p�] absorption bands (256 nm).[23] Thus,
the emission of 9 at 509 nm is unlikely to originate directly
from the 276 nm 1[3d�*� 4p�] absorption. Since interaction
between the two CuI atoms in 9 is extremely weak (Cu ¥ ¥ ¥Cu
separation 3.021(2) ä) in the solid state, the dz2 splitting
cannot give a d�* orbital that is higher in energy than (dx2�y2,
dxy). We tentatively assign the emission of 9 to the 3[(dx2�y2,
dxy)(pz)] excited state. Previously,[17] the [Cu2(dppm)2L2]2�


(L�PPh3 or nitrogen bases) complexes with three-coordinate
copper��) ions were found to emit strongly at 515 ± 550 nmwith
long lifetimes (�24 �s) in CH2Cl2. As revealed by X-ray
crystallography, there is no Cu ¥ ¥ ¥Cu interaction in these
complexes (�3.7 ä) and, hence, low-energy 1[3d�*� 4p�]
transitions are not observed. Interestingly, the emission bands
observed for [Cu2(dppm)2L2]2�, [Cu2(dcpm)2(CH3CN)n]2�,
and 9 occur at comparable energies irrespective of the
presence or extent of Cu ¥ ¥ ¥Cu interaction among these
complexes. These results are consistent with the assignment
that the emission from all three derivatives originates from
the 3[(dx2�y2 , dxy)(pz)] excited state of a copper��) site with a
coordination number of no less than three.


Photochemical reactions and photocatalysis : Previously,[24] we
showed that [Cu2(dppm)2(CH3CN)4]2� can catalyze the light-
induced carbon ± carbon coupling reactions of alkyl halides.
Here, we have found that the triplet excited states of binuclear
copper��) complexes with dcpm, dppm, and dmpm ligands are
powerful reductants. Because of its extended excited-state
lifetime and higher stability in solution, 9 was chosen as a
prototypical example for evaluation of its excited-state redox
properties.
The emission of 9 was quenched by pyridinium acceptors


through an electron transfer mechanism. Figure 9 shows the
transient absorption difference spectrum of a solution of 9 and
MV2� in CH3CN recorded 1 �s after laser flashing at 355 nm.
The two absorption maxima at 385 and 605 nm are assigned to
MV�, and the absorbance for both followed second-order
decay kinetics (rate constant� 6.9� 107 dm3mol�1 s�1) back to
the original baseline. The proposed photochemical reaction is
shown in Scheme 3. There is no net formation of MV¥� upon
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Figure 9. Transient absorption difference spectrum recorded 1 �s after
laser flashing for a solution of 9 (2.21� 10�4�) and MV2� (1.12� 10�2�) in
CH3CN.


Scheme 3. Proposed photochemical reaction.


photolysis of a solution of 9 and MV2� in methanol with a
100 W Xenon lamp for one hour. Other pyridinium acceptors
also quenched the emission of [Cu2(dmpm)3]2�* at 509 nm.
The quenching rate constants were determined by Stern ±
Volmer kinetics experiments and the data are listed in
Table 3. Upon fitting the rate constants by using the Rehm-
Weller equation, the excited-state redox potential


(E�[Cu2(dmpm)33�/2�*]) and the reorganization energy (�)
are determined to be �1.55 V vs SSCE (sodium chloride
saturated calomel electrode) and 0.76 eV, respectively.
The emission of 9 was also quenched by N,N,N�,N�-


tetramethylphenylenediamine (TMPD) with a rate constant
of 6.9� 109 dm3mol�1 s�1. The transient absorption difference
spectrum for a solution of 9 in CH3CN, in the presence of
TMPD recorded 5 �s after laser flashing, shows the absorp-
tion peak maxima at 560 and 610 nm attributable to TMPD¥�.
The photochemistry of [Cu2(dmpm)3]2� in aqueous solution
has also been studied; the emission of [Cu2(dmpm)3]2�* was
quenched by using formic acid at a rate constant of 1.5�
104 dm3mol�1 s�1.


The emissions of [Cu2(dcpm)2]2� salts were also quenched
by pyridinium acceptors. However, unlike 9, facile net photo-
redox reactions were readily observed upon laser-flash
photolysis of a solution of 2 and MV2� in CH3CN at 355 nm
excitation, and the reaction became very facile in ethanol or
methanol. Figure 10 shows the UV-visible spectral changes of
2 (9.71� 10�6�) and MV2� (2.04� 10�4�) in ethanol upon


Figure 10. UV-visible spectral changes of 2 (9.71� 10�6�) and MV2�


(2.04� 10�4�) in ethanol as a function of irradiation time. Inset:
Absorbance at 607 nm as a function of irradiation time.


excitation with a 100 W Xenon lamp (using a filter with cut-off
wavelength at 295 nm) at different time intervals (the UV-
visible spectral changes of 2 and MV2� in methanol are shown
in the Supporting Information). The MV¥� species was readily
generated and characterized by its absorption maxima at 396
and 607 nm. This signal remained stable and did not decay for


several hours. The absorbance
at 607 nm attributed to MV¥�


reached a maximum after ir-
radiation for 35 minutes (the
inset of Figure 10), while the
absorbance of MV2� at �max
260 nm decreased with irradi-
ation. We found that at a fixed
concentration of MV2�


(2.04� 10�4�), increasing the
concentration of 2 resulted in
rapid growth of the absorb-
ance at 607 nm. Based on the
absorbance at 607 nm (��
1.37� 104 dm3mol�1 cm�1),[25]


the MV¥� concentration can be derived. We found that one
molar equivalent of 2 generated more than five equivalents of
MV¥� in methanol and more than ten equivalents of MV¥� in
ethanol; hence, net photocatalytic reductions of MV2� have
been demonstrated.
We suggest that the photochemically generated
[CuICuII(dcpm)2]3� species is highly reactive and rapidly reacts
with alcohol to regenerate the [Cu2(dcpm)2]2� precursor
[Eqs. (2) and (3)]. Attempts to determine the oxidized


[Cu2(dcpm)2]2�*�MV2��� [CuICuII(dcpm)2]3��MV� (2)


[CuICuII(dcpm)2]3�� alcohol�� [Cu2(dcpm)2]2�� oxidized product (3)


Table 3. Rate constants for the electron-transfer reaction between 9 and pyridinium ions in methanol at 298 K.


Pyridinium ions (Q)[a] E�(Q�/Q) kq kq�[c] lnkq�
(vs SSCE)[b] [dm3mol�1 s�1] [dm3mol�1 s�1]


4-cyano-N-methylpyridinium � 0.67 1.94� 109 2.41� 109 21.60
4-methylcarbonyl-N-methylpyridinium � 0.78 1.13� 109 1.27� 109 20.96
4-amido-N-ethylpyridinium � 0.93 7.32� 108 7.90� 108 20.49
3-amido-N-benzylpyridinium � 1.07 5.90� 108 6.27� 108 20.26
3-amido-N-methylpyridinium � 1.14 4.18� 108 4.36� 108 19.89
N-ethylpyridinium � 1.36 1.08� 108 1.09� 108 18.51
4-methyl-N-methylpyridinium � 1.49 1.41� 107 1.41� 107 16.46


[a] All of the compounds are either hexafluorophosphate or trifluoromethanesulphonate salts. [b] J. L. Marshall,
S. R. Stobart, H. B. Gray, J. Am. Chem. Soc. 1984, 106, 3027 ± 3029. [c] (1/kq�)� (1/kq)� (1/kd), in which kd is the
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organic products were not successful, presumably due to the
very low concentrations present.
We have also performed laser-flash photolysis of a solution


of [Cu2(dppm)2(CH3CN)4](ClO4)2 and MV2� in ethanol; this
revealed a similar net photochemical reaction. The UV-visible
spectral changes of [Cu2(dppm)2(CH3CN)4](ClO4)2 (7.79�
10�6�) and MV2� (1.99� 10�4�) in ethanol are shown in the
Supporting Information. The absorption band at 607 nm for
MV¥� reached a maximum value after irradiation for 40 min-
utes, and we found that one molar equivalent of
[Cu2(dppm)2(CH3CN)4](ClO4)2 produced more than ten
equivalents of MV¥� in ethanol.


General Remarks : It is important to highlight the remarkable
photoluminescent and photochemical characteristics of the
copper��) phosphine complexes described in this study. All the
intriguing features can be attributed to the presence of
reactive two-coordinate Cu sites.
The absence of emission for [Cu2(dcpm)2]2� in dichloro-


methane plus the similarities in emission energies for
solutions of [Cu2(dcpm)2]2� and [Cu2(dmpm)3]2� in acetoni-
trile suggest that two-coordinate copper��) species are not
responsible for the visible photoluminescence at 480 ± 504 nm.
The unreasonably large Stokes shift between the 1[3d�*�
4p�] transition at 307 ± 320 nm and the visible emission bands
of [Cu2(dcpm)2]2� salts at �� 450 nm, together with the fitting
of the emission intensity at 480 nm versus [CH3CN] (inset of
Figure 8), indicate that the visible emissions of [Cu2(dcpm)2]2�


solids and [Cu2(dcpm)2]X2 species in CH3CN do not originate
from 3[3d�*4p�] excited states. The fitting results suggest that
the emitting species in solutions of [Cu2(dcpm)2]2� in CH3CN
is [Cu2(dcpm)2(CH3CN)n]2� (n� 3). The [3d�* (dx2�y2 , dxy)�
4p�] transition should exhibit a low oscillator strength due to
poor overlap between 3d�* and 4p� orbitals. Thus the
3[3d�*(dx2�y2 , dxy)(4p�)] excited state could have a long
lifetime due to the strongly forbidden nature of the transition,
and this can account for the long-lived visible emission
from these copper��) complexes. It should be emphasized
that the observed emission lifetime for an aqueous solution
of [Cu2(dmpm)3]2� (54 �s) is unusually long for metal-
centered excited states of inorganic and organometallic
complexes.
The open coordination sites of the [Cu2(dcpm)2]2� moiety


accounts for its intriguing photoluminescent properties, which
are sensitive to the close proximity of solvent/anion. This
underscores the tremendous potential of two-coordinate
copper��) complexes in applications like molecular light
switches by manipulating substrate binding reactions at CuI


sites. The vacant coordination site is also responsible for the
intriguing reactivity of the two-coordinate [Cu2(dcpm)2]3�


species, generated in situ, in photo-induced oxidative quench-
ing processes. Observation of catalytic reduction of MV2� to
MV¥� upon irradiation of alcoholic solutions of
[Cu2(dcpm)2]2� and MV2� suggests that the photogenerated
[CuICuII(dcpm)2]3� is very reactive and is readily reduced
back to [CuICuI(dcpm)2]2�, presumably by oxidation of
alcohol. Since the photochemical reaction was quenched in
the presence of CH3CN and not observed when
[Cu2(dmpm)3]2� was used, a two-coordinate copper���) moiety


supported by electron-rich phosphine ligands is deemed to be
the key structural motif for the observed photocatalytic
reduction processes.


Experimental Section


Materials : Bis(dicyclohexylphosphino)methane (dcpm), bis(dimethylphos-
phino)methane (dmpm), and tricyclohexylphosphine (PCy3) were pur-
chased from Strem and used as received. [Cu(CH3CN)4]X (X�ClO4


� and
PF6�),[26] [{Cu(PCy3)Cl}2],[19] and [{Cu(PCy3)I}2][20] were prepared by the
literature methods. All solvents for synthesis were of analytical grade and
used as received, except acetone, which was distilled from P2O5. All
reactions were performed under an inert atmosphere unless otherwise
mentioned. Details of solvent purification for photophysical studies have
been described elsewhere.[27] Syntheses of 1 ± 6 have been communicated.[7]


[Cu(PCy3)2]PF6 (7): A mixture of [Cu(CH3CN)4]PF6 (0.495 g, 1.33 mmol)
and PCy3 (0.750 g, 2.68 mmol) in acetone (15 mL) was stirred at room
temperature for 3 h. After filtration, the solvent was removed and the
resultant white solid was washed with diethyl ether. A white crystalline
solid was obtained upon recrystallization of the crude solid in CH2Cl2/
diethyl ether (0.652 mg, 64%). 31P[1H] NMR (202 MHz, CDCl3, 298 K):
�� 24.6 ppm; MS(FAB): m/z : 624 [M��PF6]; elemental analyses calcd
(%) for C36H66P3F6Cu (769.34): C 56.20, H 8.65; found: C 55.92, H 8.48.


[Cu(dcpm)2]PF6 (8): A mixture of [Cu(CH3CN)4]PF6 (0.038 g, 0.1 mmol)
and dcpm (0.096 g, 0.2 mmol) in dichloromethane (10 mL) was stirred for
12 h. Upon removal of solvent and addition of diethyl ether, a white solid
was obtained, which was recrystallized by diffusing diethyl ether into the
dichloromethane solution (0.086 g, 84%). 31P[1H] NMR (202 MHz, CDCl3,
298 K): �� 13.7 ppm; IR (Nujol): �	 � 831 cm�1 (PF6�); MS(FAB): m/z 880
[M��PF6]; elemental analyses calcd (%) for C50H92P5F6Cu (1025.63): C
58.55, H 9.04; found: C 58.33, H 9.15.


[Cu2(dmpm)3](ClO4)2 (9): [Cu(CH3CN)4]ClO4 (0.327 g, 1 mmol) was
suspended in acetone (20 mL), and dmpm (0.274 g, 2 mmol) was added
until a colorless solution was obtained. After stirring for 12 h, the volume of
the reaction mixture was reduced to about 5 mL. Precipitation was induced
by addition of diethyl ether. The crude product was recrystallized in
acetone/diethyl ether (0.294 g, 80%). 31P[1H] NMR (202 MHz, [D6]ace-
tone, 298 K): ���27.5 ppm; IR (Nujol): �	 � 1098 cm�1 (br, ClO4


�);
MS(FAB): m/z :635 [M��ClO4]; elemental analyses calcd (%) for
C15H42P6Cu2Cl2O8 (734.33): C 24.53, H 5.76; found: C 24.31, H 5.90.


Instrumentation and physical measurements : 31P (202 MHz) NMR spectra
were recorded on Bruker DPX-500 multinuclear FT-NMR spectrometers.
Chemical shifts (�, ppm) are reported relative to 85% H3PO4. IR spectra
were obtained on a Bio-Rad FTS-165 spectrometer. UV-visible spectra
were obtained on a Hewlett-Packard 8453 diode array spectrometer.
Positive ion FAB mass spectra were recorded on a Finnigan MAT 95 mass
spectrometer with 3-nitrobenzyl alcohol (NBA) as a matrix. Elemental
analysis was performed on a Carlo Erba 1106 elemental analyzer at the
Institute of Chemistry, Chinese Academy of Sciences. Emission and
excitation were obtained on a SPEX 1681 Fluorolog-2 Model F111AI
fluorescence spectrophotometer equipped with a Hamamatsu R928 PMT
detector. For solution emission and excitation spectra, samples were
degassed on a high vacuum line. The solutions were subjected to at least
four freeze-pump-thaw cycles. Emission lifetime measurements were
performed with Quanta Ray DCR-3 pulsed Nd:YAG laser system (pulse
output 266 or 355 nm, 8 ns). The emission signals were detected by a
Hamamatsu R928 photomultiplier tube and recorded on a Tektronix model
2430 digital oscilloscope. The emission quantum yields of solutions were
measured by the method of Demas and Crosby[28] with quinine sulfate in
degassed 0.1� sulfuric acid as the standard (�r� 0.546) and calculated by
�s��r(Br/Bs)(ns/nr)2(Ds/Dr), in which the subscripts s and r refer to sample
and reference standard solution respectively, n is the refractive index of the
solvents, D is the integrated intensity, and � is the luminescence quantum
yield. The quantity B is calculated by B� 1� 10�AL, in which A is the
absorbance at the excitation wavelength and L is the optical path length.
Emission quenching was performed by lifetime measurements, and the
quenching rate constant, kq, was deduced from the plot of 1/t versus [Q]
according to the Stern ±Volmer equation �0/�� 1� kq�0[Q], in which �0 and
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� are the respective emission lifetimes in the absence and presence of
quencher Q.


Transient absorption difference spectra were recorded after excitation of
the sample in degassed solution with a 8 ns laser pulse at �� 355 nm. The
monitoring beam was provided by a 300 W continuous-wave xenon lamp
that was oriented perpendicular to the direction of the laser pulse. The
transient absorption signals at each wavelength were collected with a
SpectraPro-275 monochromator operating with 2 mm slits, with the signal
fed to a Tektronix TDS 520D oscilloscope. The optical difference spectrum
was generated point-by-point by monitoring at individual wavelengths.


CCDC-142369 (1), CCDC-142370 (2), CCDC-142371 (3), CCDC-142609
(4), CCDC-142372 (5), CCDC-142373 (6), CCDC-195956 (7), CCDC-
195955 (8), and CCDC-195957 (9) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Table 3. Electrochemical data for ferrocenylimines.[a]


Half reaction Epa[b] Epc[c] E1/2[d] napp
�Fe�T


�e�


[V] [V] [V]


[FeII] (5)� [FeIII]� (5�)�e� 0.64 0.54 0.59 (0.1) 1
[(FeII)2] (6) � [FeIIFeIII]� (6�)�e� 0.57 0.50 0.54 (0.07) 0.5
[FeIIFeIII]� (6�)� [(FeIII)2]2� (62�)�e� 0.70 0.64 0.67 (0.06) 0.5


[a] Solvent�CH3CN, supporting electrolyte� 0.1 molL�1 TBABF4.
[b] Oxidation peak potential in V vs. Ag/AgCl determined by cyclic
voltammetry. Sweep rate� 100 mVs�1. Ferrocene/ferrocenium redox cou-
ple was 0.40 V vs. this Ag/AgCl. [c] Reduction peak potential. [d] (Epa-
�Epc)/2. �Ep (�Epa�Epc, at 100 mVs�1) given in parenthesis. [e] Number
of electrons per mole of iron.
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Dynamic Covalent Approach to [2]- and [3]Rotaxanes by Utilizing a
Reversible Thiol ±Disulfide Interchange Reaction


Yoshio Furusho, Tomoya Oku, Toshihide Hasegawa, Akiyoshi Tsuboi, Nobuhiro Kihara,
and Toshikazu Takata*[a]


Abstract: A dynamic covalent ap-
proach to disulfide-containing [2]- and
[3]rotaxanes is described. Symmetrical
dumbbell-shaped compounds with two
secondary ammonium centers and a
central located disulfide bond were
synthesized as components of rotaxanes.
The rotaxanes were synthesized from
the dumbbell-shaped compounds and
dibenzo-[24]crown-8 (DB24C8) with
catalysis by benzenethiol. The yields of
isolated rotaxanes reached about 90%
under optimized conditions. A kinetic


study on the reaction forming [2]rotax-
ane 2a and [3]rotaxane 3a suggested a
plausible reaction mechanism compris-
ing several steps, including 1) initiation,
2) [2]rotaxane formation, and 3) [3]ro-
taxane formation. The whole reaction
was found to be reversible in the pres-
ence of thiols, and thermodynamic con-


trol over product distribution was thus
possible by varying the temperature,
solvent, initial ratio of substrates, and
concentration. The steric bulk of the
end-capping groups had almost no in-
fluence on rotaxane yields, but the
structure of the thiol was crucial for
reaction rates. Amines and phosphines
were also effective as catalysts. The
structural characterization of the rotax-
anes included an X-ray crystallographic
study on [3]rotaxane 3a.


Keywords: crown compounds ¥
dynamic covalent bonds ¥ rotaxanes
¥ sulfur ¥ supramolecular chemistry


Introduction


The synthesis of organic molecules has traditionally been
achieved by kinetically controlled reactions that form
™strong∫ covalent bonds. In this kind of synthesis, reagents
and conditions must be chosen very carefully to avoid
unfavorable bond formations. On the other hand, supra-
molecular chemistry, which utilizes noncovalent bonding
interactions to form supramolecules under thermodynami-
cally controlled conditions, has advanced so far that it is now
possible to create various kinds of complex molecular
assemblies.[1] However, in most cases, the noncovalent bond-
ing interactions are so weak that the supramolecular assem-
blies disassemble into their components upon any change in
conditions. Recently, chemists have opened up a new field of
synthetic chemistry that exploits ™dynamic∫ covalent bonds
which can be formed and broken reversibly under thermody-
namic control.[2]


Dynamic covalent chemistry has proved be a powerful way
to synthesize mechanically or topologically interlocked com-
pounds such as catenanes and rotaxanes.[3] To the best of our
knowledge, Harrison reported in 1972 the first use of trityl
ether bonds as dynamic covalent bonds to synthesize rotax-
anes by a statistical approach.[4] Similarly, Schill et al. used
trityl thioethers for the synthesis of interlocked molecules.[5]


Sanders et al. employed ring-closing metathesis in 1998 to
synthesize �-electron-poor/�-electron-rich[2] catenanes, and
this was the first template-directed approach to interlocked
molecules using dynamic covalent bonds under thermody-
namically controlled conditions.[6] Leigh et al. also utilized
olefin metathesis in the synthesis of ™magic rings∫ or benzylic
amide[2] catenanes having a C�C bond in each ring.[7] Addi-
tionally, Stoddart et al. demonstrated that imine bonds are
very useful as dynamic covalent bonds for the construction of
rotaxanes and catenanes.[8]


One of the most intriguing dynamic covalent bonds exists in
nature: the thiol ± disulfide interchange reaction is widely
acknowledged to be important in stabilizing protein struc-
tures. Extensive mechanistic studies on thiols and disulfides
by Whitesides et al. showed that i) disulfide exchange takes
place efficiently under mild conditions in the presence of a
catalytic amount of thiol, and ii) disulfides are stable toward
many different functional groups.[9] Still et al. demonstrated
that the composition of an equilibrium system of three
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different disulfides can indeed be influenced by host ± guest
interactions.[10] Tam-Chang et al. demonstrated an ingenious
use of disulfide bonds to make a capsule molecule.[11] Sanders
et al. took advantage of the thiol ± disulfide interchange
reaction to make dynamic combinatorial libraries of macro-
cyclic disulfides.[12]


Whereas interlocked molecules such as rotaxanes[13] and
catenanes[14] possessing disulfide linkages have long been
known, we first utilized the reversible nature of disulfide
linkages to synthesize a rotaxane in 2000.[15] We synthesized
the dumbbell-shaped molecule 1a having two secondary
ammonium salt centers and a central disulfide linkage
(Scheme 1). Although dibenzo-[24]crown-8 (DB24C8) is
known to bind secondary dialkylammonium ions in its
macroring, no complexation was observed for a solution of
1a andDB24C8 in CD3CN because the 3,5-di-tert-butylphenyl
groups were too large to invade the cavity of the DB24C8
macroring, even when the solution was heated to 100 �C. On
addition of a catalytic amount of benzenethiol, however,
formation of [2]rotaxane 2a and [3]rotaxane 3a was observed,


and the mixture reached equilibrium in 30 d. Thus, this small
amount of benzenethiol acted as the ™key∫ to ™unlock∫ the
disulfide bond, and thereby allowed formation of the rotax-
anes. Here we describe the dynamic covalent approach to
rotaxanes having disulfide linkages in detail and the structures
of the rotaxanes, highlighting the reversible nature of disulfide
linkages.


Results and Discussion


Synthesis of axles : Dumbbell-shaped axles 1 with two
secondary ammonium centers and a central disulfide bond
were synthesized according to Scheme 2. Benzoic acid
derivatives 4 having bulky substituents were treated with
thionyl chloride to form acid chlorides, which were treated
with 2-aminoethanethiol to yield amides 5. Compounds 5
were reduced with LiAlH4 to the corresponding amines 6 with
a central disulfide bond. Conversion of 6 to ammonium salts 1
by treatment with hydrochloric acid was followed by anion


exchange with ammonium hex-
afluorophosphate. The analyti-
cal and spectral data of 1a ± c
were consistent with the struc-
tures shown.


Synthesis of [2]- and [3]rotax-
anes : A degassed solution of 1a
(0.12 molL�1) and DB24C8
(0.24 molL�1)in CH3CN was
sealed in a Pyrex tube and
heated at 100 �C for 12 h. No
formation of rotaxanes was de-
tected by 1H NMR spectrosco-
py. This is because the dialkyl
disulfide linkage is sufficiently
stable, at least up to 100 �C, and
because the 3,5-di-tert-butyl-
phenyl end groups are far too
large to pass through the
DB24C8 macroring. Photoirra-
diation of the mixture with a Hg
lamp at room temperature for
12 h yielded neither the corre-
sponding [2]rotaxane nor the
[3]rotaxane.
A catalytic amount


(0.010 molL�1) of benzenethiol
was added to a solution of 1a
(0.10 molL�1) and DB24C8
(0.15 molL�1) in CDCl3/
CD3CN (7:3). The mixture was
heated at 50 �C for 148 h and
then allowed to stand at 20 �C
for 240 h. The progress of the
reaction was monitored by
1H NMR spectroscopy, and the
yields of [2]rotaxane 2a and
[3]rotaxane 3a determined by


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2895 ± 29032896


Scheme 1. Synthesis of [2]rotaxane 2a and [3]rotaxane 3a.
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Scheme 2. Synthesis of [2]rotaxane 2a ± c and [3]rotaxane 3a ± c.
a) i) SOCl2; ii) 2-aminoethanethiol, Et3N/CH2Cl2. b) LiAlH4/THF.
c) i) HCl/MeOH; ii) NH4PF6 aq.
d) cat. PhSH.


1H NMR spectroscopy were 64
and 30%, respectively (see
above). Rotaxanes 2a and 3a
were isolated by preparative
HPLC in 52 and 34% yield,
respectively. Their structures
were characterized by 1H NMR
and IR spectroscopy and FAB
mass spectrometry. The yields
of 2a and 3a reached about
90% on optimizing the reaction
conditions (see below). It is
noteworthy that no special ma-
nipulation to remove the cata-
lyst is necessary: 2a and 3a
were isolated simply by evapo-
ration of the solvents and puri-
fication of the residue by HPLC
in almost the same yields as
determined by 1H NMR spec-
troscopy. Dynamic covalent
synthesis using olefin metathe-
sis requires quenching of the
catalysts to isolate the products.
When imine linkages are em-
ployed as dynamic covalent
bonds, it is necessary to convert
the imine bonds to amine bonds
for product isolation, since
imine metathesis is a fast and
reversible process at room tem-
perature. The thiol ± disulfide
interchange reaction is slow
enough to isolate rotaxanes in
the presence of a thiol catalyst,
but fast enough to complete the


reactions within a reasonable timescale. This is advantageous
in ensuring facile workup.


Structures of [2]- and [3]rotaxanes : The 1H NMR spectro-
scopic data of the rotaxanes revealed significant chemical
shifts relative to the separate axle and ring components. The
1H NMR spectra of 2a, 3a, and a mixture of 1a and DB24C8
recorded at 20 �C are shown in Figures 1 and 2. The signal of
the tBu protons of 3a shifted to higher field (���� 0.1 ppm)
relative to 1a. The upfield shift is accounted for by the
shielding effect of the benzene rings of the DB24C8 compo-
nent. The signals of the benzylic protons of 3a shifted to lower
field relative to 1a (���� 0.4 ppm). Such a downfield shift of
benzylic protons with neighboring secondary ammonium
groups has been observed in most (pseudo)rotaxanes consist-
ing of crown ethers and secondary ammonium salts.[16] This is
attributed to the CH ¥ ¥ ¥O hydrogen-bonding interaction
between the benzylic protons and the oxygen atoms of the
crown ether.
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Figure 1. 1H NMR spectra (CDCl3, 270 MHz) of a) [3]rotaxane 3a and b) [2]rotaxane 2a. The rings in the
structural formula denote DB24C8.
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The 1H NMR spectrum of [2]rotaxane 2a showed temper-
ature-dependent behavior. The signals of most protons of the
dumbbell component were split into two peaks at room
temperature, because the shuttling behavior of 2a is slower
than the 1H NMR timescale. The signal of the tBu protons of
the half of the dumbbell unit encircled DB24C8 shifted to
higher field, while those of the benzylic protons shifted to
lower field, as in the case of 3a. The signals of the other half of
the dumbbell unit, which is not encircled by DB24C8, did not
shift compared to those of the axle 1a. The signals specific to 2a
and 3a, such as those of tBu and benzylic protons, were used to
monitor the the synthesis of the rotaxanes, as described below.
X-ray crystal structure analysis of 3a revealed an inter-


locked structure (Figure 3a) which resembles that of the
disulfide-containing [3]rotaxane of Busch et al.[13] Each
DB24C8 macroring adopts a folded U-shaped conformation,
with the NH2


� inserted approximately axially through its
center. The two DB24C8 macrorings are folded together to
form a ™tennis ball∫-like assembly.[17] Complex stabilization is
achieved by a combination of N��H ¥ ¥ ¥O and C�H ¥ ¥ ¥O
hydrogen bonds. The disulfide group is surrounded by the four
catechol rings of DB24C8. Inspection of the solid-state
structure reveals no interactions between the disulfide moiety
and the DB24C8 macrorings. The structural parameters of the
disulfide moiety (Figure 3b) are reminiscent of those of
dimethyl disulfide, as determined by gas-phase electron
diffraction:[18] the S�S and C�S bond lengths of 3a are
2.035(1) and 1.818(4)/1.812(4) ä, respectively, while those of
dimethyl disulfide are 2.022(3) and 1.806(2) ä, respectively;
the S-S-C bond angles of 3a are 104.5(1) and 102.9(1)�, values
similar to those of dimethyl disulfide (104.1(3)�); the disulfide
moiety of 3a adopts a gauche conformation with a C-S-S-C
dihedral angle of 82.2(5)�, which is also very close to that of
dimethyl disulfide (83.9(9)�).


Reaction mechanism and reversible cleavage/recombination
of the disulfide linkage : A catalytic amount (0.010 molL�1) of


benzenethiol was added to a
solution of 1a (0.10 molL�1)
and DB24C8 (0.20 molL�1) in
CD3CN. The mixture was heat-
ed at 50 �C, and the progress of
the reaction was monitored by
1H NMR spectroscpy. The time
courses of the yields of 2a and
3a are shown in Figure 4. Soon
after initiation, 2a was formed,
and the yield of 2a gradually
increased. The yield of 2a
reached its maximum value
(69%) after 4 h, and then even-
tually decreased. The signals of
3a appeared after about 4 h,
and the yield of 3a increased
with a concomitant decrease in
the yield of 2a. The system
reached equilibrium after about
36 h, where the yields of 2a and
3a were 29 and 65%, respec-
tively.


Figure 3. X-ray crystallographic structure of [3]rotaxane 3a. a) ORTEP
plot of 3a. Thermal ellipsoids are scaled to the 50% probability level.
b) Schematic diagram of the structure around the disulfide linkage of 3a.


These results suggest a possible reaction mechanism
(Scheme 3). The reaction is initiated by the nucleophilic
attack of benzenethiol at the disulfide linkage, which results in
thiol A and benzenethiol-terminated disulfide B [Eq. (1)].
Then DB24C8 rapidly threads onto A and B to form
pseudorotaxanes A ¥DB24C8 and B ¥DB24C8 [Eqs. (2) and
(3)]. The nucleophilic displacement of the phenylthio group in
A ¥DB24C8 by B gives [2]rotaxane 2 and benzenethiol
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Figure 2. 1H NMR spectrum (CDCl3/CD3CN (7/3), 270 MHz) of a mixture of axle 1a and DB24C8.
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Scheme 3. Possible reaction mechanism.


[Eq. (4)]. Pseudorotaxane B ¥DB24C8 nucleophilically at-
tacks 1 or A to afford 2 [Eqs. (5) and (6)]. [3]Rotaxane 3 is
formed by reaction of B ¥DB24C8 and 2, or of B ¥DB24C8
and A ¥DB24C8 [Eqs. (7) and (8)].
The reaction mixture was then cooled and kept at room


temperature (Figure 4). After 80 h (240 h after initiation), the
system reached another equilibrium state, in which the yields
of 2a and 3a were 15 and 81%, respectively. Since the main
driving force for rotaxane formation is the exothermic
hydrogen-bonding interaction between the secondary ammo-
nium group and DB24C8, the equilibrium shifted to the
[3]rotaxane side on lowering the reaction temperature.
Raising the temperature again to 50 �C returned the equili-
brium to the original state. These results demonstrate that the
whole process is reversible and that the yields of the rotaxanes
can be changed under thermodynamic control.


Thermodynamic control : Since the hydrogen-bonding inter-
action is the main driving force for rotaxane formation, the


Figure 4. Time course of the yields of [2]rotaxane 2a and [3]rotaxane 3a.
[1a]� 0.10 molL�1, [DB24C8]� 0.20 molL�1, [PhSH]� 0.010 molL�1 in
CD3CN.


equilibrium is affected by solvent polarity, especially by donor
numbers (DN).[16, 19, 20] We recently reported that dielectric
constants also influence the association constants of pseudor-
otaxane formation in addition to DN.[21] The yields of the
rotaxanes are expected to increase when solvents with lower
DN are used. However, the use of CDCl3, which has a lower
DN (4.0) than CD3CN (DN 14.1) as co-solvent did not change
the yields of the rotaxanes (Table 1, entries 3 and 4). A


mixture of CDCl3 and CD3OD with a higher DN than CD3CN
shifted the equilibrium to the [2]rotaxane side (entry 5).
[D3]Nitromethane (DN 2.7) gave the highest yield of [3]ro-
taxane 3a (83%, even at 50 �C, entry 6). The use of DMF (DN
26.6) resulted in a dramatic decrease in yield (entry 7). Thus,
the solvent effects on the yields of the rotaxanes could, to a
certain extent, be accounted for by donor numbers in this
system.
The effects of the ratio of DB24C8 to 1a were examined


(Table 2). When equimolar amounts of DB24C8 and 1a were
employed, 2a was obtained preferentially at 50 �C (entry 1).
Increasing the DB24C8/1a ratio dramatically shifted the
equilibrium to 3a (entries 2 ± 4). As described above, con-
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Table 1. Effect of solvent on the formation of [2]rotaxane 2a and
[3]rotaxane 3a from 1a and DB24C8 (cat. 0.1 molL�1 PhSH).


Concentration/molL�1 Yield/%[a]


Entry Solvent 1a DB24C8 T/�C 2a 3a


1 CD3CN 0.10 0.20 50 29 65
2 20 15 81
3 CDCl3/CD3CN 7:3 0.10 0.20 50 24 64
4 20 15 77
5 CDCl3/CD3OD 1:1 0.10 0.20 50 37 60
6 CD3NO2 0.10 0.20 50 17 83
7 DMF 0.10 0.30 50 � 10 0


[a] Determined by 1H NMR spectroscopy at equilibrium (error ca. 5%).


Table 2. Effect of the initial ratio of DB24C8 to 1a ([1a]� 0.1 molL�1, cat.
0.01 molL�1 PhSH, CDCl3/CD3CN, 50 �C).


Yield/%[a]


Entry [DB24C8]/molL�1 2a 3a


1 0.10 65 10
2 0.15 69 26
3 0.20 29 65
4 0.30 12 88
5 0.40 10 82


[a] Determined by 1H NMR spectroscpy at equilibrium (error ca. 5%).
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ducting the reaction at a DB24C8/1a ratio of 2 yielded
preferentially 3a (entry 3). Using three equivalents of
DB24C8 gave the highest yields of 3a (entry 4). However,
the use of four equivalents of DB24C8 resulted in a lower
yield of 3a (entry 5). The decrease in the yield of 3a when an
excess of DB24C8 is used is attributed to the increased
polarity of the reaction mixture caused by DB24C8 itself,
which diminishes the association constant for pseudorotaxane
formation, as reported previously.[21]


Increasing the concentrations of 1a (0.710 molL�1) and
DB24C8 (1.42 molL�1) in CDCl3/CD3CN (1:1) gave 3a in
89% yield at 20 �C, while the reaction carried out at initial
concentrations of [1a]� 0.10 molL�1 and [DB24C8]�
0.20 molL�1 afforded 3a in 77% yield at 20 �C (Table 3). In


this case, the advantage of the high initial concentrations
exceeded the drawback of the increased polarity of the
reaction system. Thus, the product distribution of this reaction
can easily be controlled by changing the initial concentrations.


Effect of end-capping groups : Three axles 1a ± c were
employed for the synthesis of rotaxanes to examine the steric
effects of end-capping groups on the yield (Table 4). The axles


having less hindered endcapping groups (1b and 1c) afforded
the corresponding [2]rotaxanes 2b and 2c and [3]rotaxanes
3b and 3c in almost the same yields. Thus, the steric effect of
end-capping groups appears relatively small from the view-
point of rotaxane yield.


Effect of thiols : To evaluate the effect of the thiol catalyst,
thiol 7a[22] and tBuSH were used as initiators. The use of 7a
caused a retarded reaction rate (Figure 5). The yield of 2a,
evaluated by 1H NMR spectroscopy, reached a maximum
value of 95% 33 h after initiation, indicative of a much slower


Figure 5. Time course of the yields of [2]rotaxane 2a and [3]rotaxane 3a
with a) PhSH, b) 7a, and c) tBuSH as initiator. [1a]� 0.10 molL�1,
[DB24C8]� 0.20 molL�1, [initiator]� 0.010 molL�1 in CDCl3/CD3CN 7:3
at 50 �C.


rate than that obtained with PhSH. This decrease in reaction
rate is attributed to the lack of contributions from Equa-
tions (4), (6), and (8) in Scheme 3. This slow rate makes it
easier to isolate [2]rotaxanes during the period in which their
yields peak. In a separate experiment under the same
conditions, 2a was indeed isolated in 89% yield 40 h after
initiation. When tBuSH was employed as an initiator, the
reaction rate was much slower than those obtained with PhSH
and 7a. The system did not reach equilibrium, even after
300 h. This is attributable to the lack of contributions from
Equations (4), (6), and (8) in Scheme 3, as well as to the low
nucleophilicity of tBuSH because of the steric hindrance of
the tert-butyl group. Note that 2a could be isolated in 89%
yield under ™kinetic∫ conditions.


Initiators other than thiols : Disulfide linkages can be cleaved
by various nucleophiles other than thiols.[23] To confirm the
efficiency of thiol catalysts, we examined 4-nitrophenol,
diethylamine, and hexamethylphosphoric triamide (HMPT)
as initiators (Table 5). 4-Nitrophenol did not react with 1a at
50 �C, even after 60 h (entry 2). Diethylamine catalyzed the
rotaxane synthesis, and the yields of 2a and 3a were 25 and
4%, respectively, at 50 �C after 67 h (entry 3), although the
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Table 3. Effect of concentration on the formation of [2]rotaxane 2a and
[3]rotaxane 3a (cat. 0.01 molL�1 PhSH).


Concentration/molL�1 Yield/%[a]


Entry Solvent 1a DB24C8 T/�C 2a 3a


1 CDCl3/CD3CN 7:3 0.10 0.20 50 24 64
2 20 15 77
3 CDCl3/CD3CN 1:1 0.710 1.42 20 10 89


[a] Determined by 1H NMR spectroscopy at equilibrium (error ca. 5%).


Table 4. Effect of end caps on the yields of [2]rotaxanes 2 and [3]rotaxanes
3 ([1a]� 0.1 molL�1, [DB24C8]� 0.2 molL�1, cat. 0.01 molL�1 PhSH,
CD3CN).


Axle T/�C Yield/%[a]


2 3


1a 50 29 65
20 15 81


1b 50 19 63
20 11 81


1c 50 22 61
20 11 79


[a] Determined by 1H NMR spectroscopy at equilibrium (error ca. 5%).
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reaction rate was as slow as that with tBuSH. HMPT also
reacted with 1a to catalyze the formation of 2a and 3a
(entry 4).[24] Thus, amines and phosphines are potential
catalysts for rotaxane synthesis utilizing the reversible nature
of disulfide linkages.


Conclusion


Symmetrical dumbbell-shaped compounds 1 with two ammo-
nium centers and a central disulfide bond were designed with
the aim of investigating the utility of disulfide linkages as
dynamic covalent bonds for rotaxane synthesis. Compound 1
and DB24C8 reacted with catalysis by benzenethiol to afford
[2]- and [3]rotaxanes in good yields. Kinetic studies on the
reaction suggested a mechanism involving several steps such
as initiation, [2]rotaxane formation, and [3]rotaxane forma-
tion. Since the whole reaction is fully reversible, product
distributions were controllable under thermodynamic condi-
tions by changing temperature, solvent, initial ratios of
substrates, and concentrations. The yield of [3]rotaxane 3a
reached up to 89%. On the other hand, [2]rotaxane 2a was
isolated in 89% yield by changing the structure of the thiol
catalyst to decelerate the reaction rate. Thus, disulfide link-
ages were shown to be effective as dynamic covalent bonds for
the construction of rotaxanes. We believe that more compli-
cated supramolecules such as catenanes and knots can be
synthesized by means of thiol ± disulfide interchange reac-
tions. since these proceed well under mild conditions and can
tolerate many functional groups.[25]


Experimental Section


General : Melting points were measured on a Yanagimoto micro melting-
point apparatus and were uncorrected. IR spectra were recorded on a
JASCO FT-IR model 230 spectrometer. 1H NMR spectra were recorded on
JEOL JNM-GX-270 and JNM-L-400 spectrometers in CDCl3 with
tetramethylsilane as an internal reference. FABMS measurements were
performed on a Finnigan TSQ-70 instrument. For preparative HPLC, a
JAICO LC-908 system using columns JAIGEL 1 (20 mm� �600 mm) and
JAIGEL 2 (20 mm�� 600 mm) was employed. X-ray diffraction was
carried out on a Rigaku R-AXIS RAPID imaging plate system. All
reagents used were commercially available, except for 4a, which was
prepared according to the literature procedure.[21]


Representative procedure for the synthesis of amide 5 : A solution of 3,5-di-
tert-butylbenzoic acid[21] (4a, 5.56 g, 23.7 mmol) in SOCl2 (13 mL) was
stirred overnight at 50 �C. Then the mixture was concentrated in vacuo. The


remaining SOCl2 was removed as an azeotropic mixture with benzene to
give the corresponding acid chloride. A solution of the acid chloride in
Et2O (15 mL) was slowly added to a solution of 2-aminoethanethiol (2.26 g,
29.3 mmol) and Et3N (4.2 mL, 30 mmol) in CH2Cl2 (115 mL). The mixture
was stirred for 1 h at room temperature, washed with 1� HCl (20 mL� 3),
and treated successively with brine, anhydrous MgSO4, and evaporated to
dryness to give amide 5 as a white solid.


Compound 5a : quantitative; m.p. 188 ± 191 �C; 1HNMR (270 MHz, CDCl3,
23 �C): �� 7.59 (m, 3H, ArH), 6.55 (s, 1H, NH), 3.64 (q, J� 6.5 Hz, 2H,
CH), 2.80 (dt, J� 8.4, 6.5 Hz, 2H, CH), 1.42 (t, 1H, J� 8.4 Hz, SH), 1.35 (s,
18H, tBu); IR (KBr): �� � 3249 (N�H), 2570 (S�H), 1633 (C�O), 1595
(C�C), 1543 cm�1 (C�C).
Compound 5b : quantitative; 1H NMR (CDCl3, 270 MHz, 23 �C): �� 7.74
(d, J� 4.1 Hz, 2H, ArH), 7.70 (d, J� 4.1 Hz, 2H, ArH), 6.59 (s, 1H, NH),
3.64 (q, J� 6.2 Hz, 2H, CH2), 2.79 (dt, J� 8.4, 6.2 Hz, 2H, CH2), 1.40 (t, J�
8.4 Hz, 1H, SH), 1.34 (s, 9H, tBu); IR (KBr): �� � 3246 (N�H), 2570 (S�H),
1633 (C�O), 1595 (C�C), 1545 cm�1 (C�C).
Compound 5c : 94%; 1H NMR (CDCl3, 270 MHz, 23 �C): �� 7.38 (s, 2H,
ArH), 7.12 (s, 1H, ArH), 6.70 (s, 1H, NH), 3.62 (q, J� 6.2 Hz, 2H, CH2),
2.74 (dt, J� 8.6, 6.2 Hz, 2H, CH2), 2.34 (s, 6H, CH3), 1.41 (t, J� 8.6 Hz, 1H,
SH); IR (KBr): �� � 3311 (N�H), 2561 (S�H), 1639 (C�O), 1601 (C�C),
1539 cm�1 (C�C).
Representative procedure for the synthesis of amine 6 : Compound 5a was
added to a suspension of LiAlH4 (80%, 1.32 g, 27.8 mmol) in THF (40 mL).
The mixture was heated under reflux for 17 h. Saturated aqueous sodium
sulfate solution was then added carefully to the mixture to form a white
precipitate, which was removed by suction filtration. The filtrate was
evaporated to dryness. The residue was subjected to column chromatog-
raphy on silica gel (chloroform) to afford the amine 6a as a colorless oil.


Compound 6a : 88%; oil; 1H NMR (400 MHz, CDCl3, 23 �C): �� 7.32 (t,
J� 1.6 Hz, 2H, ArH), 7.15 (d, J� 1.6 Hz, 4H, ArH), 3.80 (s, 4H, CH2), 2.98
(t, J� 6.0 Hz, 4H, CH2), 2.85 (t, J� 6.0 Hz, CH2), 1.33 (s, 36H, tBu); IR
(KBr): �� � 3604 (N�H), 1599 (C�C), 1476 (C�C), 1458 cm�1 (C�C).
Compound 6b : quantitative; 1H NMR(CDCl3, 270 MHz, 23 �C): �� 7.43 ±
7.20 (m, 8H, ArH), 3.76 (s, 4H, CH2), 2.93 (t, J� 5.9 Hz, 4H, CH2), 2.81 (t,
J� 5.9 Hz, 4H, CH2), 1.31 (s, 18H, tBu); IR (KBr): �� � 3288 (N�H), 1511
(C�C), 1458 cm�1 (C�C).
Compound 6c : 99%; 1H NMR (CDCl3, 270 MHz, 23 �C): �� 6.85 (m, 6H,
ArH), 3.72 (s, 2H, CH2), 2.81 (t, J� 5.9 Hz, 4H, CH2), 2.68 (t, J� 5.9 Hz,
4H, CH2), 2.31 (s, 12H, CH3); IR (KBr): �� � 3306 (N�H), 1606 (C�C),
1457 cm�1 (C�C).
Representative procedure for the synthesis of dumbbell 1: A solution of 6a
(3.00 g, 5.13 mmol) in methanol/conc. HCl (30/7 mL) was stirred for
45 min. Water (50 mL) was added to the solution to form a white
precipitate, which was collected by suction filtration. The white solid was
washed with water, dried under reduced pressure, and reprecipitated from
MeOH/water to give the corresponding hydrochloric acid salt of 6a as a
white solid. The hydrochloric acid salt (1.34 g, 2.04 mmol) was dissolved in
MeOH (15 mL). A solution of ammonium hexafluorophosphate (1.93 g,
11.8 mmol) in water (10 mL) was slowly added to the methanolic solution
to form a white precipitate. Water was added to the resulting solution until
no further precipitation occurred. The white solid was collected by suction
filtration, washed with water, dried under reduced pressure, and recrystal-
lized from water/ethanol to afforded the dumbbell 1a.


Compound 1a : 95%; needlelike crystals; m.p. (decomp): 225 ± 230 �C;
1H NMR (270 MHz, CD3CN, 23 �C): �� 7.55 (t, J� 1.6 Hz, 2H, ArH), 7.31
(d, J� 1.6 Hz, 4H, ArH), 4.38 (br s, 4H, NH2), 4.18 (s, 4H, CH2), 3.34 (t, J�
6.8 Hz, 4H, CH2), 2.92 (t, J� 6.8 Hz, 4H, CH2), 1.33 (s, 36H, tBu); IR
(KBr): �� � 3237 (N�H), 1604 (C�C), 839 (P�F), 557 cm�1 (P�F); FABMS
(matrix:mNBA):m/z : 558.7 [M� 2PF6]� ; elemental analysis (%) calcd for
C34H58F12N2P2S2 ¥H2O (848.90): C 47.11, H 6.98, N 3.23; found: C 47.39, H
6.73, N 3.26.


Compound 1b : 86%; white crystals; m.p. (decomp): 232 ± 235 �C; 1H NMR
(270 MHz, CD3CN, 23 �C): �� 7.52 (d, J� 8.1 Hz, 4H, ArH), 7.40 (d, J�
8.1 Hz, 4H, ArH), 5.97 (br s, 4H, NH2), 4.20 (s, 4H, CH2), 3.36 (t, J�
6.9 Hz, 4H, CH2), 2.93 (t, J� 6.9 Hz, 4H, CH2), 1.32 (s, 18H, tBu); IR
(KBr): �� � 3253 (N�H), 1586 (C�C), 839 (P�F), 557 cm�1 (P�F); FABMS
(matrix: mNBA): m/z : 591.0 [M�PF6]� , 445.0 [M� 2PF6]� ; elemental
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Table 5. Effect of catalysts on the yields of [2]rotaxane 2a and [3]rotaxane
3a ([1a]� 0.1 molL�1, [DB24C8]� 0.2 molL�1, [cat.]� 0.01 molL�1,
CD3CN, 20 �C).


Yield/%[b]


Catalyst t/h[a] 2 3


PhSH 55 25 61
4-Nitrophenol 60 0 0
Et2NH 67 25 4
HMPT 54 60 24


[a] All reactions did not reach equilibrium. [b] Determined by 1H NMR
spectroscopy (error ca. 5%).
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analysis (%) calcd for C26H42F12N2P2S2 (736.69): C 42.39, H 5.75, N 3.80;
found: C 42.66, H 5.61, N 3.78.


Compound 1c : 46%; white crystals; m.p. (decomp): 215 ± 217 �C; 1H NMR
(270 MHz, [D6]DMSO, 23 �C): �� 8.80 (br s, 4H, NH2), 7.08 (s, 6H, ArH),
4.11 (s, 4H, CH2), 3.23 (t, J� 6.8 Hz, 4H, CH2), 2.96 (t, J� 6.8 Hz, 4H,
CH2), 2.30 (s, 12H, CH3); IR (KBr): �� � 3247 (N�H), 1611 (C�C), 1467
(C�C), 839 (P�F), 557 cm�1 (P�F); FABMS (matrix: mNBA): m/z : 534.6
[M�PF6]� , 391.6 [M� 2PF6�H]� ; elemental analysis (%) calcd for
C22H34N2S2 ¥ 1.9PF6 ¥ 0.1H2PO4 (680.58): C 39.10, H 5.10, N 4.15; found: C
39.21, H 4.79, N 4.26.


Representative procedure for the synthesis of [2]rotaxane 2 and [3]rotax-
ane 3 : A catalytic amount of benzenethiol (1.0 �L, 0.01 mmol) was added to
a solution of 1a (85 g, 0.10 mmol) and DB24C8 (69 g, 0.15 mmol) in
CD3CN/CDCl3 (0.3/0.7 mL). The solution was sealed in an NMR tube (�
5 mm), which was heated at 50 �C for 6 d and cooled and kept at room
temperature for 10 d. The progress of the reaction was monitored by
1HNMR spectroscopy. The mixture was evaporated to dryness. The residue
was subjected to preparative HPLC to afford 2a and 3a.


Compound 2a : 1H NMR (270 MHz, CDCl3, 23 �C): �� 7.46 (t, J� 1.6 Hz,
1H, ArH), 7.40 (d, J� 1.6 Hz, 2H, ArH), 7.39 (br s, 2H, NH2 complexed
with DB24C8), 7.37 (t, J� 1.6 Hz, 1H, ArH), 7.30 (d, J� 1.6 Hz, 2H, ArH),
6.92 (s, 8H, ArH), 4.67 (m, 4H, CH2), 4.35 ± 4.05 (m, 10H, CH2), 3.92 ± 3.25
(m, 20H, CH2), 2.70 (m, 4H, CH2), 1.33 (s, 18H, tBu), 1.21 (s, 18H, tBu), the
signal of NH2 uncomplexed with DB24C8 was not observed; IR (KBr): �� �
3155 (N�H), 1597 (C�C), 1506 (C�C), 845 (P�F), 558 cm�1 (P�F); FABMS
(matrix: mNBA): m/z : 1006 [M� 2PF6]� ; elemental analysis (%) calcd for
C58H90F12N2O8P2S2 (1297.40): C 53.69, H 6.99, N 2.16, S 4.94; found: C 53.17,
H 6.97, N 2.45, S 4.83.


Compound 2b : 1H NMR (270 MHz, CDCl3, 23 �C): �� 7.47 (d, J� 8.6 Hz,
2H, ArH), 7.38(d, J� 8.6 Hz, 2H, ArH), 7.33 (br s, 2H, NH2 complexed
with DB24C8), 7.28(d, J� 8.6H, 2H, ArH), 7.22 (d, J� 8.6 Hz, 2H, ArH),
6.88 (m, 8H, ArH), 4.7 (br s, 2H, NH2 uncomplexed with DB24C8), 4.59
(m, 2H, CH2), 4.32 ± 3.97 (m, 10H, CH2), 3.95 ± 3.40 (m, 18H, CH2), 3.13 (t,
J� 7.0 Hz, 2H, CH2), 2.81 (m, 4H, CH2), 1.28 (s, 9H, tBu), 1.25 (s, 9H, tBu);
IR (KBr): �� � 3135 (N�H), 1595 (C�C), 1506 (C�C), 843 (P�F), 558 cm�1


(P�F); FABMS (matrix: mNBA): m/z : 894 [M� 2PF6]� ; elemental
analysis (%) calcd for C50H74N2O8S2 ¥ 2H2PO4 ¥ (1185.19): C 55.13, H 7.22,
N 2.57; found: C 54.97, H 7.00, N 2.37.


Compound 2c : m.p. 68 ± 70 �C; 1H NMR (270 MHz, CDCl3, 23 �C): �� 7.28
(br s, 2H, NH2 complexed with DB24C8), 7.15 (s, 2H, ArH), 6.98 (s, 1H,
ArH), 6.95 ± 6.80 (m, 11H, ArH), 6.10 (br s, 2H, NH2 uncomplexed with
DB24C8), 4.52 (m, 2H, CH2), 4.30 ± 4.00 (m, 10H, CH2), 3.95 ± 3.40 (m,
18H, CH2), 3.23 (t, J� 7.3 Hz, 2H, CH2), 2.79 (m, 4H, CH2), 2.29 (s, 6H,
CH3), 2.15 (s, 6H, CH3); IR (KBr): �� � 3135 (N�H), 1595 (C�C), 1506
(C�C), 843 (P�F), 558 cm�1 (P�F); FABMS (matrix: mNBA): m/z : 837
[M� 2PF6]� ; elemental analysis (%) calcd for C46H66N2O8S2 ¥PF6 ¥H2PO4


(1129.09): C 51.10, H 6.34 N 2.59; found: C 51.14, H 6.57, N 2.43.


Compound 3a : m.p. 207 ± 208 �C; 1H NMR (270 MHz, CDCl3, 23 �C): ��
7.35 (s, 2H, ArH), 7.34 (br s, 4H, NH2), 7.28 (s, 4H, ArH), 6.89 (s, 16H,
ArH), 4.57 (m, 4H, CH2), 4.30 ± 3.95 (m, 8H, CH2), 3.85 ± 3.30 (m, 20H,
CH2), 2.18 (t, J� 6.2 Hz, 4H), 1.18 (s, 36H, tBu); IR (KBr): �� � 3164
(N�H), 1596 (C�C), 1506 (C�C), 843 (P�F), 558 cm�1 (P�F); FABMS
(matrix: mNBA): m/z : 1454 [M� 2PF6]� ; elemental analysis (%) calcd for
C82H122F12N2O16P2S2 (1745.91): C 56.41, H 7.04, N 1.60; found: C 56.14, H
7.16, N 1.44.


Compound 3b : m.p. 186 ± 188 �C; 1H NMR (270 MHz, CDCl3, 23 �C): ��
7.28 (br s, 4H, NH2), 7.24 (d, J� 8.6 Hz, 4H, ArH), 7.18 (d, J� 8.6 Hz, 4H,
ArH), 6.83 (s, 8H, ArH), 4.55 (m, 4H, ArH), 4.25 ± 3.95 (m, 16H, CH2),
3.90 ± 3.45 (m, 36H, CH2), 2.45 (t, J� 6.8 Hz, 4H), 1.23 (s, 18H, tBu); IR
(KBr): �� � 3178 (N�H), 1593 (C�C), 1506 (C�C), 845 (P�F), 557cm�1


(P�F); FABMS (matrix:mNBA):m/z : 1488 [M�PF6]� ; elemental analysis
(%) calcd for C74H106F12N2O16P2S2 (1633.70): C 54.40, H 6.54, N 1.74; found:
C 54.39, H 6.64, N 1.74.


Compound 3c : m.p. 223� 224 �C; 1H NMR (270 MHz, [D6]DMSO, 23 �C):
�� 7.17 (br s, 4H, NH2), 7.00 ± 6.85 (m, 22H, ArH), 4.41 (m, 4H, CH2),
4.20 ± 3.90 (m, 16H, CH2), 3.80 ± 3.40 (m, 36H, CH2), 2.27 (t, J� 6.8 Hz,
4H), 2.13 (s, 12H, CH3); IR (KBr): �� � 3154 (N�H), 1594 (C�C), 840
(P�F), 557 cm�1 (P�F); FABMS (matrix: mNBA): m/z : 1432 [M�PF6]� ;
elemental analysis (%) calcd for C70H98F12N2O16P2S2 ¥H2O (1577.59): C
52.69, H 6.32, N 1.76, S 4.02; found: C 52.70, H 6.21, N 1.94, S 4.26.


X-ray crystallographic analysis of [3]rotaxane (3a): Single crystals suitable
for X-ray analysis were grown by recrystallization from MeOH. Crystal
data: C82H122F12N2O16P2S2 ¥ 2MeOH, M� 1810.0, triclinic, a� 161215(6),
b� 17.1050(6), c� 17.3503(6) ä, �� 106.506(1), �� 95.903(2), ��
90.168(2)�, V� 4560.4(3) ä3, space group P1≈, Z� 2, �� 1.318 gcm�3,
�(MoK�)� 0.183mm�1, F(000)� 1808. 20398 independent reflections
(2	� 55�) were collected with a Rigaku R-AXIS-RAPID imaging plate
system, equipped with a rotating anode generator, at 103 K using 
 scans
and graphite-monochromatized MoK� radiation. Refinement was carried
out for reflections with F 2� 3�(F 2). The structure was solved by a direct
method (SIR97). wR, GOF, and R were based on F, which was set to zero
for negative values. The threshold expression of F 2� 2�(F 2) was used only
for calculating the R factor. wR, GOF, and R were 0.058, 0.090, and 1.000,
respectively. Calculations were carried out with the CrystalStructure
package (version 2.0). CCDC-196932 contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.uk).
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Selective Rearrangements of Quadruply Hydrogen-Bonded Dimer Driven
by Donor±Acceptor Interaction


Xiao-Zhong Wang,[a, b] Xiao-Qiang Li,[a] Xue-Bin Shao,[a] Xin Zhao,[a] Peng Deng,[a]
Xi-Kui Jiang,[a] Zhan-Ting Li,*[a] and Ying-Qi Chen*[b]


Abstract: A general method has been
developed to control the selective rear-
rangement of Meijer×s AADD quadru-
ply hydrogen-bonded homodimers by
introducing an additional donor ± ac-
ceptor interaction. Therefore, one do-
nor-assembling monomer, 1, in which
the electron-rich bis(p-phenylene)-34-
crown-10 moiety is connected to the
hydrogen-bonding moiety, and two ac-
ceptor-assembling monomers, 2 and 3, in
which the electron-deficient pyromellit-
ic diimide or naphthalene diimide group
is incorporated, respectively, are synthe-
sized and characterized. 1H NMR and
2D-NOESY studies show that all these
compounds exist as stable homodimers
in chloroform. Mixing 1 equiv of 1 with
1 equiv of 2 in chloroform leads to the


formation of heterodimers 1 ¥ 2 in
�60% yield, as a result of the electro-
static interaction between the bis(p-
phenylene)-34-crown-10 moiety of 1
and the pyromellitic diimide group of
2. Selective formation of heterodimer 1 ¥
3 (�97%) was achieved by mixing
1 equiv of 1 with 1 equiv of 3 in chloro-
form which resulted in a strengthened
electrostatic interaction between the
bis(p-phenylene)-[34]crown-10 moiety
of 1 and the naphthalene diimide group
of 3. The structures of heterodimers 1 ¥ 2


and 1 ¥ 3, which have been characterized
by 1H NMR and UV/Vis experiments,
reveal a remarkable promoting effect
between the donor± acceptor interac-
tion and intermolecular hydrogen-bond-
ing. 1H NMR studies also reveal that
heterodimers 1 ¥ 2 and 1 ¥ 3 can be fully
and partially dissociated by addition of
heterocycle 29, leading to the formation
of new more robust heterodimers 1 ¥ 29
and 2 ¥ 29, or 3 ¥ 29,respectively, and par-
tially regenerated by subsequent addi-
tion of heterocyclic compound 30
through the formation of a new hetero-
dimer 29 ¥ 30. Heterodimers 1 ¥ 2 and 1 ¥ 3
represent a novel class of pseudo[2]ro-
taxanes constructed by two different
noncovalent interactions.


Keywords: donor ± acceptor systems
¥ heterocycles ¥ hydrogen bonds ¥
self-assembly ¥ supramolecular
chemistry


Introduction


Nature utilizes the cooperative interaction of different non-
covalent forces, such as hydrogen bonds, hydrophobic inter-
action, and electrostatic interaction, to realize highly specific
molecular recognition and self-assembly events. As a result,
nanoscale supramolecular systems of defined structures and
functions are ubiquitous in nature. In the past decade,
chemists have constructed a large number of discrete artificial


assembling species.[1] Most of these supramolecular species
are generated mainly based on one kind of noncovalent
interaction, including transition metal ± ligand interaction,[2]


hydrophobic interaction,[3] hydrogen bonding,[4] and electro-
static interaction.[5] Although, in principle, incorporation of
two or more different noncovalent interactions into one
assembling systemmight also be useful or even more powerful
in producing new generations of supramolecular structures
and functions, examples of this kind of supramolecular
assembly are obviously limited.[6]


Since 1998, self-complimentary quadruply hydrogen-bond-
ed homodimers have received increasing attention because of
their great binding strength and directionality.[4a, b, 7] Partic-
ularly the 2-ureido-4[1H]-pyrimidinone AADD (A� hydro-
gen-bonding acceptor, D� hydrogen-bonding donor) binding
module developed by Meijer et al. had found extensive
applications in assembling supramolecular oligomers and
polymers.[8] However, the feature of self-complementarity
also makes it difficult to selectively assemble specific hetero-
dimers from two distinct monomers, since a statistical mixture
of possible dimers would always be generated on account of
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the comparable binding stability of different heterodimers.[8b]


Considering the great significance and potential of this class of
binding motifs in the self-assembly of hydrogen-bonded
supramolecular systems, it seems necessary to explore new
general methods to control their assembling selectivity, which
may be consequently utilized to further develop new assem-
bling principles and systems. Herein, we present a highly
efficient and general approach to address this issue, which is
based on the cooperative interaction of intermolecular
hydrogen bonds and donor± acceptor interactions. The new
heterodimers, assembled by the cooperative interaction of
intermolecular hydrogen bonds and donor ± acceptor inter-
action, not only represent a new class of extremely stable
pseudo[2]rotaxanes, in which two discrete noncovalent inter-
actions can substantially promote each other, but can also
undergo new unique supramolecular ™rearrangement or
substitution reactions∫, as a result of their different stabilities.


Results and Discussion


Donor± acceptor interaction between neutral electron-rich
and electron-deficient moieties has been successfully applied
to the self-assembly of a number of interlocked supramolec-
ular species.[9] This principle was chosen to induce the
rearrangement of Meijer×s AADD hydrogen-bonding module
since the corresponding building monomers designed in the
present work were expected to be soluble in less polar
solvents, such as chloroform, which is necessary for efficient
hydrogen-bonding self-assembly. In order to reach optimal
donor ± acceptor interactions, a donor or acceptor group
should be introduced in a suitable position within the
corresponding hydrogen-bonding monomer. Thus, three com-
pounds 1 ± 3 were designed and synthesized that were based
on the results of molecular modeling. For compound 1, the
electron-rich bis(p-phenylene)-34-crown-10 moiety[10, 11] and
the hydrogen-bonding moiety are connected by a rigid
acetylene group to reduce its conformational flexibility, while
for compounds 2 and 3, a typical neutral electron-deficient
moiety,[12] pyromellitic diimide (PDI) or naphthalene diimide
(NDI) is incorporated, respectively, to connect the hydrogen
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moiety by a flexible ester chain to facilitate donor ± acceptor
interaction with the donor moiety in the expected hetero-
dimers.
The synthesis of compound 1 is shown in Scheme 1.


Treatment of tosylate 4 with bromide 5 in the presence of
sodium hydroxide in refluxing acetonitrile afforded the key
intermediate 6 in good yield. Heck reaction of 6with alcohol 7,
followed by deprotection of the acetylene group gave macro-
cycle 9, which was transformed to the first target molecule 1
by another Heck reaction with iodide 11.
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Scheme 1. Synthesis of compound 1.


The preparation of compound 2 started from anhydride 12
(Scheme 2). Treatment of 12 with the same molar amount of
13 and 14 in DMF afforded alcohol 15 in 32% yield.
Compound 15 then coupled with 16 to give 17 in 85% yield.
Ester 17was quantitatively deprotected with boron trifluoride
and then transformed to isocyanate 18 with triphosgene.
Without further purification, compound 18 was treated with
amine 19 in refluxing THF to afford compound 2 in good
yield.
Starting from anhydride 24, a similar route to that shown in


Scheme 2 had been attempted to prepare a target compound
such as 2. However, no expected product could be obtained
from the last reaction of the corresponding isocyanate with 19,
probably because of the poor solubility of the naphthalene
diimide intermediate. Therefore, compound 3was prepared as
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Scheme 2. Synthesis of compound 2.


shown in Scheme 3. The key intermediate 23 was first
prepared in good yield from compound 20, and then acid 25
was obtained from the condensation reaction of 24 with 13
and glycine in DMF. Compound 3 was then prepared from the
reaction of acyl chloride 26 with alcohol 23. A long aliphatic
chain was introduced in 23 in order to improve the solubility
of compound 3.
Compounds 11 and 23 are new precursors which can be


readily modified to generate new hydrogen-bonding assem-
bling blocks. Considering their convenient preparations, it is
reasonable to expect that these compounds may find further
applications in the synthesis of new assembling blocks in the
future.
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Scheme 3. Synthesis of compound 3.


1H NMR spectra (Figures 1 and 2) reveal that compounds
1 ± 3 exist as homodimers 1 ¥ 1, 2 ¥ 2, and 3 ¥ 3 in CDCl3,
respectively. The large downfield shift for NH protons
provides direct evidence for their involvement in strong
hydrogen bonding. Their AADD hydrogen binding motif was
determined by NOESY spectra. No other binding modes were
observed.[7f] Dilution of the solutions of all three compounds
in CDCl3 to 1.0� 10�5� did not lead to observable dissocia-
tion, thus giving a lowest estimate of the binding constant of
1� 107��1, which is in good agreement with the value
obtained for a similar compound.[13]


Mixing 1 equiv of 1 with 1 equiv of 2 in CDCl3 caused
partial dissociation of homodimers 1 ¥ 1 and 2 ¥ 2 and led to the
formation of the new heterodimer 1 ¥ 2 (Scheme 4), as proved
by the 1H NMR spectra (Figure 1a ± c). The existence of
homodimers 1 ¥ 1 and 2 ¥ 2 in the 1:1 mixture solution were
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Scheme 4. Self-assembly of heterodimer 1 ¥ 2 from homodimers 1 ¥ 1 and
2 ¥ 2 driven by donor± acceptor interaction.


proved by changing the ratio of 1 and 2 in the solution. This
induced changes in the relative strength of the signals assigned
to dimers 1 ¥ 1 and 2 ¥ 2 in the 1H NMR spectra. The chemical
shifts of the H1 (� 13.49) of 1 and the H4 (� 12.47) of 2 have no
obvious change, implying that the intramolecular hydrogen
bonds in both compounds are not broken after mixing.[7f]


However, the new set of signals at � 12.01 (H5 in 2), 11.89 (H2
in 1), 10.62 (H6 in 2), 10.17 (H3 in 1), 8.21 (H7 in 2), and 5.84
(H8 in 2), with the same integrated intensities, clearly show
the formation of the new heterodimer 1 ¥ 2. The solution of the
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1:1 mixture of 1 and 2 (10 m�) in chloroform turned pale
orange. Its UV/Vis spectrum provided further evidence for
the formation of heterodimer 1 ¥ 2. A typical charge-transfer
absorption band (�max� 432 nm, �� 106��1 cm�1) was ob-
served. Controlling experiments revealed that no detectable
absorption within �� 400 ± 700 nm were observed for the 1:1
mixture of 9 and 15 (10 m�) in chloroform. Therefore, this
charge-transfer absorption band was obviously generated as a
result of the donor ± acceptor interaction between the bis(p-
phenylene)-[34]crown-10 moiety of 1 and the PDI unit of 2 in
the new heterodimer 1 ¥ 2. The solutions of the 1:1 mixture of 1
and 2 in [D6]DMSO of high polarity is colorless, and its
1H NMR spectrum reveals only the signals of the simple
monomers 1 and 2, as a result of the competitive interaction of
the solvent. A NOESY experiment was also performed;
however, it did not provide support for the formation of 1 ¥ 2
because of the overlaps of the N±H signals. The yield of
heterodimer 1 ¥ 2 in the 1:1 mixture (10 m�) solution of CDCl3
has been estimated to be �60% from the integrated intensity
of the H1 signal of homodimer 2 ¥ 2 and the H8 signal of
heterodimer 1 ¥ 2. Reducing the temperature to �50 �C did
not have an obvious effect on the intensity ratio (Figure 1e),
while raising the solution temperature to 55 �C led to
complete combination of the 1H NMR signals of the
homodimers and the heterodimer (Figure 1d), indicating that
the exchanging processes between the three dimers are fast on
the 1H NMR timescale. The molar absorption coefficient of
the 1:1 mixture (10 m�) in chloroform at 55 �C was
�65��1 cm�1 (�max� 430 nm), showing that the yield of
heterodimer 1 ¥ 2 in chloroform is lower at a higher temper-
ature. FT-IR spectra of pure 1 and 2 in CDCl3 are very similar
in the NH region (3215 and 3150 cm�1), implying a similar
DDAA binding mode in solution, whereas a mixture of 1 and
2 (molar ratio� 1:1) in CDCl3 gives only one band at


�� � 3219 cm�1; this also suggests the formation of the new
hetero-binding module.
The formation of heterodimer 1 ¥ 2 from homodimers 1 ¥ 1


and 2 ¥ 2 was obviously driven by the additional donor± ac-
ceptor interaction between the electron-rich dioxybenzene
groups of 1 and the threaded electron-deficient PDI of 2. In
order to check if more selective rearrangement of Meijer×s
AADD quadruply hydrogen-bonded homodimers could be
achieved by the additional, increased donor ± acceptor inter-
action, the possibility of selective self-assembly of hetero-
dimer 1 ¥ 3 from homodimers 1 ¥ 1 and 3 ¥ 3 was also explored.
Indeed, this was the case. Mixing 1 equiv of 1 with 1 equiv of 3
in CDCl3 caused full dissociation of dimers 1 ¥ 1 and 3 ¥ 3,
affording exclusively the new heterodimer 1 ¥ 3 as an orange
solution (Scheme 5), as indicated by the 1H NMR spectrum
(Figure 2). No detectable 1H NMR signals of the homodimers
1 ¥ 1 and 3 ¥ 3 were observed from the 1H NMR spectrum.
Considering the sensitivity of the 1H NMR method, a lower
limit of the yield of heterodimer 1 ¥ 3 was estimated to be
97%. Within the temperature range of �50 to 55 �C, no
signals of homodimers 1 ¥ 1 and 3 ¥ 3 were observed in the
1H NMR spectra, whereas the signals of homodimer 1 ¥ 1 or 3 ¥
3 were displayed when a pure sample of 1 or 3 was added to
the 1:1 mixture of solutions in CDCl3. These observations
clearly demonstrate that the additional donor ± acceptor
interaction between the bis(p-phenylene)-[34]crown-10 moi-
ety of 1 and the NDI unit of 3 remarkably stabilizes the
hydrogen-bonded heterodimer 1 ¥ 3 in chloroform within the
temperature range investigated.
In order to quantitatively assess the promoting behavior of


the additional donor± acceptor interaction on the binding
ability of the hydrogen bonding motif, the binding constants
of all four homodimers and heterodimers were measured in
varying CDCl3/[D6]DMSO solvent systems [14] (Table 1).


Homodimers 1 ¥ 1, 2 ¥ 2, and 3 ¥
3 exhibit very similar binding
stability in all the solvent sys-
tems. This indicates that the
donor and acceptor groups do
not have a pronounced influ-
ence on the hydrogen-bonding
stability of the homodimers.
However, the binding constants
of heterodimers 1 ¥ 3 are always
greater than those of homodim-
ers 1 ¥ 1 and 2 ¥ 2, which is espe-
cially obvious in 3% and 4%
[D6]DMSO of CDCl3. This
demonstrates that the addition-
al donor± acceptor interaction
can increase the stability of the
hydrogen-bonding heterodim-
ers.
Heterodimers 1 ¥ 2 and 1 ¥ 3


also represent a novel class of
pseudo[2]rotaxanes. UV/Vis
spectroscopy was used to inves-
tigate the promoting effect of
the hydrogen-bonding moiety


Figure 1. Partial 400 MHz 1H NMR spectra of dimers (10 m�) in CDCl3: a) 2 ¥ 2 at 25 �C; b) 1 ¥ 2 at 25 �C; c) 1 ¥ 1
at 25 �C; d) 1 ¥ 2 at 55 �C; e) 1 ¥ 2 at �50 �C.
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Scheme 5. The self-assembly of heterodimer 1 ¥ 3 from homodimers 1 ¥ 1
and 3 ¥ 3.


Figure 2. Partial 400 MHz 1H NMR spectra of dimers a) 1 ¥ 1, b) 1 ¥ 3, and
c) 3 ¥ 3 in CDCl3 at room temperature.


on the donor ± acceptor interaction of the pseudo[2]rotaxane
moiety. As described above, a typical charge-transfer absorp-
tion band was observed for dimers 1 ¥ 2. Actually, heterodimer
1 ¥ 3 exhibited an even stronger charge-transfer absorption in
chloroform (�max� 475 nm, �� 429��1 cm�1). These values of
molar absorption coefficients are rather high to be compara-
ble to that observed in a [2]catenane system.[15] Moreover,
within the measurable concentration range of 50 ± 0.5 m�, the
� values are concentration-independent, which also proves
their extremely high stability that is reminiscent of an
intramolecular interaction. In contrast, no charge-transfer


absorption bands could be observed between 9 and N,N�-
dioctyl PDI 27 or NDI 28 within the above concentration
range. The binding constants between 9 and 27 or 28 were
determined to be only �10 and 35��1, respectively, by the
1H NMR titration method, also indicating the donor± accep-
tor interactions between 9 and 27 or 28 are very weak.[14]
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The addition of 2 equiv of 29 to the solution of 1 equiv of
heterodimer 1 ¥ 2 in CDCl3 led to the disappearance of the
orange color of the solution. The UV/Vis spectrum did not
exhibit the charge-transfer absorption band of heterodimer 1 ¥
2, suggesting that the donor± acceptor interaction in the dimer
was completely destroyed. 1H NMR (Figure 3) also revealed
that dimer 1 ¥ 2 disassociates completely and two new, more
robust, heterodimers 1 ¥ 29 and 2 ¥ 29, both with the new
ADDA±DAAD binding mode, were generated selectively
(Scheme 6).[7e] The signals of heterodimers 1 ¥ 29 and 2 ¥ 29 in


Figure 3. Partial 1H NMR spectra (400 MHz) of a) 1�29 (1:1); b) 2�29
(1:1); c) 1�2 (1:1); d) 1�2�29 (1:1:2); e) 1�2�29 (1:2:3) in CDCl3. In all
the cases, the concentrations of 1 were kept at 10 m�. The numbering of
protons is given in Scheme 6.


Table 1. Binding constants Ka [��1] of dimers in CDCl3 with different amount of [D6]DMSO (v/v) at room temperature.


[D6]DMSO 1 ¥ 1 2 ¥ 2 3 ¥ 3 1 ¥ 3


0.5 9.3 (�1.8)� 105 9.5 (�2.0)� 105 8.9 (�1.6)� 105 1.0 (�0.19)� 106
1.0 1.6 (�0.26)� 105 1.8 (�0.32)� 105 1.5 (�0.21)� 105 2.8 (�0.36)� 105
2.0 2.8 (�0.25)� 104 2.4 (�0.30)� 104 2.5 (�0.33)� 104 6.3 (�0.42)� 104
3.0 1.6 (�0.18)� 104 1.5 (�0.16)� 104 1.7 (�0.22)� 104 4.2 (�0.45)� 104
4.0 6.6 (�0.81)� 103 7.1 (�0.95)� 103 6.8 (�0.53)� 103 3.7 (�0.52)� 104
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the solution of 1, 2, and 29 in CDCl3 were assigned by adding
a 1:1 mixture of 1 and 29 or 2 and 29 to the solution. This
induced strengthening of the corresponding signals of
heterodimer 1 ¥ 29 or 2 ¥ 29. The latter result is provided in
Figure 3e.
It was found that in CDCl3, homodimer 30 ¥ 30 could


dissociate and bind with 29 to selectively afford heterodimer
29 ¥ 30, as indicated by the 1H NMR spectrum (Figure 4, see
below). Therefore, compound 30 was used to explore the
possibility of recovering heterodimer 1 ¥ 2 from the mixture
solution of 1, 2, and 29. Addition 2 equiv of 30, which also
exists as stable homodimer in CDCl3, to the above solution of
1, 2, and 29 induced the solution to turn to pale orange again,
suggesting that heterodimer 1 ¥ 2 had been regenerated.
However, no quantitative data could be obtained from the
1H NMR spectrum because of its low resolution, which
suggests that extensive exchanges might exist within the
mixture of the heterodimers. A � value of �38��1 cm�1


(�max� 428 nm) was determined based on the UV/Vis meas-
urement, which represents regeneration of �35% hetero-
dimer 1 ¥ 2, relative to the con-
tent of 1 ¥ 2 in the above solu-
tion of 1, 2, and 29.
Further 1H NMR studies


were then performed to inves-
tigate the ™rearrangement reac-
tions∫ of heterodimer 1 ¥ 3 with
29 and 30 (Scheme 7, Figure 4).
Thus, the continuous addition
of 29 (0.5, 1.0, 1.5, and
2.0 equiv) to the solution of
heterodimer 1 ¥ 3 in CDCl3
caused the signals of dimer 1 ¥
3 to gradually weaken while the
signals of new heterodimers 1 ¥
29 and 3 ¥ 29 gradually strength-
ened. The signals of 1 ¥ 29 and
3 ¥ 29 in the solution had been
inferred by adding a solution of


1 ¥ 29 or 3 ¥ 29 in CDCl3, which
could lead to strengthening of
the signals of dimer 1 ¥ 29 or 3 ¥
29. Based on the relative inte-
grated intensity of H1 of 3 ¥ 29
and H4 of 1 ¥ 3 in the mixture, it
was estimated that �90% of 1 ¥
3 was dissociated when 2 equiv
of 29 was added (Figure 4c).
The result is consistent with the
UV/Vis measurement, which
afforded a � value of
�40��1 cm�1 (�max� 474 nm)
for the mixture system, corre-
sponding to a 91% dissociation
of dimer 1 ¥ 3. The signals of
dimer 1 ¥ 3 could be detected
(�3%, based on the integrated
1H NMR intensity) even after
4 equiv of 30 was added to the


1:1:2 solution of 1, 3, and 29 in CDCl3, revealing greater
stability of dimer 1 ¥ 3 relative to dimer 1 ¥ 2. Treatment of the
1:1:2 solution of 1, 3, and 29 with 2 equiv of 30 caused �45%
recovery of dimer 1 ¥ 3 by forming the new heterodimer 29 ¥ 30,
as estimated by the integrated intensities of the corresponding
N±H signals (Figure 4e). A similar result was also obtained
from UV/Vis measurement, which gave 42% regeneration of
dimer 1 ¥ 3 (180��1 cm�1, �max� 430 nm). The signals of
heterodimer 29 ¥ 30 in the 1H NMR spectrum of the solution
of 1, 3, 29, and 30 (Figure 4e) were established by adding
1 equiv of dimer 29 ¥ 30 to the solution, which accordingly
induced the signals of dimer 29 ¥ 30 in the mixture to
strengthen (Figure 4 f). For comparison, the 1H NMR spec-
trum of dimer 29 ¥ 30 is provided as Figure 4g.
In theory, the stability of heterodimers 1 ¥ 29, 2 ¥ 29, 3 ¥ 29,


and 29 ¥ 30 should be comparable in chloroform. The above
results reveal the following sequence of stability: heterodim-
ers 1 ¥ 29, 2 ¥ 29, 3 ¥ 29, 29 ¥ 30 � heterodimers 1 ¥ 2, 1 ¥ 3 �


homodimers 1 ¥ 1, 2 ¥ 2, 3 ¥ 3. The extremely high stability of
heterodimers 1 ¥ 29, 2 ¥ 29, 3 ¥ 29, and 29 ¥ 30, relative to that of


29


1  29.


1  2.


2 equiv


+


30


N NN
H


C11H23


O


N
H


nC11H23


O


H


N


N


N


N
H


O


H


O


O O O O O


OOOO
C4H9


N NNC11H23


O


N nC11H23


O


H H


O


2  29.
H


NN


N
H


O


H


NN N nC11H23


O


NC11H23


O


HH


O


N


O


O


O


O


nC8H17O


O


N
N


3


2 1 4


3


2 1
4


100%


35%


NN NNC11H23


O


nC11H23


O


HH


N


N


O


N
H


H H
N O


EtOOC


29  30.


12


3


4


N
H


O


N


NH


O N
H


COOEt
2 equiv


n


n


n


n


n


Scheme 6. The dissociation and reassociation of heterodimer 1 ¥ 2 in chloroform.


29 (2 equiv)


1  29


29  30


.


.


1  3.


+
30 (2 equiv)


H


N


N


N


N
H


O


H


O


O O O O O


OOOO
C4H9


N NNC11H23


O


N C11H23-n


O


H H


O


3  29.


H


NN


N
H


O


H


NN N nC11H23


O


NC11H23


O


HH


O


O


O


N


3


2 1 4


3


1 2 4


NN


O


O


O


O


nC8H17


90%


45%


n


n


n


Scheme 7. The dissociation and reassociation of heterodimer 1 ¥ 3 in chloroform.







FULL PAPER Z.-T. Li, Y.-Q. Chen et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2904 ± 29132910


homodimers 1 ¥ 1, 2 ¥ 2, 3 ¥ 3, and 30 ¥ 30 is consistent with a
similar heterocyclic motif reported by Zimmerman et al. and
may reflect the inherent strong binding feature of these kind
of heterodimers.[7e]


Conclusion


We have developed two new useful quadruple hydrogen-
bonding assembling monomers based on Meijer×s AADD
quadruply hydrogen-bonded motif and, for the first time,
realized the selective rearrangement or secondary assembly of
this kind of homodimer by introducing an additional donor ±
acceptor interaction. The new heterodimers assembled from
this kind of rearrangement represent one class of new
pseudo[2]rotaxanes with a new unique structural feature. It
has been revealed that the intermolecular hydrogen-bonding
and donor ± acceptor interactions in these supramolecular
systems are capable not only of promoting each other to a
remarkable effect, but they can also fully regulate each other
in chloroform. The rearrangement, dissociation, and reasso-
ciation processes of the newly assembled heterodimers
displayed in this work may, to some extent, be regarded as
new kinds of ™supramolecular reactions∫. The results clearly


demonstrate the great potential
of the cooperative interactions
of different noncovalent forces
for assembling a novel class of
well-defined artificial supramo-
lecular species. In principle, this
cooperative concept may be
utilized to achieve selective
switching between more com-
plicated hydrogen-bonded su-
pramolecular oligomers and
polymers, and to construct a
new generation of supramolec-
ular systems that are being in-
vestigated with vigor in our
laboratory.


Experimental Section


General procedures : Melting points
are uncorrected. All reactions were
performed under an atmosphere of
dry nitrogen. The 1H NMR spectra
were recorded on 600, 400, or
300 MHz spectrometers in the indicat-
ed solvents. Chemical shifts are ex-
pressed in parts per million relative to
the residual solvent protons as internal
standards. Chloroform (�� 7.26) was
used as an internal standard for
CDCl3. Mass spectra (EI, ESI) were
obtained on a Varian SATURN 2000
spectrometer. Elemental analysis was
carried out at the SIOC analytical
center. Unless otherwise indicated,
all starting materials were obtained
from commercial suppliers and were


used without further purification. All solvents were dried before use
following standard procedures. Compounds 4,[16] 5,[17] 10,[18] 20,[7f] , 21,[19]


27,[20] and 28[20] were prepared according to reported procedures.


16-Bromo-2,5,8,11,14,19,22,25,28,31-decaoxa-tricyclo[30.2.2.215,18]octa-
triaconta-1(35),15(38),16,18(37),32(36),33-hexaene (6): A solution of com-
pound 4 (4.60 g, 6.00 mmol) in acetonitrile (50 mL) was added at 60 �C to a
stirred suspension of compound 5 (1.14 g, 6.00 mmol) and sodium
hydroxide (0.49 g, 12.3 mmol) in acetonitrile (100 mL). The reaction
mixture was then heated under reflux for 24 h. After cooling to room
temperature, the resulting solid was filtered off and washed with chloro-
form. The combined filtrates were concentrated and the residue was
dissolved in methylene chloride (200 mL). This solution was washed with
water, brine, and dried over sodium sulfate. After removal of the solvent,
the oily residue was purified by column chromatography (EtOAc/CH3OH
50:1), to afford compound 6 as a yellow oil (1.60 g, 43%). 1H NMR
(CDCl3): �� 3.69 ± 4.04 (m, 32H), 6.73 ± 6.79 (m, 6H), 6.95 (m, 1H); EI-
MS:m/z : 616 [M]� ; elemental analysis calcd (%) for C28H39BrO10 (615.51):
C 54.64, H 6.39; found: C 54.63, H 6.34.


4-(2,5,8,11,14,19,22,25,28,31-Decaoxa-tricyclo[30.2.2.215,18]octatriaconta-
1(35),15(38),16,18(37),32(36),33-hexaen-16-yl)-2-methylbut-3-yn-2-ol (8):
Compound 6 (0.31 g, 0.50 mmol), [Pd(PPh3)2Cl2] (30.0 mg, 0.040 mmol,
8%), CuI (10.0 mg, 0.050 mmol, 10%), and 2-methylbut-3-yn-2-ol (7)
(65.0 mg, 0.75 mmol) were added to iPr2NH (15 mL). The reaction mixture
was stirred under reflux for 18 h and then cooled to room temperature. The
solvent was evaporated in vacuo and the residue was triturated with
methylene chloride (50 mL). The organic phase was washed with 1�
hydrochloride (10 mL), water (10 mL), brine (10 mL), and dried over
sodium sulfate. After removal of the solvent in vacuo, the crude product
was purified by column chromatography on silica gel (EtOAc/CH3OH


Figure 4. Partial 1H NMR spectra (400 MHz) of a) 1�29 (1 equiv); b) 3�29 (1 equiv); c) 1�3�29 (2 equiv);
d) 1�3 (1:1); e) 1�3�29 (2 equiv)�30 (2 equiv); f) 1�3�29 (3 equiv)�30 (3 equiv), and g) 29 � 30 (1:1) in
CDCl3. In all the cases, the concentrations of 1 and 3were kept at 10 m�. The numbering of the protons is given in
the corresponding schemes.
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50:1). Compound 8 was obtained as a yellow oil (0.23 g, 75%). 1H NMR
(CDCl3): �� 1.53 (s, 6H), 3.70 ± 4.04 (m, 32H), 6.68 ± 6.78 (m, 6H), 6.88 (m,
1H); EI-MS: m/z : 618 [M]� ; elemental analysis calcd (%) for C33H46O11


(618.71): C 64.06, H 7.49; found: C 63.79, H 7.35.


16-Ethynyl-2,5,8,11,14,19,22,25,28,31-decaoxa-tricyclo[30.2.2.215,18]octa-
triaconta-1(35),15(38),16,18(37),32(36),33-hexaene (9): Sodium hydroxide
(52.0 mg, 1.30 mmol) was added to a solution of compound 8 (0.61 g,
1.00 mmol) in benzene (10 mL). The mixture was heated under reflux for
12 h and cooled to room temperature, washed with water (2� 10 mL),
brine (10 mL), dried over sodium sulfate. The solvent was then removed in
vacuo and the resulting residue was chromatographed on silica (EtOAc/
CH3OH 50:1), to afford compound 9 as a white solid (0.53 g, 95%). M.p.
73 ± 75 �C; 1H NMR (CDCl3): �� 3.29 (s, 1H), 3.29 ± 4.10 (m, 32H), 6.73 ±
6.79 (m, 6H), 6.95 ± 6.96 (m, 1H); EI-MS: m/z : 560 [M]� ; elemental
analysis calcd (%) for C30H40O10 (560.63): C 64.27, H 7.19; found: C 64.23, H
7.32.


1-Butyl-3-(5-iodo-6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-urea (11): A
solution of compound 10 (3.00 g, 12.0 mmol) and butyl isocyanate (2 mL,
20.2 mmol) in dry pyridine (200 mL) was heated at 90�C for 24 h. After
removal of the solvent in vacuo, the resulting residue was thoroughly
washed with diethyl ether and purified by column chromatography
(dichloromethane/methane 30:1), to give compound 11 (3.78 g, 90%) as
a white solid. M.p. 212 ± 214 �C; 1HNMR (CDCl3): �� 0.98 (t, 3H), 1.43 (m,
2H), 1.63 (m, 2H), 2.55 (s, 3H), 3.30 (m, 2H), 9.85 (s, 1H), 11.69 (s, 1H),
13.45 (s, 1H); FAB-MS: m/z : 351 [M�H]� ; elemental analysis calcd (%)
for C10H15IN4O2 (350.16): C 34.30, H 4.32, N 16.00; found: C 34.54, H 4.33,
N 15.91.


1-Butyl-3-[5-(2,5,8,11,14,19,22,25,28,31-decaoxa-tricyclo[30.2.2.215,18]oc-
tatriaconta-1(35),15,17,32(36),33,37-hexaen-16-ylethynyl)-6-methyl-4-oxo-
1,4-dihydropyrimidin-2-yl]-urea (1): Compounds 9 (0.28 g, 0.50 mmol), 11
(0.21 g, 0.60 mmol), [Pd(PPh3)2Cl2] (30 mg, 6%), and CuI (10 mg, 10%)
were added to a solution of THF (30 mL) and Et3N (1.5 mL). The mixture
was stirred for 5 h at room temperature and then concentrated under
reduced pressure. The residue was triturated with methylene chloride
(100 mL). After workup, the residue was purified by column chromatog-
raphy on silica gel (CH2Cl2/CH3OH 20:1). Compound 1 (118 mg, 30%) was
obtained as a white solid. M.p. 158 ± 159 �C; 1H NMR (CDCl3): �� 0.95 (t,
3H), 1.39 (m, 2H), 1.63 (m, 2H), 2.55 (s, 3H), 3.29 (m, 2H), 3.68 ± 4.09 (m,
32H), 6.67 ± 6.80 (m, 6H), 7.04 (m, 1H), 10.12 (m, 1H), 11.85 (s, 1H), 13.49
(s, 1H); ESI-MS: m/z : 805 [M�Na]� ; elemental analysis calcd (%) for
C40H54O12N4 (782.88): C 61.37, H 6.95, N 7.16; found: C 60.96, H 6.94, N
6.99.


2-(2-Hydroxyethyl)-6-octylpyrrolo[3,4-f]isoindole-1,3,5,7-tetraone (15): A
solution of compounds 12 (4.40 g, 20.0 mmol), 13 (2.60 g, 20.0 mmol) and
14 (1.20 g, 20.0 mmol) in DMF (40 mL) was stirred at 120 �C for 4 h and
then cooled to room temperature. The insoluble materials were filtered off
and the solution was poured into water (250 mL). The mixture was
extracted with CH2Cl2 (3� 150 mL) and the organic phase was washed with
1� aqueous NaHCO3 solution and water, and then dried (MgSO4). After
removal of the solvent under reduced pressure, the crude product was
subjected to flash chromatography (hexane/EtOAc 1:1), to afford com-
pound 15 as a white solid (2.30 g, 31%). M.p. 185.5 ± 187.5 �C; 1H NMR
(CDCl3): �� 0.83 ± 0.87 (m, 3H), 1.24 ± 1.31 (m, 10H), 1.66 ± 1.68 (m, 2H),
1.88 (s, 1H), 3.69 ± 3.74 (t, J� 7.2 Hz, 2H), 3.89 ± 3.96 (m, 4H), 8.26 (s, 2H);
EI-MS: m/z : 372 [M]� ; elemental analysis calcd (%) for C20H24N2O4


(372.42): C 64.50, H 6.50, N 7.52; found: C 64.31, H 6.53, N 7.61.


tert-Butoxycarbonylaminoacetic 2-(6-octyl-1,3,5,7-tetraoxo-3,5,6,7-tetra-
hydro-1H-pyrrolo[3,4-f]isoindol-2-yl) ethyl ester (17): DCC (105 mg,
0.51 mmol) was added to a solution of compounds 15 (186 mg, 0.50 mmol)
and 16 (88 mg, 0.51 mmol) and DMAP (5 mg) in methylene chloride
(50 mL) at 0 �C. The solution was stirred for 0.5 h at room temperature and
the precipitate was filtered off. After workup, the solvent was evaporated.
The resulting residue was subjected to flash chromatography (CH2Cl2/
MeOH 75:1) to give compound 17 as a white solid (224 mg, 85%). M.p.
167 ± 169 �C; 1H NMR (CDCl3): �� 0.85 ± 0.89 (m, 3H), 1.26 ± 1.33 (m,
10H), 1.41 (s, 9H), 1.68 ± 1.72 (m, 2H), 3.72 ± 3.77 (t, J� 7.8 Hz, 2H), 3.86 ±
3.88(d, J� 5.4 Hz, 2H), 4.02 ± 4.06 (t, J� 9.9 Hz, 2H), 4.42 ± 4.45 (t, J�
10.2, 2H), 4.98 (s, 1H), 8.29 (s, 2H); EI-MS: m/z : 530 [M]� ; elemental
analysis calcd (%) for C27H35N3O8 (529.58): C 61.23, H 6.66, N 7.99; found:
C 61.22, H 6.41, N 7.94.


Isocyanato-acetic 2-(6-octyl-1,3,5,7-tetraoxo-3,5,6,7-tetrahydro-1H-pyrro-
lo[3,4-f]isoindol-2-yl) ethyl ester (18): Boron trifluoride etherate
(0.4 mL) was added with a syringe at room temperature to a solution of
compound 17 (180 mg, 0.34 mmol) in acetic acid (15 mL). The solution was
stirred for 15 min and then poured into aqueous ammonia solution (1�,
50 mL). The mixture was extracted with CH2Cl2 (3� 30 mL). The
combined organic phases were washed with water (3� 20 mL) and then
poured into a 250 mL flask. A saturated solution of Na2CO3 (15 mL) was
added. After stirring for 5 min, a solution of triphosgene (1�) in CH2Cl2
(5 mL) was added and the mixture was stirred vigorously for 15 min. The
organic phase was separated and the aqueous phase was extracted with
CH2Cl2 (30 mL). The combined organic phases were dried and concen-
trated to afford compound 18, which was used for next step without further
purification.


[3-(6-Methyl-4-oxo-1,4-dihydro-pyrimidin-2-yl)-ureido]-acetic 2-(6-octyl-
1,3,5,7-tetraoxo-3,5,6,7-tetrahydro-1H-pyrrolo[3,4-f]isoindol-2-yl) ethyl es-
ter (2): A suspension of compound 18, obtained above, and pyrimidine 19
(50 mg, 0.40 mmol) in THF (50 mL) was heated under reflux for 20 h. After
cooling to room temperature, the solvent was removed in vacuo. The
residue was washed with diethyl ether (30 mL) and then recrystallized from
CH2Cl2 and MeOH. Compound 2 was obtained as a white solid (108 mg,
64%). M.p. 197 ± 195 �C; 1H NMR (CDCl3): �� 0.85 ± 0.89 (m, 3H), 1.26 ±
1.32 (m, 10H), 1.66 ± 1.70 (m, 2H), 2.24 (s, 3H), 3.69 ± 3.74 (t, J� 7.2 Hz,
2H), 3.97 ± 3.99 (d, J� 5.4 Hz, 2H), 4.02 ± 4.06 (t, J� 5.1 Hz, 2H), 4.41 ±
4.45 (t, J� 4.8 Hz, 2H), 5.77 (s, 1H), 8.24 (s, 2H), 10.69 (s, 1H), 12.02 (s,
1H), 12.77 (s, 1H); FAB-MS: m/z : 580 [M]� ; elemental analysis calcd (%)
for C30H42O12 (580.59): C 57.92, H 5.56, N 14.48; found: C 57.58, H 5.70, N
14.53.


1-(2-Benzyloxy-ethyl)-3-(6-nonyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea
(22): Saturated aqueous NaHCO3 (280 mL) was added to a solution of
benzoxyethylamine hydrochloride (2.62 g, 14.0 mmol) in methylene chlor-
ide (280 mL). The biphasic mixture was cooled to 0 �C and stirred for
10 min. Stirring was stopped and the layers were allowed to separate. A
solution of triphosgene (2.80 g, 9.43 mmol) in methylene chloride (30 mL)
was added to the organic phase by means of a syringe. The mixture was
cooled for 0.5 h in an ice bath with stirring. The layers were allowed to
separate and the aqueous phase was extracted with methylene chloride
(3� 100 mL). The combined organic phases were dried over Na2SO4,
filtered, and concentrated to give compound 21, which was used immedi-
ately in the next step. The crude isocyanate was dissolved in dry pyridine
(100 mL), and 20 (3.37 g, 14.0 mmol) was added. The solution was heated
under reflux for 4 h, the solvent was removed and the residue was
thoroughly washed with Et2O and then purified by column chromatog-
raphy (CH2Cl2/MeOH 30:1), to afford compound 22 as a white solid (4.13 g,
71%). M.p.� 190 �C; 1H NMR (CDCl3): �� 0.88 (t, J� 6.8 Hz, 3H), 1.24 ±
1.32 (m, 12H), 1.64 (d, J� 7.4 Hz, 2H), 2.46 (t, J� 7.7 Hz, 2H), 3.49 ± 3.55
(q, J� 5.4 Hz, 2H), 3.65 (t, J� 5.7 Hz, 2H), 4.57 (s, 1H), 5.81 (s, 1H), 7.24 ±
7.37 (m, 5H), 10.36 (s, 1H), 11.97 (s, 1H), 13.09 (s, 1H); EI-MS: m/z : 414
[M]� ; elemental analysis calcd (%) for C23H34N4O3 (414.54): C 66.64, H
8.27, N 13.52; found: C 66.61, H 8.06, N 13.52.


1-(2-Hydroxyethyl)-3-(6-nonyl-4-oxo-1,4-dihydropyrimidin-2-yl)urea (23):
10% Pd/C (0.15 mg) was added to a mixture of 22 (2.07 g, 5.00 mmol) and
NH4HCO3 (7.0 g) in methanol (150 mL). The mixture was stirred under
reflux for 1.5 h, and then filtered to remove the catalyst. The solvent was
evaporated and the crude product was recrystallized from methanol and
acetone to afford compound 23 (1.37 g, 84%) as a gel. 1H NMR (CDCl3):
�� 0.88 (t, J� 6.8 Hz, 3H), 1.31 ± 1.33 (m, 12H), 1.64 (q, 2H), 2.47 (t, J�
7.7 Hz, 2H), 3.44 (t, J� 4.5 Hz, 2H), 3.72 (t, 1H), 3.81 (m, 2H), 5.82 (s, 1H),
10.29 (s, 1H), 11.81 (s, 1H), 13.06 (s, 1H); EI-MS: m/z : 293 [M�CH3O]� ;
elemental analysis calcd (%) for C16H28N4O3 (324.42): C 59.23, H 8.70, N
17.27; found: C 59.29, H 8.55, N 17.01.


(7-Octyl-1,3,6,8-tetraoxo-3,6,7,8-tetrahydro-1H-benzo[lmn][3,8]phenan-
throlin-2-yl) acetic acid (25): A solution of compounds 24 (2.68 g,
10.0 mmol), 13 (1.30 g, 20.0 mmol), and glycine (0.62 g, 20.0 mmol) in
DMF (40 mL) was stirred at 120 �C for 4 h. After the mixture had cooled to
room temperature, the insoluble solid was filtered off and the solution was
poured into water (100 mL) The precipitate was filtered, washed with water
(15 mL), methanol (15 mL), and CH2Cl2 (15 mL), and then purified by
column chromatography (CHCl3/MeOH 50:1). Compound 25was obtained
as a pink solid (1.33 g, 29%). M.p. 154 ± 155 �C; 1H NMR (CDCl3): ��
0.83 ± 0.87 (m, 3H), 1.25 ± 1.32 (m, 10H), 1.62 ± 1.65 (m, 2H), 4.00 ± 4.05 (t,
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J� 7.8 Hz, 2H), 4.74 (s, 2H), 8.62 ± 8.68 (m, 4H); EI-MS: m/z : 454 [M]� ;
elemental analysis calcd (%) for C24H24N2O6 ¥H2O (436.46): C 63.52, H
5.76, N 6.06; found: C 63.97, H 5.78, N 5.56.


(7-Octyl-1,3,6,8-tetraoxo-3,6,7,8-tetrahydro-1H-benzo[lmn][3,8]phenan-
throlin-2-yl) acetic 2-[3-(6-nonyl-4-oxo-1,4-dihydropyrimidin-2-yl)urei-
do]ethyl ester (3): Compound 25 (0.30 g, 0.66 mmol) was added to oxalyl
chloride (5 mL) at room temperature, and the suspension was refluxed
until the mixture had turned clear (6 h). The solution was then concen-
trated in vacuo and the oily residue 26 was used for the next step without
further purification. To a solution of compound 23 (0.15 mg, 0.70 mmol),
NEt3 (0.5 mL), and DMAP (10 mg) in chloroform (50 mL) was added a
solution of the above compound 26 in chloroform (10 mL) with stirring at
room temperature. The mixture was refluxed for 20 h and cooled to room
temperature. It was washed with water and brine, and then dried over
sodium sulfate. The solvent was removed in vacuo, and the residue was
subjected to flash chromatography (CH2Cl2/EtOAc 3:1) to afford com-
pound 3 as a pink solid (15%). M.p. 192 ± 193 �C; 1H NMR (CDCl3): ��
0.82 ± 0.86 (m, 6H), 1.23 ± 1.37 (m, 18H), 1.70 ± 1.75 (m, 4H), 2.46 ± 2.51 (t,
J� 7.8 Hz, 2H), 3.57 ± 3.59 (d, J� 5.1 Hz, 2H), 4.14 ± 4.19 (t, J� 7.8 Hz,
2H), 4.38 ± 4.41 (t, J� 5.1 Hz, 2H), 5.02 (s, 2H), 5.81 (s, 1H), 8.69 ± 8.72 (m,
4H), 10.43 (s, 1H), 11.72 (s, 1H), 12.96 (s, 1H); ESI-MS: m/z : 743 [M]� ;
elemental analysis calcd (%) for C28H32N2O8 (742.86): C 64.67, H 6.78, N
11.31; found: C 64.60, H 6.85, N 11.23.


Dodecanoic (7-dodecanoylamino[1,8]naphthyridin-2-yl)amide (29): Trie-
thylamine (5 mL), N-dimethylaminopyridine (DMAP, 61 mg, 5%), and
lauroyl chloride (5.48 g, 25.0 mmol) were added to a stirred suspension of
2,7-diamino-1,8-naphthyridine[21] (1.60 g, 10.0 mmol) in chloroform
(200 mL). The mixture was then heated at reflux for 48 h and cooled to
room temperature. The solid was filtered off and the organic phase washed
with 1� hydrochloride solution (2� 50 mL), 1� sodium carbonate solution
(2� 50 mL), water (30 mL), brine (50 mL) and was then dried (MgSO4).
After removal of the solvent in vacuo, the resulting residue was purified by
column chromatography (CH2Cl2/ethyl acetate 5:1), to afford the title
compound as a colorless solid (65%). M.p. 130 ± 132 �C; 1H NMR (CDCl3):
�� 8.44 (d, 2H), 8.18 (s, 2H), 8.16 (d, 2H), 2.43 (t, 4H), 1.75 (m, 4H), 1.42 ±
1.20 (m, 16H), 0.86 (m, 3H); FAB-MS: m/z : 525 [M�H]� ; elemental
analysis calcd (%) for C32H52N4O2 (524.78): C 73.24, H 9.99, N 10.68;
Found: C 73.19, H 10.01, N 10.70.


[3-(6-Methyl-4-oxo-1,4-dihydropyrimidin-2-yl)ureido]acetic ethyl ester
(30): A mixture of 2-amino-4-hydroxy-6-methylpyrimidine (0.50 g,
4.00 mmol) and ethyl 2-isocyanatoglycinate[22] (0.50 g, 3.91 mmol) in dried
pyridine (20 mL) was stirred under reflux for 3 h. The solvent was removed
under reduced pressure and the residue was thoroughly washed with Et2O
and then subjected to flash chromatography (CH2Cl2/MeOH 10:1), to give
compound 30 as a white solid (0.77 g, 78%). M.p. 197.5 ± 199 �C; 1H NMR
(CDCl3): �� 1.25 ± 1.30 (t, 3H), 2.22 (s, 3H), 3.98 ± 4.00 (d, 2H), 4.12 ± 4.25
(m, 2H), 5.82 (s, 1H), 10.76 (s, 1H), 12.13 (s, 1H), 12.87 (s, 1H); EI-MS:
m/z : 254 [M]� ; anal. calcd (%) for C10H14N4O4 (254.24): C 47.24, H 5.55, N
22.03; found: C 47.17, H 5.50, N 22.26.


1H NMR binding studies : All 1H NMR binding studies were carried out at
25 �C. The CDCl3 used in these studies was passed through a short column
of dry, activated, basic alumina prior to use. [D6]DMSO was used as
provided without further purification. Volumetric flasks and syringes used
in preparing solutions were washed with dried CDCl3 and dried in vacuum
before use. Samples (usually 0.6 mL) were prepared from stock solutions,
transferred to the NMR tubes and diluted accordingly with syringes.


For one series, usually 10 ± 15 samples were prepared and binding constants
reported are the average of two or three experiments, which were obtained
by fitting the data of the changes in the chemical shifts to 1:1 binding
isotherms with standard nonlinear curve-fitting procedures.[14] The non-
linear equations, used in dilution (self-association) and 1:1 dilution or
titration (complexation) studies, were derived from mass-balance equa-
tions and the relationship between the concentrations of free and
complexed samples and the weighted chemical shifts under the condition
of rapid exchange.[14] Detailed methods and typical examples are available
as Supporting Information.
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Abstract: Organic ± inorganic hybrid
materials based on polyoxometalate
building blocks with capping La3� ions
and bidentate oxygenated ligands have
been obtained by reaction at room
temperature of the [�-PMo12O36-
(OH)4{La(H2O)4}]5� polyoxocation with
glutarate (C5H6O2


2�) and squarate
(C4O4


2�) organic ligands. [�-PMo12O37-
(OH)3{La(H2O)4(C5H6O4)0.5}4] ¥ 21H2O
(1) and [�-PMo12O39(OH){La(H2O)6}2-


{La(H2O)5(C4O4)0.5}2] ¥ 17H2O (2) form
unprecedented 1D chains built from
alternating polyoxocations and organic
ligands connected through La�O links.
The structures of these materials are


compared to the 2D hybrid organic ±
inorganic framework [NC4H12]2-
[Mo22O52(OH)18{La(H2O)4}2{La-
(CH3CO2)2}4] ¥ 8H2O (3) isolated from
the hydrothermal reaction of elemental
precursors (MoO4


2�, Mo, La3�) in ace-
tate buffer. Compound 3 is built from
previously undescribed polyoxometa-
late units with twenty-two MoV centers
capped by six La3� ions, four of which
are bridged by acetate ligands.


Keywords: carboxylate ligands ¥
�-Keggin ion ¥ molybdenum ¥ or-
ganic ± inorganic hybrid composites
¥ polyoxometalates


Introduction


Most of the polyoxometalates (POMs) have discrete struc-
tures of definite sizes and shapes belonging to well-known
structural types, such as the Lindquist (e.g. Mo6O19


2�), Keggin
(e.g. PMo12O40


3�), or Dawson (e.g. P2Mo18O62
6�) types.[1]


Linking these discrete entities to build solid-state materials
is of great interest not only from a structural point of view, but
also because they are potentially interesting for applications
in different areas such as catalysis, electrical conductivity, and
biological chemistry.[2] Synergistic effects have also been
invoked.[3] Three main approaches have been developed for
the linkage of POM building blocks. The first way is based on
the functionalization of a POM precursor with organic ligands
and the subsequent or concomitant coupling of the organic
derivatives (Scheme 1a). A few materials have so far been
successfully obtained, namely two examples of dimers of
Lindquist type POMs;[3, 4] this illustrates the efficiency of the
coupling of organoimido derivatives of POMs, catalytic POM-
terminated dendrimers,[5] and polymers with covalently bound
POMs.[6] The second and third approaches use the coordina-
tion chemistry of POMs with transition metal ions or even


Scheme 1. Schematic representation of the three major ways to connect
POM entities; M� transition metal or rare earth cation, L�organic ligand.


lanthanides. The coupling may be direct through the metal ion
or the rare-earth center bound to terminal oxygen atoms of
the POM (Scheme 1b) or can occur by the intermediate of a
bidentate organic ligand (Scheme 1c). Several examples of
multidimensional frameworks in which transition-metal coor-
dination complexes serve as inorganic bridging linker have
recently been published.[7] In the case of lanthanide linkers,
examples are less numerous and can be separated into two
categories according to the nature of the POM precursor,
which is either a reduced and thus highly charged and reactive
POM[8] or a vacant POM.[9] Chains with [UMo12O42]8� units
linked by Th4� ions,[10] [Mo8O27]6� anions joined by Eu3�


ions,[11] and, more recently, [Al(OH)6Mo6O18]3� POMs with
La3� linkers have also been reported.[12] The third approach is
far less developed.[13] In almost all the previously reported


[a] Dr. A. Dolbecq, Dr. P. Mialane, L. Lisnard, Dr. J. Marrot,
Prof. F. Se¬cheresse
Institut Lavoisier, IREM, UMR 8637
Universite¬ de Versailles Saint-Quentin
45 Avenue des Etats-Unis, 78035 Versailles Cedex (France)
Fax: (�33)1-39-25-43-81
E-mail : dolbecq@chimie.uvsq.fr


FULL PAPER


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200204670 Chem. Eur. J. 2003, 9, 2914 ± 29202914







2914±2920


Chem. Eur. J. 2003, 9, 2914 ± 2920 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2915


materials constructed from POM building blocks by the
second and third methods described in Scheme 1, the syn-
thesis of the materials is based on self-assembly processes and
takes place either in usual bench conditions or by means of
hydrothermal techniques. The rationalized synthesis of ex-
tended solids from the isolated functionalized POM precur-
sors is still a challenge. We have recently described the
synthesis of a novel polyoxocation, [�-PMo12O36(OH)4-
{La(H2O)4}4]5� (�-PMo12), with an �-Keggin-type core capped
with four lanthanum ions.[14] The lability of the terminal water
molecules on the lanthanum centers opens the way to the
design of extended frameworks by reaction of the POM
precursor with bidentate organic ligands. We thus describe in
this paper the synthesis and structural characterization of two
1D hybrid organic ± inorganic chains with �-Keggin ions as
building blocks, namely [�-PMo12O37(OH)3-
{La(H2O)4(C5H6O4)0.5}4] ¥ 21H2O (1) with glutarate
(C5H6O4


2�) linkers and [�-PMo12O39(OH){La(H2O)6}2-
{La(H2O)5(C4O4)0.5}2] ¥ 17H2O (2) with squarate (C4O4


2�)
ligands. These materials were obtained by using the third
approach described in Scheme 1. We also compare these two
one-dimensional chains with the two-dimensional framework
[NC4H12]2[Mo22O52(OH)18{La(H2O)4}2{La(CH3CO2)2}4] ¥
8H2O (3), synthesized under hydrothermal conditions, whose
constituting units can be described as double �-Keggin ions
capped with lanthanum ions.


Results and Discussion


Structure of [�-PMo12O37(OH)3{La(H2O)4(C5H6O4)0.5}4] ¥
21H2O (1): The addition of glutarate ions to a solution of �-
PMo12 leads to the formation of 1D chains of polyoxocations
linked by glutarate ligands (Figure 1). The compound crys-
tallizes in the triclinic space group P1≈, with one �-PMo12


polyoxocation and two glutarate ligands in the asymmetric


Figure 1. View of the structure of 1 along the a axis showing the zigzag
chains of {�-PMo12} ions linked by glutarate ligands via the rare earth
capping centers.


unit. Each lanthanum ion on the cation is linked to an organic
ligand via the carboxylate moieties which act as chelating
groups (Figure 2a, Table 1). Two bidentate ligands, almost
parallel, thus connect the polyoxocations one by one. Four


Figure 2. The different coordination geometries around the lanthanum
ions in a) 1 with glutarate ligands, b) 2 with squarate ligands, and c) 3 with
acetate ligands; the oxygen atoms bound to the POM core are represented
by gray spheres. The corresponding bond lengths are given in Table 2.


Table 1. Ranges and mean bond distances [ä] within the POM core in 1, 2, and 3.


1 2 3


P�O 1.561(8) ± 1.584(8) 1.543(6) ± 1.553(5)
[1.569][b] [1.548]


Mo�Oa
[a] 2.425(8) ± 2.679(6) 2.472(4) ± 2.633(4) 1.857(2) ± 2.334(2)


[2.546] [2.530] [2.248]
Mo�Ob,c


[a]


Short 1.818(8) ± 2.040(7) 1.814(4) ± 2.006(4) 1.932(2) ± 1.961(2)
[1.954] [1.927] [1.952]


Long[c] 2.072(7) ± 2.096(8) 2.037(4) ± 2.038(4) 2.083(2) ± 2.141(2)
[2.087] [2.037] [2.107]


Mo�Od
[a] 1.675(9) ± 1.704(7) 1.678(6) ± 1.688(6) 1.666(3) ± 1.680(2)


[1.684] [1.682] [1.673]
MoV�MoV 2.5792(14) ± 2.6069(13) 2.566(1) 2.5430(6) ± 2.6183(13)


[2.587] [2.565] [2.596]
Mo ¥ ¥ ¥Mo[d] 3.1404(14) ± 3.1509(15) 3.081(1) ± 3.118(2)


[3.146] [3.100]


[a] Oa refers to an oxygen atom of the central cavity, bound to the phosphorous
atom in 1 and 2, Ob,c refers to bridging oxygen atoms, Od refers to a terminal
oxygen atom. [b] Mean values are indicated between square brackets. [c] Mo�O
bond lengths for O atoms bridging two Mo atoms of the Keggin core with two
corresponding Mo�Ob,c lengths longer than 2.0 ä. [d] Mo ¥ ¥ ¥Mo bond lengths
shorter than 3.20 ä between MoVI centers in 1 and MoVI and MoV centers (which
are partly delocalized) in 2.
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water molecules complete the coordination sphere of the
nonacoordinated lanthanum ions. As the polyoxocation does
not lie on any symmetry element, the Mo�Mo bond lengths
(Table 1) are not averaged, as observed in the structure of the
chlorine and bromine salt of �-PMo12,[14] this allows an
attribution of the formal oxidation state of each metallic
center to be proposed (Figure 3a). Among the twelveMo ions,


Figure 3. a) View of the structure of the molecular cation �-PMo12
4� in 1,


the MoV centers are represented by light gray octahedra while the MoVI


centers are shown as medium gray octahedra. b) Representation of the
polyoxometalate building block in 2, showing the two interpenetrating {�-
Mo12} subunits.


eight are MoV ions, dimerized into diamagnetic MoV�MoV


pairs (dMo-Mo� 2.60 ä) while the remaining four are MoVI


centers (dMo-Mo� 3.10 ä). The localization of the unpaired
electrons on the Mo centers is consistent with the absence of a
charge-transfer band (around 800 nm) characteristic of the
™molybdenum blues∫ species.[15] Valence-bond calculations[16]


were applied to all atoms, confirming the oxidation state of
theMo atoms (eight Mo atoms with bond valence sums (�s) in
the range 5.07 ± 5.23 and four Mo atoms with �s in the range
5.90 ± 5.98); this also allows the location of the protons on the
�2-oxygen atoms to be proposed. Four oxygen atoms bridging
two MoV centers of two different MoV�MoV pairs were found
to have lower valence-bond numbers (1.21��s� 1.25). In
order to respect the electroneutrality of the compound, three
protons were placed on the polyoxocation, therefore these
three protons are supposed to be delocalized over the four
bridging oxygen atoms with lower valence-bond numbers. The
hybrid organic ± inorganic zigzag chains stack along the b axis
(Figure 1) forming a compact arrangement. A set of hydro-
gen-bonding interactions can be identified between the water
molecules on the lanthanum ions, the carboxylate groups, and
the terminal oxygen atoms of the adjacent chain (Figure 4).


Structure of [�-PMo12O39(OH){La(H2O)6}2{La(H2O)5-
(C4O4)0.5}2] ¥ 17H2O (2): The structure of the 1D chains
resulting from the linkage of �-PMo12 cations via the bidentate
squarate ligands (Figure 5) is similar to that of 2 except that
only two of the four nonacoordinated lanthanum ions are
bound to an organic ligand. The squarate ligand thus bridges
two La3� ions through two trans-located �2-oxygen atoms, two
positions remaining uncoordinated (Figure 2b, Table 1). The
squarate ligand does not show significant deviations from
planarity, as sometimes observed in structures of LaIII


squarates,[17] and the two La3� ions lie in the plane of the
organic ligand. This connecting scheme leads to the formation
of a straight POM-La-squarate-La-POM chain while the
infinite motif in 1 was a zigzag chain. The chains running


Figure 4. Hydrogen-bonding scheme, with the related O ¥ ¥ ¥O bond
lengths, between two chains of polyoxometalates linked by glutarate
ligands in 1.


Table 2. Selected La�O, C�C and C�O bond distances [ä] in 1, 2, and 3
associated to the representations of Figure 2.


1
La1�O35 2.486) La3�O30 2.498(8)
La1�O44 2.571(9) La3�O4 2.574(6)
La1�O2 2.580(7) La3�O46 2.592(8)
La1�O4W 2.590(9) La3�O45 2.596(8)
La1�O14W 2.5603(9) La3�O8W 2.601(9)
La1�O12 2.609(7) La3�O11W 2.637(9)
La1�O43 2.613(9) La3�O20W 2.641(9)
La1�O7W 2.685(8) La3�O15W 2.643(9)
La1�O16W 2.688(8) La3�O20 2.661(7)
La2�O29 2.502(8) La4�O34 2.470(7)
La2�O39 2.546(7) La4�O1W 2.527(9)
La2�O42 2.554(7) La4�O47 2.577(8)
La2�O2W 2.559(8) La4�O21 2.581(7)
La2�O41 2.610(7) La4�O38 2.590(7)
La2�O13 2.627(7) La4�O48 2.597(7)
La2�O9W 2.632(9) La4�O6W 2.612(8)
La2�O12W 2.640(9) La4�O3W 2.647(8)
La2�O5W 2.701(9) La4�O19W 2.694(10)
C1�C2 1.512(18) C6�C7 1.506(16)
C2�C3 1.515(16) C7�C8 1.547(16)
C3�C4 1.502(17) C8�C9 1.509(19)
C4�C5 1.510(15) C9�C10 1.509(16)
C5�O47 1.289(14) C6�O41 1.273(14)
C5�O48 1.288(15) C6�O42 1.280(14)
C1�O43 1.290(14) C10�O45 1.270(14)
C1�O44 1.260(14) C10�O46 1.286(14)


2
La1�O5 2.450(6) La1�O4 2.578(4)
La1�O12 2.566(6) La1�O13 2.610(6)
La1�O18 2.567(8) La1�O16 2.638(6)
C1�C3 1.40(1) C2�O25 1.25(2)
C1�C2 1.41(1) C3�O26 1.20(2)


3
La2�O5 2.419(2) La2�O22 2.506(3)
La2�O17 2.418(5) La2�O12 2.559(2)
La2�O23 2.456(3) La2�O25 2.575(3)
La2�O26 2.467(3) La2�O23 2.744(3)
C1�C2 1.498(8) C3�C4 1.461(9)
C1�O25 1.229(5) C3�O22 1.249(5)
C1�O23 1.277(5) C3�O26 1.228(5)
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Figure 5. View along the b axis of the 1D chains in 2, built from the
connection of {�-Mo12} units by squarate ligands via the rare earth capping
centers. Hydrogen bonds between the polyoxocations in two adjacent
chains are represented as dotted lines.


parallel to the a axis stack on top of each other along the c axis
forming hybrid organic ± inorganic sheets. Hydrogen bonding
interactions (dO¥¥¥O� 2.97 ä) between two water molecules on
two lanthanum ions and two terminal oxygen atoms of an {�-
PMo12} core of an adjacent chain ensure the cohesion within
the sheet (Figure 5). The different planes stack along the b
axis and are shifted by c/2 in order to get the most compact
framework.


Structure of [NC4H12]2[Mo22O52(OH)18{La(H2O)4}2{La(CH3-


CO2)2}4] ¥ 8H2O (3): Compound 3 is a two-dimensional
material with POM units connected in two directions
by acetate ligands (Figure 6). The building block of 3 is
a polyoxometalate with 22 MoV centers, arranged in
11 MoV�MoV pairs. A mirror plane containing a C2 axis
intersects the POM (C2h symmetry). It can be viewed as the
merging of two {�-Mo12O40} POMs that have a MoV�MoV pair
in common (Figure 3b). To our knowledge, this framework
has never been described so far in the chemistry of POMs. As
has already been observed for other POMs containing the


Figure 6. Representation of the 2D planes of {�-Mo22} cores linked by
acetate groups via lanthanum capping centers in 3.


{�-Mo12O40} core,[18] the central cavity of each {�-Mo12O40}
entity is occupied by two protons. Valence-bond calculations
have shown that the two protons are localized on two of the
four �3-oxygen atoms that define the cavity perimeter. The
absence of a central element within the cavity of the {�-
Mo12O40} core leads to a shortening of the Mo�Oa bond
lengths (Table 1). Fourteen additional protons have been
found delocalized over the sixteen �2-oxygen atoms. The {�-
Mo22} core is stabilized by 6 La3� capping ions. Four lantha-
num ions are bound to the POM by three oxygen atoms and
cap hexagonal {Mo2}3 faces in a similar manner to that
observed for the parent compounds 1 and 2 containing the {�-
PMo12O4O} core (Figure 3b). The other two La3� ions are
located at the junction of the {�-Mo12O40} entities. These
cations are connected to the two {�-Mo12O40} subunits via four
oxygen atoms and to a �2-oxygen atom bridging the
MoV�MoV pair common to the two interpenetrating {�-
Mo12O40} entities. Four additional water molecules are bound
to these two La3� ions, which are thus nonacoordinated. The
four remaining rare earth centers are octacoordinated and are
connected to four acetate groups that bridge two La3� ions of
two neighboring POMs. Two coordination geometries may be
distinguished for the acetate groups (Figure 2c, Table 1): two
acetates bridge in the more common �1:�1:�2 fashion and the
other two bridge in the rarer �2:�1:�2 mode; these latter
acetate groups are both bridging and chelating groups.
Indeed, the two oxygen atoms are bound to the same
lanthanum ion, one of the oxygen atoms being also connected
to the other La3� ion in a �2-bridging manner. Consequently
the C�O bond lengths within the bridging groups (C3�O22
and C3�O26, Table 1) are equivalent, while the C1�O23 bond
length is longer than the C1�O25 length in the bridging and
chelating carboxylate groups. This connecting scheme of two
rare earth centers with four bridging acetate groups has
already been observed a few times[19] and allows the rare earth
ions to be brought closer (dLa¥¥¥La� 4.12 ä). One POM is thus
linked to four adjacent POMs, forming a 2D plane (Figure 5).
The different planes are shifted by a/2 and stack along the c
axis. (C2H5)2NH2


� counterions are interleaved between the
sheets.


31P NMR spectroscopy: A 31P NMR spectroscopy study was
performed in order to investigate the reactivity of the �-PMo12


parent polyoxocation toward organic oxygenated ligands. As
the addition of glutaric or squaric acids leads to the quick
precipitation of an insoluble powder, we chose the acetate
ligands for which the precipitation is slower, especially at low
reaction pH. The 31P NMR spectrum of �-PMo12 in water
reveals two resonances �1 and �2, located at 1.52 and 1.06 ppm,
respectively, and with relative intensities 1:5.5 (Figure 7).
These two peaks have been attributed[14] to the parent �-
PMo12 ion (�2) and the derived species with three capping La3�


ions (�1) according to the following Equilibrium (1):


[�-PMo12O36(OH)4{La(H2O)4}4]5��
[�-PMo12O36(OH)4{La(H2O)4}3]2� � La3� � 4H2O


(1)


The addition of increasing amounts of acetic acid in an
aqueous solution of �-PMo12 leads to a continuous decrease of







FULL PAPER A. Dolbecq et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 2914 ± 29202918


Figure 7. 31P NMR spectra of an aqueous solution of
[�-PMo12O36(OH)4{La(H2O)4}4]5� (�-PMo12) to which had been added
variable amounts of CH3COOH; the ratios of initial concentrations
were a) [CH3COOH]0/[�-PMo12]0� 0, b) [CH3COOH]0/[�-PMo12]0� 4,
c) [CH3COOH]0/[�-PMo12]0� 40.


the �1 resonance until it almost disappears for [CH3COOH]0/
[�-PMo12]0� 40. This result shows that acetic acid reacts with
the POM and stabilizes the species with four La3� ions relative
to the species with three La3� ions that is, it drives
Equilibrium (1) to the left. This can be explained by the
greater affinity of acetate ions for the most highly positively
charged species. Although the existence of Equilibrium (1)
could have been expected to lead to a mixture of species
(according to the number of capping rare earth ions), the
addition of an organic ligand to �-PMo12 stabilizes the
tetracapped polyoxocation. This result is confirmed by the
synthesis of 1 and 2 as a pure phase and in good yield.


Synthesis of organic ± inorganic solid-state materials : The
synthesis of 1D hybrid organic ± inorganic chains is quite
straightforward, starting from an aqueous solution of the �-
Keggin precursor [�-PMo12O36(OH)4{La(H2O)4}4]5� [14] to
which an excess of the organic ligand is added. A burgundy
crystalline powder, insoluble in water and in the most
common organic solvents, immediately precipitates. Single
crystals suitable for X-ray diffraction can be obtained from
slow evaporation of a solution containing the polyoxocation
and a stoichiometric amount of the organic ligand. It should
be noted that these two compounds seem to be thermody-
namically very stable as they have been observed as the only
reaction products, with a lowered reaction yield however,
even for low ligand/POM ratios, although other reaction
products such as dimers or trimers of POMs could have been
expected. The pH of the reaction is also a determining factor
since for a low pH (pH� 2.1) no reaction occurs, a higher pH
increases the yield and the kinetics of the reaction. The pH
should, however, not exceed 4.0 as the decomposition of the
cation occurs at higher pH values. Furthermore, the lower pKa


values of squaric acid (�1 and 3.5) compared with glutaric
acid (4.3 and 5.4) explain why a lower reaction pH and a lower
ligand/POM ratio are needed with the squarate ligands to
obtain a quantitative precipitation of the linear POM-La-
squarate-La-POM chain compared with the formation of the
POM-La-glutarate-La-POM chains with the glutarate ions.
Finally, the absence of chlorine, proved by elemental analysis,
either in 1 and 2 indicates that the chlorine atoms initially
located on the lanthanum centers in the precursor are labile


and are exchanged by water molecules when dissolved in
water, as 31P NMR experiments had previously shown.[14]


The synthesis of the two-dimensional array is quite differ-
ent since it involves the reaction of the elemental precursors,
sodium molybdate, hydrazine, metallic Mo, and lanthanum
chloride in an acetate buffer, the pH being adjusted with
diethyl amine, under hydrothermal conditions. The presence
of both hydrazine and Mo as reducing agents seems necessary
for the formation of 3, since no compound was obtained if
only one of these reactants was used. The compound appears
to be soluble in water; this probably corresponds to the
breaking of the acetato bridges, giving a pale orange solution
that slowly reprecipitates. Indeed no absorption bands
corresponding to the acetate vibrations are detected in the
infrared spectrum of the resulting insoluble powder; this
shows the decomposition of the two-dimensional framework.
Attempts to synthesize an analogous material with phosphate
ions in the cavity of the �-Keggin derivative have so far failed.


Conclusion


The synthesis of 1D chains [�-PMo12O37(OH)3{La(H2O)4-
(C5H6O4)0.5}4] ¥ 21H2O and [�-PMo12O39(OH){La(H2O)6}2-
{La(H2O)5(C4O4)0.5}2] ¥ 17H2O validates the two-step synthetic
protocol and the capacity of {�-PMo12} to act as a precursor for
the synthesis of hybrid organic ± inorganic materials. This
work can be extended to various organic linkers, provided
they have a sufficient affinity for lanthanum ions. The
dimensionality of the materials could thus be controlled by
varying the rigidity, the nature and the number of function-
alities on these ligands. Furthermore, the synthesis of the 2D
solid [NC4H12]2[Mo22O52(OH)18{La(H2O)4}2{La(CH3CO2)2}4] ¥
8H2O shows that hydrothermal techniques offer a comple-
mentary way for the synthesis of multidimensional hybrid
organic ± inorganic materials.


Experimental Section


Synthesis of [�-PMo12O37(OH)3{La(H2O)4(C5H6O4)0.5}4] ¥ 21H2O (1). [�-
PMo12O36(OH)4{La(H2O)2.5Cl1.25}4] ¥ 27H2O (0.050 g, 1.45� 10�5 mol) was
dissolved in water (3 mL). Glutaric acid (0.040 g, 2.9� 10�4 mol) was added
and the pH was adjusted to 3.5 by addition of NaOH (0.1�). A burgundy
microcrystalline powder (0.038 g, yield 89%) immediately precipitated and
was collected by filtration, washed with EtOH, and dried with Et2O. A few
single crystals were obtained by slow evaporation of a solution of [�-
PMo12O36(OH)4{La(H2O)2.5Cl1.25}4] ¥ 27H2O (10 mL, 0.033 g, 10�5 mol) to
which a glutaric acid solution (2 mL, 10�2�, 2� 10�5 mol) was added. A
comparison of the infrared spectra of the powder and the crystals and of the
simulated (from the single-crystal diffraction data) and the experimental
X-ray-diffraction powder pattern show that the same product is obtained
either in good yield as a microcrystalline powder by addition of an excess of
glutaric acid or as crystals by addition of a stoichiometric amount of ligand.
IR (KBr pellets): �� � 1632s, 1532s, 1465m, 1443m, 1431m, 1404w, 963m,
922s, 813m, 765s, 696w, 664w, 600m, 557w, 518w, 479w, 346 cm�1 w;
elemental analysis calcd (%) for C10H89La4Mo12PO85: C 3.63, La 16.80, Mo
34.81, P 0.94; found C 3.66, La 16.17, Mo 35.23, P 1.24.


Synthesis of [�-PMo12O39(OH){La(H2O)6}2{La(H2O)5(C4O4)0.5}2] ¥ 17H2O
(2). Single crystals were obtained by slow evaporation of a solution of [�-
PMo12O36(OH)4{La(H2O)2.5Cl1.25}4] ¥ 27H2O (10 mL, 0.033 g, 10�5 mol) to
which squaric acid solution (1 mL, 10�2�, 10�5 mol) was added. The
solution was filtered before being left for crystallization to remove a slight
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precipitate of 2 which formed immediately. IR (KBr pellets): �� � 1649s,
1500s, 1178w, 1085w, 984m, 966m, 930s, 802s, 765s, 694m, 596s, 530m, 484m,
346 cm�1 w; Compound 2 can be obtained quantitatively as a powder,
starting from a solution of [�-PMo12O36(OH)4{La(H2O)2.5Cl1.25}4] ¥ 27H2O
(10 mL, 0.100 g, 3 10�5 mol) to which a squaric acid solution (6 mL, 10�2�,
6� 10�5 mol) was added. The pH of the solution was adjusted to 3.0. The
burgundy precipitate (0.069 g, yield 75%) was collected by filtration,
washed with EtOH, and dried with Et2O. The experimental diffraction
powder pattern of the obtained powder was shown to be identical to the
simulated powder pattern of 2. Elemental analysis revealed the presence of
squaric acid as an amorphous impurity; elemental analysis calcd (%) for
C8H81La4Mo12O87P: C 2.90, La 16.56, Mo 34.81, P 0.94; found C 3.16, La
16.40, Mo 34.73, P 1.05.


Synthesis of [NC4H12]2[Mo22O52(OH)18{La(H2O)4}2{La(CH3CO2)2}4] ¥
8H2O (3). A mixture of Na2MoO4 ¥ 2H2O (0.190 g, 0.78 mmol), N2H4 ¥
H2O (0.019 mL, 0.39 mmol), Mo (0.038 g, 0.39 mmol), LaCl3 ¥ 7H2O
(0.139 g, 0.39 mmol), CH3COOH (2 mL), and water (3 mL) (pH adjusted
to 4.5 with diethyl amine) was sealed in a Teflon-lined reactor which was
kept at 210 �C for 48 h. Dark red parallepipedic crystals were isolated from
a gray powder by decantation and washed with EtOH (0.039 g, 15% yield
in crystals, based on Mo). IR (KBr pellets): �� � 1589s, 1561s, 1445s, 1412m,
1345w, 1050w, 1022w, 975s, 805s, 729s, 683m, 665m, 520m, 428 cm�1 w;
elemental analysis calcd (%) for C24H98La6Mo22N2O102: C 5.85, La 16.93,
Mo 42.86, N 0.57; found C 7.39, La 18.99, Mo 42.39, N 0.88. The deviancy
from calculated and experimental results for La and C elements can be
explained by the presence of La(CH3COO)3 ¥ 2H2O impurities (ca. 9%).


NMRmeasurements : 31P NMR spectra were recorded on a Bruker AC-300
spectrometer operating at 121.5 MHz in 5 mm tubes. 31P NMR chemical
shifts are referenced to the usual external standard: 85% H3PO4. The
initial concentration of �-PMo12 was [�-PMo12]0� 16.67� 10�3�. Increasing
amounts of a solution of acetic acid (1�) were added in the NMR tube. The
pH of the solution (2.2) remained constant during the addition of acetic
acid.


X-ray crystallography. Intensity data collection was carried out with a
Siemens SMART three-circle diffractometer equipped with a CCD
detector with MoK� monochromatized radiation (�� 0.71073 ä). The
absorption correction was based on multiple and symmetry-equivalent
reflections in the data set by using the SADABS program[19] based on
Blessing×s method.[20] The structure was solved by direct methods and
refined by full-matrix least-squares by using the SHELX-TL package.[21] In
the structure of 3, the lanthanum atom not bound to the squarate ligand and
its coordination sphere of water molecules is disordered over two positions.


These disordered atoms were refined isotropically, the other atoms being
refined anisotropically. Crystallographic data are given in Table 3. Selected
bond distances are listed in Tables 1 and 2. CCDC-199669 ± 199671 contain
the supplementary crystallographic data for the structures of 1 ± 3,
respectively. These data can be obtained free of charge via www.ccdc.ca-
m.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Center, 12 Union Road, Cambridge, CB2 1EZ, UK; fax:(�44)1223-
336033; or deposit@ccdc.cam.ac.uk).
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