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Introduction


Ziegler ±Natta (Z-N) catalysis is consistently one of the most
important and profitable petrochemical processes.[1] Over the
years, the catalyst has evolved from simple TiCl3 crystals into
the nowadays used high-technology system based on the use
of magnesium dichloride as a support for TiCl4.[2] Although
commercial implementation of homogeneous metallocene
catalysts in polyolefin production[3] is often impractical, they
can be heterogenized for efficient gas-phase or flow-through
reaction by attaching them to a solid support.[4a] The Z-N
catalysts are heterogeneous systems, with respect not only to
the insolubility of the catalyst in the polymerizing medium,
but also to its multisite nature, each of which has its own rate
constants for monomer enchainment, stereoselectivity, co-
monomer incorporation, and chain transfer.[4b] A few gener-
ations of Z-N catalysts have already been developed.[5] Each
generation has contributed to higher productivity of the


process and, quite often, to significant improvement of the
stereospecifity of the �-olefin polymerization.[6] The result is
catalysts that are difficult to study and understand, and that
produce complex polymer mixtures with widely varying
molecular weights and microstructures.[7]


High activity, heterogeneous, and stereoregular �-olefin
polymerization catalysts can be produced from a solid species
that typically contain titanium and magnesium moieties, a
selective control agent (SCA), and an organoaluminum co-
catalyst (Scheme 1). Other than titanium, transition metals


Scheme 1. Reaction scheme of heteregenous olefin polymerization cata-
lyst formation.


that are often used for procatalyst formation include zirco-
nium, chromium, and vanadium.[8] In this concept article we
discuss our recent studies on the incorporation of various
species in this inherently very complex MXx/MgX2/AlR3


(M�Ti, Zr, V; X�OR or Cl; x� 3 or 4) catalyst system;
these involve isolation of various solid polynuclear metal-
containing species, determination of their structures by X-ray
crystallography and relating their structures to the activity in
polymerization. Also interactions of alumoxane and silica
supports with magnesium complexes have been investigated.


Discussion


Magnesium components : As mentioned before the most
widely used magnesium component is MgCl2, which was
considered as a support until 1984, when the formation of the
salt [Mg2(�-Cl)3(thf)6][TiCl5(thf)] in reaction of magnesium
dichloride with TiCl4 was first announced.[9a] This reaction
shows that in tetrahydrofuran (THF) MgCl2 is not a simple
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support but a Cl� donor and is a highly reactive species. Note
that the [Mg2(�-Cl)3(thf)6][TiCl5(thf)] supported on SiO2


together with organometallic co-catalyst is used as a commer-
cial ethylene polymerization catalyst.[8a] Anhydrous MgCl2
has been known in two crystal modifications: �-MgCl2 and
�-MgCl2. The high-temperature �-MgCl2 is produced by
dehydration of MgCl2 ¥ 6H2O in a flow of HCl at about 990 K
followed by vacuum distillation.[10a] �-MgCl2 is prepared by
dehydration of MgCl2 ¥ 6H2O in refluxing SOCl2.[10b] Ball-
milled MgCl2 used as ™support∫ could be regarded as a
mixture of both forms.


For a deeper understanding of the influence of solvent/
coordination ability on the reaction pathway and final product
formation, we studied the MgCl2 behavior in tetrahydrofuran.
It was found that the crystalline [MgCl2(thf)2] is a linear
polymer[10c] and remains in equilibrium with [MgCl2(thf)4] and
[MgCl2(thf)1.5][9b] (Scheme 2). Compounds [MgCl2(thf)2] and
[MgCl2(thf)1.5] are used as ethylene and propylene catalyst
components, respectively.[2, 5, 6]


Scheme 2. Reaction equilibrium of MgCl2 with tetrahydrofuran.


Magnesium alkoxides : It is already known that catalysts based
on MgCl2 and Mg(OR)2 have comparable activity, and
polymers derived from them have similar properties. None-
theless, morphology of the alkoxo catalyst is much better in
terms of particle shape.[11] It is also easier in the case of alkoxo
ligands to obtain procatalyst in a crystalline form. Recently,
we have been developing the magnesium chemistry of the
chelating ligands 2,3-dihydro-2,2-dimethyl-7-benzofuran al-
cohol (DBBFO-H) and tetrahydrofurfuryl alcohol (THFFO-
H) (Scheme 3). Deprotonation of these alkohols affords
bidentate O,O�-monoanions, henceforth abbreviated as
DBBFO and THFFO. With two oxygen donor atoms, ether
and alkoxo, they can act not only as chelate ligands and
occupy two coordination sites on the metal, but also they can
act as a tether between metal atoms in �3 ,�2, �,�2, �3 ,�1, or �1


modes to create multinuclear species.[12]


Reactions of DBBFO-H and THFFO-H with di-n-butyl
magnesium or magnesium turnings give complexes of
[Mg4(dbbfo)8] (1a) and [Mg4(thffo)8] (1b) stoichiometry.
Crystal structure analysis of 1a shows a tetranuclear molecule


Scheme 3. Typical reaction of bidentate O,O�-alkoxy ligands with MgBu2.


with an open dicubane geometry (Scheme 3). A molecule of
1a possesses two five-coordinate magnesium atoms of trigo-
nal biypiramid geometry and two six-coordinate octahedral
metal sites.[12] The presence of coordinatively unsaturated
metal sites is the most interesting feature of these compounds.
It must be underlined that the open dicubane structure of 1a is
quite similar to the structure of the magnesium part of some of
the theoretically deduced catalyst models.[13] In these models,
the (110) surface of MgCl2 can be described as an open
polycubane structure. Exchange of Cl for bidentate ligands in
this model enhances the space volume around the catalytic
center; this an important phenomenon that occurs in the
homogeneous systems. The X-ray study of crystals of magne-
sium methoxide obtained in the direct reaction of magnesium
with MeOH allowed the formulation of the product as
[Mg(OMe)2] ¥ 3.5MeOH. Its structure consists of four
tpyes of units: [Mg4(�3-OMe)4(OMe)4(MeOH)8] neutral
cubane, [Mg4(�3-OMe)4(OMe)2(MeOH)10]2� cubane ions,
[(MeO)2H]� ions, and eight crystallographically independent
non-coordinated solvating methanol molecules.[14] The struc-
ture of [Mg(OEt)2] is unknown.


Reaction of magnesium open dicubanes with catalyst compo-
nents : In Z-N methodologies, the SiO2 surface is treated with
MgX2 (X�Cl or OR) followed by reaction with a titanium
species. To reveal the interaction of the silica surface�Si-OH
groups with the magnesium catalyst component we have
studied the binding of Ph3SiOH, used as a surface model, to
the unsaturated magnesium centers in 1b. The direct reaction
of dicubane-like tetramer 1b with Ph3SiOH in toluene, gives
[Mg4(thffo)6(OSiPh3)2] (2).[15] We have found also that a
similar compound [Mg4(thffo)6{OTi(dipp)3}2] (3) could be
obtained by controlled hydrolysis of the reaction product
formed between 1b and [Ti(dipp)4] (dipp� 2,6-diisopropyl-
phenoxo group).[12] In the formation of 2 and 3, two of the �1-
coordinated THFFO ligands of 1b undergo substitution by
OSiPh3 and OTi(dipp)3 without splitting the dicubane frame-
work and maintaining coordinately unsaturated magnesium
centers (Scheme 4). The {Mg4(thffo)6} core in 2 and 3 is the
same. The difference is that the two OSiPh3 groups that bond
to the five-coordinate magnesium atoms in 2 are replaced by
two OTi(dipp)3 groups in 3.
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The catalyst based on titanium species is very complex and
nothing is known about its intermediates.[2, 5, 6] Red
[Ti2(�-OEt)2(�-Cl)Cl3(thf)3] (4) was obtained in the reaction
of an equimolar mixture of TiCl4, Ti(OEt)4, Al, and AlMe3 in
THF. The dimeric structure of 4 is composed of two TiCl(thf)2
and TiCl2(thf) moieties bridged by two �-OEt and one �-Cl
ligands (Scheme 5). The short distance (2.599(1) ä) between


Scheme 5. Non-organometallic titanium(���)alkoxo-bridged dinuclear
complexes.


™TiIII∫ atoms, their diamagnetism, and ELF analysis indicate
the presence of a Ti�Ti bond.[16] Reduction with only Al or
AlMe3 gave an oily product, the purification of which was
demanding and eventually gave a ™problematic∫ result. TiCl4
cannot be efficiently reduced to TiCl3 by AlMe3 and that is
why in the first step Al is used. Aluminum does not reduce
Ti(OEt)4, therefore one equivalent of AlMe3 is needed.
Addition of more that one equivalent of AlMe3 leads to the
formation of a species that contains a Ti�Me bond. Further
studies are necessary to determine possible incorporation of 4
into catalytic cycles.


In contrast to the titanium reactions, treatment of 1b with
ZrCl4 leads to a different reaction course.[17] ZrCl4 reacted
with 1b in a mixture of CH2Cl2, THF, and CH3CN to give a
thermally stable neutral heterobimetallic tetranuclear com-
plex [Zr3Mg(�3-O)(�,�2-thffo)6Cl6] (5, Scheme 6). In this
complex molecule three zirconium atoms form a nearly


Scheme 6. Synthesis of 5.


regular triangle that is held
together by a �3-O ligand to
give motif of C3 symmetry.
Each zirconium is additionally
surrounded by two terminal
chlorine atoms, one ether oxy-
gen atom of the THFFO ligand,
and three bridging �-O atoms
of three THFFO ligands. Six
oxygen atoms of three tetrahy-
drofurfuroxo ligands form a
slightly distorted octahedron
around a magnesium center.


Formation of complex 5 can be considered to proceed by
ionic mechanism. According to this, 5 is formed by entrap-
ment of trinuclear [Zr3(�3-O)(�,�2-thffo)3Cl6]� ions by one
[Mg(thffo)3]� ion to give [Zr3Mg(�3-O)(�,�2-thffo)6Cl6] (5)
(Scheme 7).[17] Next, we attempted to ™replace∫ Mg2� in 5 by


Scheme 7. Possible mechanism formation for 5.


AlMe3. The precursor [Zr4(�4-O)(�-OMe)6Cl8(thf)4] (6) was
obtained through the direct reaction of ZrCl4 with methanol.
When 6 was allowed to react with AlMe3 in THF [Zr3Al(�4-
O)(�-OMe)6Cl6(Me)(thf)3] (7) was isolated.[18] The significant
difference between 6 and 7 is that one of the [ZrCl2(thf)]2�


moieties coordinated to a �4-O atom in 6 is substituted by an
[Al-Me]2� unit in 7 (Scheme 8). Preliminary tests of catalytic
properties of 7 for ethylene polymerization have indicated no
activity. This result agrees with our presumptions due to lack
of a Zr�CH3 bond in 7.


Reaction of magnesium open dicubanes with AlMe3 : We have
shown that from the reaction of 1b with AlMe3 the
methylalumoxane [Al3(�3-O)(Me)6]� moiety is formed; this
was isolated and characterized as the compound [Al3Mg(�3-
O)(thffo)3(Me)6] (8).[15] The tetranuclear Al3/Mg compound
forms an assembly that is very similar to that of 7. Three
AlMe2 moieties are held together by oxygen atom to form a


Scheme 4. Reactions of 1b with [Ti(dipp)4] and Ph3SiOH.
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Scheme 8. Trapping of AlMe3 with oxygen atom of the Zr3(�3-O) unit.


trinuclear methylalumoxane [Al3(�3-O)(Me)6]� macrounit
(Scheme 9). Formation of products containing a ™lone∫ triply
bridging �3-O atom that is encapsulated in ensembles of three
or more metal atoms is often observed during reactions of


Scheme 9. Reaction of ™dicubane-like∫ 1b with AlMe3.


alkoxides with alcohols.[19] The [Al3(�3-O)(Me)6]� ion can be
considered as one among many unstable methylalumoxane
intermediates trapped by [Mg(thffo)3]� as a molecular solid.
The compound illustrates nicely the delicate balance between
packing efficiency, electronic requirements, and ionic pair
interaction. The factor governing the stability of such
intermediates is not yet well understood.[20] The problem has
been overcome by comparison of [Al3(�3-O)(Me)6]� ion with
the corresponding known tetranuclear compound [Al4(�3-
O)2(tBu)8] (8a)[21] and [{(Me)2Al(�3-O)Al(Me3)}2]2� ion.[22]


We believe that the related compound [Al4(�3-O)2(Me)8]
(8b) could be formed from [Al3(�3-O)(Me)6]� ion by addition


of an OAlMe2� ion. As shown in Scheme 10 compound 8b
contains two four- and two three-coordinate aluminum atoms.
The 8a species with bulky tBu groups is stable and could be
isolated as solid. In contrast, methylation of 8b results in the
formation of the [{(Me)2Al(�3-O)Al(Me3)}2]2� (8c) ion.


Scheme 10. Reactivity of methylalumoxane [Al3(�3-O)(Me)6]� unit.


Chiral metal-site formation : It is widely accepted that
catalytic center responsible for isotactic polymerization of
�-olefin is chiral. Its chirality can be derived from either the
chirality of a metal site or from the chirality of the ligand that
is coordinated to a metal center. A plausible mechanism of the
reactions involved in the formation of metal chiral centers is
shown in Scheme 11. We believe that the TiCl4 species block
the reactive coordination sites at the five-coordinate magne-
sium center in the Mg4Cl6 core, and compounds 9 and 10 are


Scheme 11. Formation of chiral (9) and achiral (10) centers.
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formed. In our model the titanium atom is bound by Cl
bridges to the two five-coordinate magnesium atoms through
two pairs of Cl atoms. Owing to the presence of these four
bridging Cl atoms and two terminal Cl ligands in the cis
position, the geometry of coordination at the Ti atoms in 9 is
chiral. As is apparent from Scheme 11, aggregate 9 is very
similar to the Ti2Cl6 pattern proposed earlier by Corradini[23]


as precursors of stereospecifically active centers experimen-
tally observed for the TiCl3/AlR3 and TiCl4/MgCl2/AlR3


classes of catalysts.[4±6] Species 10 has a symmetry center,
because the two terminal Cl atoms are trans to each other and
the titanium atom could be regarded as a nonstereospecific
center. These aggregates are insoluble, and up to now it has
been impossible to obtain them in a crystalline form.
However, for MnCl2, which has similar properties to MgCl2,
the formation of species 10 is well documented, for example,
solid MnCl2 forms a polymer in which [Mn4Cl6(thf)6] units are
linked by �-chlorine bridges of MnCl2(thf)2 moieties similar to
those in 10.[24]


Conclusion and Outlook


As illustrated in the above examples, our attempts to prepare
new polynuclear procatalysts and to understand the chemistry
of their formation often led to findings of unexpected
reactions, which could be applied to syntheses of well-defined
heterogeneous olefin polymerization catalysts. Further ex-
periments are being planned. We propose to investigate
[Al3Mg(�3-O)(thffo)3(Me)6] (8) as a metallocene and non-
metallocene support and as a methylation agent. We have
good in-house examples that species 8 works excellently with
[ZrCp2Cl2] or [TiCl2(L2)], and compounds [Al3Mg3(�3-
O)(thffo)4(Me)5Cl4(thf)] (11) and [TiMe2(L2)] (12) (L2�
2,2�-ethylidenebis(4,6-di-tert-butylphenol)), respectively, are
formed.[25] MgCl2 formation is a driving force of these
reactions. We believe that in situ formed MgCl2 could be
very important for isotactic propylene polymerization proc-
ess. Currently, we speculate that Me� group may be trans-
ferred form [ZrCp2Me2] to coordinatively unsaturated alumi-
num atom in species 8a and that the ion pair [ZrCp2Me]2[{(-
Me)2Al(�3-O)Al(Me3)}2] could be formed.[20]


Recent discoveries on non-metallocene iron and cobalt
olefin polymerization catalysts prove that there is no limit in
terms of the metal site that can give a polymerization active
center.[26] We strongly believe that careful and rational ligand
design can create enormous possibilities.


Acknowledgement


The author thanks the State Committee for Scientific Research (Poland)
for support of this research (grant No 15/T09/99/01f).


[1] A. M. Thayer, Chem. Eng. News, 1995, 73, 15; J. Schumacher in
Chemical Economics Handbook, SRI, Menlo Park, CA, 1994,
50.


[2] P. Corradini, V. Barone, R. Fusco, G. Guerra, Eur. Polym. J. 1979, 15,
1133; P. Corradini, V. Barone, R. Fusco, G. Guerra, Eur. Polym. J.


1980, 16, 835; P. Corradini, V. Barone, R. Fusco, G. Guerra, J. Catal.
1980, 77, 32; V. Venditto, P. Corradini, G. Guerra, R. Fusko, Eur.
Polym. J. 1991, 27, 45; L. Cavallo, G. Guerra, P. Corradini, J. Am.
Chem. Soc. 1998, 120, 2428; P. Sobota, S. Szafert, J. Chem. Soc. Dalton
Trans. 2001, 1379.


[3] H. H. Brintzinger, D. Fischer, R. M¸lhaupt, B. Rieger, R. M. Way-
mouth, Angew. Chem. 1995, 107, 1255; Angew. Chem. Int. Ed. Engl.
1995, 34, 1143; W. Kaminsky, K. K¸lper, H. H. Brintzinger, F. R. W. P.
Wild, Angew. Chem. 1985, 97, 507; Angew. Chem. Int. Ed. Engl. 1985,
24, 507; M. Bochmann, J. Chem. Soc. Dalton Trans. 1996, 255; W.
Kaminsky, J. Chem. Soc. Dalton Trans. 1998, 1413.


[4] a) G. G. Hlatky, Chem. Rev. 2000, 100, 1347 and references therein;
b) E. Y.-X. Chen, T. Marks, Chem. Rev. 2000, 100, 1391; V. C. Gibson,
S. K. Spitzmesser, Chem. Rev. 2003, 103, 283.


[5] J. Boor in Ziegler ±Natta Catalysts and Polymerization, Academic
Press, New York, 1979 ; P. J. T. Tait, N. D. Watkins in Comprehensive
Polymer Science, Vol. 4, Pergamon, New York, 1989, 533; E. Albizzati,
U. Giannini, G. Collina, L. Noristi, L. Resconi in Polypropylene
Handbook (Ed.: E. P. Moore, Jr.) Hasner, New York, 1996 ; K. Soga,
T. Shiono, Prog. Polym. Sci. 1997, 22, 1503.


[6] A. Toyota, N. Kashiwa, Japan Kokai Tokkyo Koho, 1975, 75 ± 30, 983;
P. D. Gavens, M Botrrill, J. W. Kelland in Comprehensive Organo-
metallic Chemistry, Vol. 3 (Eds.: G. Wilkinson, F. G. A. Stone, E. W.
Abel), Pergamon, Oxford, 1982 ; U. Giannini, E. Albizzati, S. Parodi,
F. Pirinoli, US Pat. 1978, 4,124,532; U. Giannini, E. Albizzati, S.
Parodi, F. Pirinoli, US Pat. 1979, 4,174,429; K. Yamaguchi, N. Kanoh,
T. Tanaka, N. Enokido, A. Murakami, S. Yoshida, US Pat. 1976,
3,989,881; G. G. Arzoumanidis, N. M. Karayannis,CHEMTECH 1993,
23, 43; P. Sobota, Macromol. Symp. 1995, 89, 63.


[7] G. Natta, P. Pino, P. Corradini, F. Danusso, E. Mantica, G. Mazzanti, G.
Moraglio, J. Am. Chem. Soc. 1955, 77, 1708; P. Pino, R. M¸lhaupt,
Angew. Chem. 1980, 92, 869; Angew. Chem. Int. Ed. Engl. 1980, 19,
857.


[8] a) F. J. Karol, S.-C. Kao, New J. Chem. 1994, 1, 97; b) K. Soga, J. R.
Park, T. Shiono, Polym. Commun. 1991, 32, 310; b) M. C. W. Chan,
K. C. Chew, C. I. Dalby, V. C. Gibson, A. Kohlmann, I. R. Little, W. J.
Reed, Chem. Commun. 1998, 1673; c) H. G. Alt, A. Kˆppl, Chem.
Rev. 2000, 100, 1205.


[9] a) P. Sobota, J. Utko, T. Lis, J. Chem. Soc. Dalton Trans. 1984, 2077;
b) P. Sobota, Polyhedron 1992, 7, 715.


[10] a) A. Ferrari, A. Braibanti, C. Bigllardi, Acta Crystallogr. 1963, 16,
846; b) I. W. Bassi, F. Polato, M. Calcaterra, J. C. J. Bart,Z. Krist. 1992,
159, 297; c) E. C. Ashby, R. C. Arnott, J. Organomet. Chem. 1968, 14,
1.


[11] T. A. H. J. Smulders, Eur. Pat. 1995, 0775163B1.
[12] P. Sobota, J. Utko, K. Sztajnowska, J. Ejfler, L. B. Jerzykiewicz, Inorg.


Chem. 2000, 39, 235.
[13] R. Car, M. Parrinello, Phys. Rev. Lett. 1985, 55, 2471; M. Boero, M.


Parrinello, S. H¸ffer, H. Weiss, J. Am. Chem. Soc. 2000, 122, 501.
[14] R. I. Botchkova, V. P. Golovatchev, E. P. Turevskaya, N. V. Belov,


Dokl. Akad. Nauk. SSSR 1969, 189, 1246.
[15] P. Sobota, J. Utko, J. Ejfler, L. B. Jerzykiewicz, Organometallics 2000,


19, 4929.
[16] J. Utko, S. Przybylak, L. B. Jerzykiewicz, K. Mierzwicki, Z. Latajka, P.


Sobota, Inorg. Chem. 2003, 42, 267.
[17] J. Utko, S. Przybylak, L. B. Jerzykiewicz, S. Szafert, P. Sobota, Chem.


Eur. J. 2003, 9, 181.
[18] P. Sobota, S. Przybylak, J. Utko, L. B. Jerzykiewicz, Organometallics


2002, 21, 3497.
[19] D. J. Teff, J. C. Huffman, K. G. Caulton, J. Am. Chem. Soc. 1996, 118,


4030; W. A. Herrman, N. W. Huber, O. Runte, Angew. Chem. 1995,
107, 2371;Angew. Chem. Int. Ed. Engl. 1995, 34, 2187; R. C. Mehrotra,
A. Singh, Chem. Soc. Rev. 1996, 25, 1.


[20] E. Y.-X. Chen, T. J. Marks, Chem. Rev. 2000, 100, 1391.
[21] Y. Koide, A. R. Barron,Organometallics 1995, 14, 4026; M. R. Mason,


J. M. Smith, S. G. Bott, A. R. Barron, J. Am. Chem. Soc. 1993, 115,
4971; Y. Koide, C. J. Harlan, M. R. Mason, A. R. Barron, Organo-
metallics 1994, 13, 2957; Y. Koide, S. G. Bott, A. R. Barron, Organo-
metallics 1996, 15, 22.


[22] J. L Atwood, D. C. Hrncir, R. D. Priester, R. D. Rogers, Organo-
metallics 1983, 2, 985; J. L. Atwood, M. J. Zaworotko, J. Chem. Soc.
Chem. Commun. 1983, 302.







CONCEPTS P. Sobota


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4854 ± 48604860


[23] P. Corradini, V. Barone, R. Fusco, G. Guerra, J. Catal. 1980, 77, 32; L.
Cavallo, G.Guerra, P. Corradini, J. Am. Chem. Soc. 1998, 120, 2428.


[24] P. Sobota, J. Utko, L. B. Jerzykiewicz, Inorg. Chem. 1998, 37, 3428.
[25] M. Koby¯ka, L. John, J. Utko, L. B. Jerzykiewicz, P. Sobota,


unpublished results.
[26] a) L. K Johnson; C. M. Killian, M. Brookhart, J. Am. Chem. Soc. 1995,


117, 6414; b) B. L. Small, M. Brookhart, A. M. A. Bennett, J. Am.


Chem. Soc. 1998, 120, 4049; c) G. J. P. Britovsek, V. C. Gibson, B. S.
Kimberley, P. J. Maddox, S. J. McTavish, G. A. Solan, A. J. P. White,
D. J. Williams, Chem. Commun. 1998, 849; d) S. D. Ittel, L. K.
Johonson, M. Brookhart, Chem. Rev. 2000, 100, 1169.








¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200304937 Chem. Eur. J. 2003, 9, 4862 ± 48674862


J. Christoffers







Introduction


The asymmetric Michael reaction is one of the most powerful
tools for stereoselective C�C-bond formation.[1] To date, three
catalytic enantioselective methods define the state of the art
in this area. In 1992 Ito and co-workers introduced rhodium
catalysts with the chiral PhTrap ligand (PhTrap� 2,2��-bis[1-
diphenylphosphanyl)ethenyl]-1,1��-biferrocene), which al-
lowed for highly selective (up to 95% ee) conversion of �-
cyano propionates with �,�-unsaturated ketones and alde-
hydes.[2] Two years later, Shibasaki et al. reported on efficient
heterobimetallic BINOL-based catalysts that are still used
today and have no significant competition as far as the
formation of tertiary stereocenters by Michael addition is
concerned.[3] Unfortunately, these expectations could hardly
be extended to synthetic targets with quaternary stereo-
centers.[4] In recent years, Shibasaki and co-workers attempt-
ed to develop air-stable, storable, and reusable catalysts, and


in 2000 they first presented a so-called ™linked-BINOL∫
system to respond to the above-mentioned issues.[5] Most
recently, however, Sodeoka et al. published the latest ultimate
breakthrough in this area. By applying a PdII ± BINAP-based
catalyst, selectivities of up to 99% ee at relatively high
temperature (up to �10 �C) can be achieved for the con-
struction of quaternary stereocenters (Scheme 1).[6]


Scheme 1. Formation of a quaternary stereocenter in the catalytic
asymmetric Michael reaction of �-ketoester 1 with methyl vinyl ketone (2).


The auxiliary-assisted asymmetric Michael reaction repre-
sents an important alternative route for generating quater-
nary stereocenters.[7] This article summarizes our work on this
type of C�C-bond formation, which started in 1996 with a
combinatorial kind of screening of chiral ligands and tran-
sition metal ions to find an efficient procedure capable of
constructing quaternary stereocenters at ambient temper-
ature. From these investigations the enamine formation
turned out to be essential for our method. Thus, we extended
the screening, and in 2000 we were able to develop a new
concept in Michael reactions: the combination of copper
catalysis and the first utilization of �-valine diethylamide as a
readily available and reusable auxiliary. This new concept now
allowed for the highly selective construction of quaternary
stereocenters at ambient temperature.


First Screening


From our work on FeIII-catalyzed Michael reactions,[8] the
following working model was deduced in order to start a
search for a new chiral catalyst applicable in asymmetric
Michael reactions (Scheme 2). Most transition metals form
diketonate complexes with �-dicarbonyl compounds such as
�-ketoesters 1. The six-membered ring chelate is planar and
particularly stabilized by �-delocalization. The acceptor 2 is
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Scheme 2. Diastereofacial differentiation of the Re and Si site of �-di-
ketonates with tridentate ligands 5.


proposed to coordinate at a vacant site to form a species 4 by
ligand exchange. The function of the center metal is not only
to hold the acceptor in proximity to the donor, but also to
activate the acceptor by the Lewis acidity of the metal.
Subsequently, the nucleophilic carbon atom of the dionato
ligand is alkylated by the coordinating acceptor to form an
intermediate from which the product 3 is liberated.


A stereogenic center is generated at the metal with donor
and acceptor in a facial situation. If an additional chiral ligand
coordinates to one or to all of the three coordination sites at
the opposite face of the octahedron, two diastereoisomeric
intermediates 4a and 4b result. In particular, one could refer
to a tridentate chiral ligand of the general type 5 in order to
realize a diastereofacial differentiation of the upper and lower
site of the diketonate chelate. In the ideal case, the acceptor
would prefer one of the coordination isomers 4a or 4b and
thus, causes a stereoselectivity in the formation of the
enantiomeric products 3 and ent-3.


With consideration of this model, a set of novel chiral
tridentate ligands (a selection of which is shown in Scheme 3)
was prepared from �-amino and �-hydroxy acids[9] and
screened in combination with 14 different active metal salts
in model Michael reactions.


Enantioselectivities of only up to 30% ee were determined
in some cases with NiII, CoII, and CuII salts, thus, we decided to
extend our search to a large number of bidentate phosphane,
amino- and thioether C1- and C2-symmetrical ligands that


Scheme 3. Tridentate ligands derived from �-amino acids and �-hydroxy
acids.


were commercially available and known from the literature.
The effective catalytic system finally obtained in 1999 is
shown in Scheme 4. Conversion of �-ketoester 1a with methyl
vinyl ketone (2) in the presence of catalytic amounts of


Scheme 4. First NiII-catalyzed Michael reaction exceeding 90% ee at
ambient temperature with trans-cyclohexanediamine 5a as chiral ligand.


Ni(OAc)2 ¥ 4H2O and trans (S,S)-cyclohexanediamine (5a) as
the chiral ligand gave product 3a with 91% ee.[10] This result
was of outstanding importance since it was the first example
of a metal-catalyzed Michael reaction forming a quaternary
stereocenter with high enantioselectivity at ambient temper-
ature. The efficiency, however, was very low (37% yield), but
interestingly corresponded to the amount of chiral ligand used
(37.5 mol%; for unknown reasons the Ni to ligand ratio of
1:7.5 turned out to be optimal). It must be mentioned that
significant selectivity was obtained only with NiII acetate. All
other metal salts, even NiII with different counterions, gave
worse results. The role of the counterion is actually important
and will be discussed later.


The correlation between yield and amount of diamine
outlined in Scheme 4 prompted us to develop a new working
model of the Ni-catalyzed asymmetric Michael reaction. In
order to explain the high stereoselectivity, we proposed in situ
enamine formation of the diamine with �-ketoester 1a. After
deprotonation of the N-H proton, which is acidified by H
bonding, this intermediate enamine is able to coordinate as an
azadiketonate to NiII under formation of a six-membered
chelate with delocalization of the �-electron density. More-
over, the second amino function could now form an additional
five-membered chelate to the Ni metal. As depicted in
Scheme 5, the stereogenic centers of the diamine generate a


Scheme 5. Proposed intermediate 6a for the Ni-catalyzed asymmetric
Michael reaction, and deduction of a lead structure for a chiral auxiliary 7.


chiral environment at the Ni center, and as a consequence, the
front and back face of the diketonate are subject to
diastereofacial differentiation. For steric reasons, we assume
coordination and activation of the acceptor 2 from the back
face (structure 6a); this being in accordance with the observed
configuration of product 3a formed with (S,S)-diamine 5a.
However, it turned out that diamine 5a is actually disadvanta-
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geous, because the second primary amino function is capable
of a number of side reactions that are responsible for the low
efficiency of the reaction in Scheme 4. The stereochemical
model 6a, however, appeared to be valuable in order to
realize high selectivity. We therefore retained the key
elements of intermediate 6a in a new model 6b. This includes
the formation of an additional five-membered chelate ring
with a donor function D, which is not a primary amine, and
diastereofacial differentiation of the Michael donor by a
stereogenic center in this five-membered chelate ring. An
azadiketonate 6b is consequently derived from �-ketoester 1a
and a chiral primary amine 7 with an additional donor
function D.


Second Screening


The model complex 6b consequently resulted in the prepa-
ration of a variety of primary amines with a second donor
function D. First of all, the cyclohexanediamine 5b with both


Scheme 6. Chiral auxiliaries investigated in the second screening.


primary and tertiary amino function was among this set
(Scheme 6).[11] All other auxiliaries derive from the �-amino
acids �-phenylalanine, �-leucine, �-isoleucine, �-valine, �-cys-
teine, �-methionine, �-tert-leucine and �-neopentylglycine.[12]


A screening program was initiated with 14 metal salts and
ketone 2 as the acceptor. Various enamines, such as 8a, were
prepared from combinations of auxiliaries 7 with 10 different
Michael donors and investigated in asymmetric Michael
reactions. To our surprise, significant selectivities were now
achieved with different metal ions, however, CuII was found to
be optimal.[13] Again, the counterion was crucial and optimal
with acetate, since the enamines need to be deprotonated
prior to coordination to CuII. Representative results are
shown in Scheme 7.


With respect to the auxiliary, �-valine diethylamide (7a)
turned out to be most effective. The developed procedure is of
practical interest: conversion of enamines such as 8a with 2 in
the presence of Cu(OAc)2 ¥H2O (1 ± 5 mol%) proceeds at
ambient temperature. Anhydrous or inert conditions are not
required, and the solvent is simply acetone. After acidic
workup, the products 3a ± g were isolated in generally good
yield, with selectivities up to 95 ± 99% ee. The auxiliary could
be separated from the reaction mixture by extraction and
recovered almost quantitatively. The selectivities obtained for
these products have, to date, not been exceeded by other
methods. A special feature of the copper-catalyzed reaction is
the compatibility with donor functions such as the carbamate
moiety in product 3d.[14] Substrates of this type do not convert
under the conditions of Shibasaki×s heterobimetallic catalysts.


Scheme 7. CuII-catalyzed asymmetric Michael reaction with �-valine
diethylamide (7a) as auxiliary.


The absolute configuration perfectly agrees with our work-
ing model depicted in Scheme 8. Enamines such as 8a
coordinate as tridentate ligands with one six-membered
azadiketonate chelate and one five-membered ring to CuII.
Because the isopropyl group shields the front face of the
planar donor, the acceptor preferentially coordinates to and is
activated from the back face of the complex. Thus, �-valine
results in R configuration of the product 3a. Scheme 8 also
clarifies the successful role of amino acid amides as auxiliaries.
The second donor functionD coordinates through its carbonyl
oxygen to copper, and the role of the amide nitrogen is just to
provide electron density to the carbonyl moiety. Actually, �-
amino acid esters, as earlier introduced by Koga et al.[15] do
not show any selectivity in this copper-catalyzed reaction.


Scheme 8. Proposed origin of the stereoselectivity and absolute config-
uration in copper-catalyzed, auxiliary-mediated Michael reactions.
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Spirocyclizations


When �-acetyllactones[16] or �-acetyllactams[17] are converted
with auxiliary 7a, the exocyclic enamines 8b and 8c are
obtained (Scheme 9). In contrast to the endocyclic cogeners
such as 8a, upon CuII-catalyzed conversion with ketone 2


Scheme 9. Formation of R and S configured spiroketones from exo- and
endocyclic enamines 8 with �-valine diethylamide (7a) as chiral auxiliary.


these exocyclic enamines give the spirocyclic products 9b and
9c in a sequence of Michael reaction and Robinson annula-
tion. The imine moiety exhibits reasonable hydrolytic stability
due to a neopentyl situation and is therefore retained in the
products 9 (Scheme 9). Acid-catalyzed hydrolysis finally
yields the spiroketones 10b and 10c.[18] When the exocyclic
enamine 8d, derived from �-acetylcylohexanone 1 f, is con-
verted along this sequence spirodiketone 10d with S config-
uration is obtained. Product 3 f, generated from the endocyclic
enamine 8e is spirocyclized to ent-10d with the opposite R
configuration. Evidently, exo- and endocyclic enamines give
complementary stereochemical outcomes of the reaction
although the same enantiomer of the auxiliary 7a is applied.
This behavior is a direct consequence of the mechanistic
picture shown in Scheme 8, and can be assumed to be
additional evidence for our stereochemical model.


A precondition for this complementary stereochemistry is,
of course, the control of the regioselectivity of enamine
formation realized for compound 1 f as depicted in Scheme 10.
The endocyclic enamine 8e results as the thermodynamic
product from acid-catalyzed conversion of donor 1 f with
auxiliary 7a. The kinetic, exocyclic enamine 8d is the product
of the aminolysis of diketonato difluoroborate 11.


Schema 10. Formation of endo- and exocyclic enamines.
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™Janus∫ Supermolecular Liquid Crystals–Giant Molecules with
Hemispherical Architectures


Isabel M. Saez* and John W. Goodby[a]


Abstract: Liquid crystals represent a
unique class of self-organising systems,
which although found in many day-to-
day practical material applications, such
as displays, are also intimately entwined
with living processes. They have the
potential, just like living systems, to
provide us with a unique vehicle for
the development of self-ordering nano-
and mesoscopic-engineered materials


with specific functional properties. In
this article we describe a new concept
for the design of self-assembling func-
tional liquid crystals as segmented or
™Janus∫ liquid-crystalline supermolecu-


lar materials in the form of structures
that contain two different types of
mesogenic units, which favour different
types of mesophase structure, grafted
onto the same star-shaped scaffold to
create supermolecules that contain dif-
ferent hemispheres. The materials ex-
hibit chiral nematic and chiral smectic C
phases.


Keywords: chirality ¥ dendrimers ¥
liquid crystals ¥ self-assembly ¥
supramolecular chemistry


Introduction


The engines of living systems are based on super- and
supramolecular self-organising and self-assembling systems
of discrete structure and topology. For example, proteins,
although peptide polymers, have defined and reproducible
primary compositions of amino acids, specified �-helical and
�-pleated secondary constructions, and gross topological
tertiary structures. Moreover, highly specific functionality,
and thereby the ability to perform selective chemical pro-
cessing, is in-built into such molecular machines. Concom-
itantly, the study of materials that self-assemble into supra-
molecular structures with desirable functionality and physical
properties at nano- and mesoscopic length scales is currently
an exciting area of intense research and provides a ™bottom-
up∫ approach to the design and synthesis of functional
materials.[1]


Until recently, most liquid crystals have been designed to be
either low molecular weight for displays or high molecular
weight for prototypical high-yield-strength polymers.[2] Star-
shaped liquid crystals, on the other hand, combine the unique
traits of the self-organisation of discrete low-molecular-
weight materials with those of polymers in their ability to
form secondary and tertiary structures. Furthermore, den-
drimers[3] exhibit a variety of physical properties that make


them attractive for applications in the fields of nanoscience,
materials and biology. They offer a very elegant and effective
way of adding functionalisation together with an exquisite and
unprecedented level of control of the precise nature and
location of specific functionalities and overall molecular
architectures, as in proteins. As a consequence, the initial
interest in dendrimer synthesis has shifted towards functional
dendrimers, because of their rich supramolecular chemistry
and self-assembling properties.[3] The very properties of
precise control of functionality and molecular architecture
are also essential ingredients in the molecular engineering of
liquid crystals for controlling and fine-tuning the physical
properties that ultimately define the self-organising process
that leads to mesophase formation.[2] Therefore, star-shaped
liquid crystals provide unique materials for the study of self-
organising and self-assembling processes.[3±8]


One of the more intriguing and challenging aspects in
materials science is understanding the molecular recognition
and self-assembling processes in materials with diversely
functionalised faces or sides; these can yield supramolecular
objects that may recognise and select left from right, or top
from bottom, as described by de Gennes.[9] For example, block
co-polymers in the form of Janus micelles,[10±14] segregated
amphiphilic dendrimers[15±26] and shape-persistent macromo-
lecules[27±31] are examples of such materials that self-organise,
like proteins, in a pre-programmed fashion. Thus, we present
the design, synthesis, characterisation and phase behaviour of
complementary star-shaped hexamers 1 and 2, based on a
central scaffold made up of pentaerythritol and tris(hydroxy-
methyl)aminomethane units linked together, whereby one
unit carries three cyanobiphenyl (CB) and the other three
chiral phenyl benzoate (PB) mesogenic moieties or vice-
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versa. This group of amphiphilic star-shaped materials are
thus formally related to the family of segregated AB block-
copolymers.


Results and Discussion


The basic design concept (see Figure 1) consists of creating a
star-shaped scaffold that contains two chemically different
halves, capable of being independently manipulated, to which
appropriately functionalised mesogenic sub-units (or any
other functional group for that matter) may be covalently


Figure 1. Design concept for ™Janus∫ supermolecular liquid crystals with
different hemispherical architectures.


attached. The type of mesogen (CB- and PB-based), the
geometry of the attachment of the mesogens to the central
scaffold (end-on favouring smectic and side-on favouring
nematic phase formation), and the nature of the connecting
group (ester or tetramethydisiloxy) were explored as tools for
creating supermolecular systems with different halves. To this
end, the use of aliphatic spacers between the mesogenic
moieties and the scaffold follows the same concept as in
traditional side-chain liquid-crystalline polymers, that is, to
decouple the motions of the mesogenic units from the scaffold
thereby allowing their ordering in the creation of a meso-
phase. In this case we placed particular emphasis in studying
the effect of segregation of chiral groups within the molecule
on molecular recognition processes that ultimately lead to
selective mesophase formation.
The molecular sub-units or building blocks 3 and 4, based


on pentaerythritol (PE) and tris(hydroxymethyl)aminometh-
ane (TRIS), respectively, were designed to incorporate
different end-groups, olefin and tert-butyl ester, respectively,
which can be functionalised independently with different
mesogenic moieties (see Scheme 1 and Figure 2).


Scheme 1. Synthesis of compound 1.


The strategy employed consists of 1) the divergent synthesis
of the scaffold core 5 and 2) sequential functionalisation of the
halves by mesogenic moieties. Of the several possible
sequences, two complementary routes have been explored
for this step:
a) Incorporation of end-on CB moieties on the TRIS side to


yield the half-functionalised trimer 7, which is subsequent-
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ly reacted with side-on phenyl benzoate ester moieties on
the PE hemisphere to yield hexamer 1.


b) Incorporation of end-on CB moieties on the PE side to
afford trimer 8, which is reacted with side-on phenyl
benzoate moieties on the TRIS hemisphere affording star-
shaped hexamer 2.
Branching unit 3 was synthesised by Williamson ether-


ification of PE with 5-bromopentene in 50% aqueous NaOH,
with [NnBu4]Br as the phase-transfer agent, in 29% yield.
Branching unit 4, structurally related to Lin×s amine[32] and
used extensively by Newkome and Diederich in dendrimer
synthesis, was prepared by polyetherification of TRIS by
Michael-type addition of tert-butyl acrylate.[33]


A high-dilution technique, using a three-component sys-
tem, was employed to synthesise the desired scaffold 5
(Scheme 1). Thus, treatment of one equivalent of tris(5-
pentenyloxy)pentaerythritol (3) with glutaryl dichloride in the
presence of NEt3 at 0 �C followed by amidation with 4
afforded 5 in 45% yield. The characterisation of 5 was
supported by 1H NMR spectroscopy, with all seventeen
different types of proton observed as unique signals,
13C NMR spectroscopy, with absorptions at 172.88, 172.31
and 170.89 ppm for the three carbonyl groups and two
different quaternary carbons in the structure clearly separated
at 44.36 and 59.61 ppm, and the molecular ion peak atm/z 965
[M�Na]� (MALDI-TOF, HABA matrix).
Having obtained 5, we functionalised it in the following


way. Acid hydrolysis of the tert-butyl groups (CF3COOH/
Cl2CH2 1:1, RT) afforded the triacid 6. Esterification of 6 with
mesogen A (DCC/DMAP, Cl2CH2/THF, RT) gave the half-
substituted trimer 7 in 37% yield, which is supported by the
appearance (13C and 1H NMR spectroscopy) of signals in the
relevant aromatic regions of the spectra that correspond to
the cyanobiphenyl moiety and the presence of a new signal for
the carbonyl group formed in the reaction. Size exclusion
chromatography (SEC) proved the complete substitution of 5,
through the presence of a single symmetrical peak of
dispersity (�) 1.02 (THF; Mr� 2735; Mn� 2661; Mr


(calcd)� 1816).


Platinum-catalysed hydrosilylation of the olefinic func-
tional group of 7 with the mesogenic hydridosiloxane D by
using Karstedt×s catalyst at room temperature in toluene
afforded hexamer 1 in 51% yield; the characterisation of this
hexamer 1 was confirmed by 1H NMR spectroscopy through
the complete disappearance of the vinylic protons and the
appearance of new signals in the aromatic region from the
second mesogenic (PB) unit, the pseudo-triplet at 0.5 ppm
assigned to the CH2-CH2-Si-O unit and the silicon methyl
protons at 0.00 ppm. Similarly, 13C NMR spectroscopy showed
the expected signals of the new aromatic moieties, disappear-
ance of the olefinic carbon signals and appearance of the new
CH2-CH2-Si and Si-CH3 of the tetramethyldisiloxane con-
nector moiety. Furthermore, 29Si NMR spectroscopy dis-
played two close singlets at 7.92 and 7.79 ppm, typical of
M-type silicon. Gratifyingly, MALDI-TOF spectrometry
showed the molecular ion (m/z : 4320 [M�Na]� ; calcd: 4320;
HABAmatrix) with the appropriate isotopic distribution (see
Figure 3), indicating complete conversion of 7 to 1 by the


Figure 3. MALDI-TOF spectra for 1, inserts show the predicted and
measured isotope distribution for the mass ion.


absence of any other less substituted species. SEC was used to
ascertain the monodispersity of 1 (Mr� 5817; Mn� 5608; ��
1.02). However, the molecular weight was significantly over-
estimated by this technique, an indication of a bigger
™apparent∫ hydrodynamic volume, which is most probably
due to the globular shape of the molecule in contrast with that
of the coiled PS standards used.
The analogous hexamer 2 was initially targeted for syn-


thesis following the alternative route shown in Scheme 2; that
is, derivatisation by hydrosilylation of the pentaerythritol-
based hemisphere first, followed by derivatisation with the
chiral phenylbenzoate mesogenic units on the TRIS hemi-
sphere. Thus, hydrosilylation of 5 with mesogen B gave trimer
8 in 51% yield; the formation of this product was confirmed
by the disappearance of vinylic protons associated with 5 and
the appearance of new aromatic H, CH2-CH2-Si and CH3-Si
signals in the 1H NMR spectrum, as well as by 13C and 29Si
spectroscopy. SEC confirmed the monodispersity of 8 (Mr�
2994; Mn� 2851; �� 1.02; Mr(calcd)� 2135). However, de-


Figure 2. Mesogenic units used to derivatise central star-shaped scaffold.
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Scheme 2. Synthesis of compound 2.


protection of the tert-butyl ester groups of 8 with CF3COO-
H(excess)/Cl2CH2 (1:1) at room temperature resulted in
considerable decomposition, affording impure triacid 9, which
failed to yield 2 when used to carry out the esterification
with C.
Consequently we returned to the original protocol. The


triacid 6 was esterified with the chiral mesogenic alcohol C to
yield 10 (DCC/DMAP, Cl2CH2, RT) in 26% yield. Hydro-
silylation of 10 with the cyano-
biphenylhydridosiloxane (B)
on the pentaerythritol side of
the hemisphere (Karstedt×s cat-
alyst, toluene, RT) afforded 2 in
50% yield. Again, 1H and
13C NMR spectroscopy showed
complete conversion of the car-
boxylic acid and the vinylic
functionalities for 6 and 10,
respectively; the 29Si NMR
spectrum of 2 displayed two
singlets (7.95, 7.76 ppm) as pre-
dicted. In all cases, within the
limits of detection, the hydro-


silylation reaction proceeded through �-addition to yield the
linear (unbranched) Si-CH2-CH2- (S)-isomer. SEC of 2
showed that the product was monodisperse, with good
agreement between the expected and observed molecular
weights. As for 1, the identity of 2 was confirmed MALDI-
TOF spectrometry, with a peak at m/z : 4110.3 [M��Na]
(calcd: 4110 for [M��Na]) with the expected isotopic
distribution (see Figure 4).


Figure 4. MALDI-TOF spectra for 2, inserts show the predicted and
measured isotope distribution for the mass ion.


The mesomorphic properties of the materials were inves-
tigated by differential scanning calorimetry (DSC) and
polarised light optical microscopy (POM). The DSC data
for compounds 1 and 2 and the transition temperatures are
listed in Table 1. Both materials were isolated in a glassy state
at room temperature. On heating a pristine sample of 1, a
broad melting endotherm with onset at 33.8 �C was followed
by a weaker endotherm with onset at 60.7 �C associated with
the transition from the liquid-crystal state to the isotropic
liquid. The cooling cycle from the isotropic state showed a
similarly broad, weak exotherm, with onset at 64.3 �C,
marking the transition between the isotropic liquid and the
liquid-crystalline state, and a second exotherm with onset at
approximately 36.1 �C, marking a second-order transition to
another mesophase. Further cooling induced a glass transition


Table 1. Phase transition temperatures[a] of compounds 1, 2, 7, 8 and 10 in �C. In parenthesis, the enthalpy
changes �H in kJmol�1.


Tg Cr SmA SmC* N* Iso


1 � 2.8 ± ± ± ¥ 33.8 ¥ 60.8 ¥
(6.26) (2.73)


2 � 7.9 ± ± ± ± ± ¥ 38.2 ¥
(0.87)


7 ¥ � 19.4 ¥ 31.0 ± ± ± ± ¥
K� �7.5


8 � 22.2 ± ± ± ± ± ± ± ± ±
10 � 9.8 ¥ 58.4 ± ± ± ± ¥ 64.8 ¥


(63.1) (0.69)


[a] Tg� glass transition, Cr� crystal, K�� crystal�, SmA� smectic A, SmC*� chiral smectic C, N*� chiral
nematic (cholesteric), Iso� isotropic liquid. Temperatures are given as the onset of the peak observed during the
second heating run; glass transitions are determined during the first cooling cycle.
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below room temperature, at approximately 2.8 �C. This
sequence of events was perfectly reproducible in subsequent
heating and cooling cycles. It is noteworthy that the transitions
have low �H values, suggesting that the system is relatively
disordered and highly flexible. Also noticeable is the fact that
the transitions in the DSC thermograms are unsymmetrical
(see Figure 5), hinting at possibly different transitions for the
two mesogenic blocks and two spacer units. This result is
indicative of a degree of microphase separation that is present
in the system.[37]


In contrast, hexamer 2 shows only one enantiotropic
transition by DSC between the liquid-crystalline state and
the isotropic liquid, in the form of a weak, broad peak at
38.2 �C. The only other thermal event present was a glass
transition below room temperature (see Figure 6). Only when
the sample was left standing at room temperature for three
weeks did a broad, strong endotherm with onset at 31.6 �C
with a shoulder at 42.6 �C occur. However, these thermal
events were not present in successive heating and cooling
cycles, suggesting that crystallisation only occurs on standing
for long periods of time.
The defect textures of the compounds were examined by


thermal polarised light microscopy. On cooling from the
isotropic state, both compounds 1 and 2 rapidly developed a
Grandjean-plane texture with oily streak defects (floating


edge dislocations), both being deep blue in colour (see
Figure 7 for compound 1); the presence of this texture
unequivocally identifies the phase as a chiral nematic phase.


Figure 7. The Grandjean plane texture of the chiral nematic phase of
compound 1 (�100).


Rotation of the analyser showed that in both cases the helical
macrostructure of the mesophase was left-handed. Further


cooling of 1 to 30.8 �C (corre-
sponding to the transition at
33.8 �C by DSC) sharply in-
duced the formation of the
schlieren and marbled texture
(see Figure 8) characteristic of
the chiral smectic C phase. Me-
chanical shearing of the speci-
men induced the formation of
numerous, very small focal-con-
ic domains, characterised by
their elliptical and hyperbolic
lines of optical discontinuity,
and oily streak defects that
coalesced, reverting rapidly to
the schlieren texture of the
SmC* phase. No further textur-
al changes were observed upon
cooling. Remarkably upon fur-
ther cooling, the sample froze
into a glass, but it still retained
its mesophase texture, that is, a
glassy chiral smectic C phase
was formed. Reheating a sam-
ple of 1 from the SmC* phase, a
transition to a highly iridescent,
very mobile schlieren texture
with oily streak defects was
formed; this is typical of the
chiral nematic phase. The easy
formation of typical low-molec-
ular-mass defect textures plus
the mobility of the materials
seen in the microscope is indi-


Figure 5. DSC traces of 1 (rate 10 �Cmin�1) showing heating and cooling cycles.


Figure 6. DSC traces of 2 (rate 10 �Cmin�1) showing heating and cooling cycles.
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Figure 8. The schlieren texture of the chiral smectic C* phase of compound
1 (�100).


cative of low viscosity. Furthermore, it is important to note
that the formation of chiral mesophases also means that the
nematic phase is thermochromic, and the smectic C* phase is
ferroelectric and pyroelectric, and will exhibit electrostrictive
properties, which will be discussed in the future. In addition,
the glassy chiral phases have applications as optical filters and
reflectors.
Comparison of the phase behaviour of compounds 1 and 2


shows clearly that the overall topology of the molecule in
respect to the inner core (i.e., which hemisphere carries what
mesogen) plays a significant role in determining the type of
mesophase formed, since in both cases the number of
mesogens of each type and the core are the same. Further-
more, compound 1 is one of the extremely rare examples to
date in which side-on attachment of the mesogen to the core
allows the formation of (tilted) smectic phases, since this
topology strongly suppresses the tendency to form lamellar
phases, with only the nematic phase being formed.[2]


Comparison of the phase behaviour of hexamer 1 and
precursor trimer 7 shows the dramatic change that takes place
upon the incorporation of laterally appended mesogenic units.
Compound 7 displays a smectic A phase at room temperature
(Table 1); however, incorporation of the three side-on phe-
nylbenzoate/tetramethyldisiloxy moieties on the unreacted
olefinic chains totally suppresses the smectic A phase, gen-
erating the chiral nematic phase and a tilted chiral smectic C
phase. Moreover lateral substitution significantly reduces the
glass transition temperature, probably because of the in-
creased molecular disordering, with the overall effect of
increasing dramatically the temperature range and stability of
the liquid-crystalline state.
Due to the strong tendency of laterally attached mesogenic


moieties to support the formation of nematic phases, trimer 10
as predicted exhibits a chiral nematic phase. The derivatisa-
tion of 10 with three cyanobiphenyltetramethyldisiloxy moi-
eties to yield compound 2 results in a reduction of the
temperature range and thermal stability of the chiral nematic
phase, decreasing the isotropisation temperature for 10 from
64.8 �C to 38.2 �C for 2, whereas the glass transition remains
almost unaltered (�9.8 �C for 10 to �7.9 �C for 2).


Comparison of cyanobiphenyl-based trimers 7 and 8 also
highlights the role of the nature and structure of the scaffold
on mesophase formation. Compound 7 displays the SmA
phase, whereas no liquid crystal properties were observed for
8, which has three tert-butyl groups, even on cooling down to
�50 �C. In comparison, the fully substituted parent cyanobi-
phenyl mesogen-based pentaerythritol tetramers,[34] with
either ester or tetramethyldisiloxane linking groups, display
the SmA phase. Therefore, the absence of liquid-crystal
properties in 8 is presumably related to the presence of the
three, bulky tert-butyl groups that preclude mesophase
formation by disrupting the effective packing of the pro-
mesogenic units.


Conclusion


In conclusion, we have created a new class of ™Janus∫ liquid-
crystal compounds with molecular weights in excess of
4000 D, but which have better thermal stabilities and temper-
ature ranges about room temperature than the revolutionary
commercial material 4�-pentyl-4-cyanobiphenyl (5CB). Fur-
thermore, the materials appear to have physical properties
more in keeping with low-molecular-mass materials than
polymers or dendrimers.
The manipulation of the structural fragments (mesogenic


units, central scaffold and linking units) in the molecular
design of such supermolecular systems potentially allows us to
vary mesophase type and, therefore, the physical properties
and potential applications of materials. Thus the molecular
design of these systems is flexible and potentially capable of
incorporating functional units, thereby allowing us to take
some steps towards the molecular and functional complexity
found in living systems.


Experimental Section


Solvents were rigorously dried over appropriate drying agents and distilled
prior use. Low sulphur content, dry, degassed toluene (Fluka), Karstedt×s
catalyst (Fluorochem), tetramethyldisiloxane (Fluorochem), and all re-
maining reagents (Aldrich) were used as received. All atmosphere-
sensitive reactions were carried out under dry nitrogen using standard
Schlenk techniques. Analytical TLC was performed on Kieselgel F-254
precoated silica gel plates (Merck). Visualisation was accomplished with
UV light and cerium and ammonium molybdate stain.[35]


Infrared spectra were recorded on a Perkin ±Elmer Paragon 1000 FT-IR.
NMR spectra were recorded on a Jeol JNM-LA (400 MHz) spectrometer;
chemical shifts are reported in ppm (�) with reference to internal SiMe4 or
residual protonated species of the deuterated solvent used for 1H analysis.
Elemental analysis was performed on a Fisons Instruments Carlo Erba EA
1108 CHN analyser by using acetanilide as the reference standard. Mass
spectra were recorded on a Shimadzu GCMS 5050A spectrometer (EI
mode/70 eV). MALDI-TOF MS was performed on a Bruker Reflex IV
instrument, N2 laser operating at 337 nm, with 2-(4-hydroxyphenylazo)-
benzoic acid matrix, 1 �L saturated solution in CH2Cl2 and 1 �L solution of
sample in CH2Cl2, 45 laser shots averaged per spectrum. Size exclusion
chromatography (SEC) was performed by using a set of 2� 25 cm PL Gel
Mixed-D columns (Polymer Laboratories), RI detector (Erma) 7510; the
mobile phase was THF eluting at a flow rate of 1 mLmin�1, with toluene as
flow marker. The molecular weight characteristics were established using
monodisperse polystyrene standards, with Polymer Laboratories Caliber
software. The mesomorphic properties of the materials were investigated
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by a combination of thermo-optical polarised light microscopy using an
Olympus BH-2 polarised light microscope together with a Mettler FP52
microfurnace and FP5 temperature controller. The temperature controller
was calibrated to an accuracy of �0.1 �C in the range 50 ± 250 �C. Phase
transitions were determined by differential scanning calorimetry (DSC) by
using a Perkin ±Elmer DSC 7-Series with Unix DSC data acquisition and
analysis software at a scan rate of 10 �Cmin�1. The instrument was
calibrated against pure indium metal (m.p.� 156.6 �C, �H� 28.5 Jg�1).
Phase-transition temperatures are reported as the endothermic onset
temperature from differential scanning calorimetry traces.


Preparation of compound 5 : Glutaryl dichloride (0.300 g, 1.77 mmol) in dry
THF (8 mL) was cooled to 0 �C, and a solution of 4 (0.900 g, 1.73 mmol) and
NEt3 (0.179 g, 1.73 mmol) in THF (8 mL) was added dropwise over a
period of 1 h and stirred for further 2 h. A solution of 3 (0.602 g, 1.73 mmol)
and NEt3 (0.179 g, 1.73 mmol) in THF (5 mL) was added at once. The
mixture was left to reach room temperature slowly and stirred for 18 h. The
precipitate formed was filtered off and the residue obtained after
evaporation of the solvent purified by column chromatography (flash-
grade silica gel; gradient Cl2CH2/20% EtAcO) to yield 5 as a clear oil
(0.755 g, 45%). Elemental analysis calcd (%) for C50H87NO15: C 63.74, H
9.31, N 1.49; found: C 63.25, H 9.72, N 1.49; 1H NMR (400 MHz, CDCl3,
24 �C, TMS): �� 6.06 (br s, 1H; CO-NH); 5.75 (ddt, 3J(H,Htrans)� 17 Hz,
3J(H,Hcis)� 10 Hz, 3J(H,H)� 7 Hz, 3H; CH2�CH), 4.98 (ddm,
3J(H,Htrans)� 17 Hz, 2J(H,H)� 10 Hz, 3H; trans-CH2�CH), 4.91 (dm,
3J(H,H)� 10 Hz, 3H; cis-CH2�CH), 4.08 (s, 2H; C4-CH2-OCO), 3.65 (s,
6H; C4-CH2-O), 3.59 (t, 3J(H,H)� 6 Hz, 6H; O-CH2-CH2-CH2), 3.32 (s,
6H; NC4-CH2-O), 3,32 (t, 3J(H,H)� 6 Hz, 6H; O-CH2-CH2-CH2), 2.40 (t,
3J(H,H)� 6 Hz, 6H; tBuOCOCH2), 2.30 (t, 3J(H,H)� 6 Hz, 2H; NH-CO-
CH2), 2.16 (t, 3J(H,H)� 6 Hz, 2H; CH2-COO), 2.05 (m, 6H; CH2-
CH�CH2), 1.86 (m, 2H; NHCO-CH2-CH2-CH2-COO), 1.57 (m, 6H;
-CH2-), 1.40 ppm (s, 27H; CH3-4C); 13C NMR (100.4 MHz, CDCl3, 24 �C,
external TMS): �� 172.88, 172.31, 170.89, 138.37, 114.53, 80.39, 70.64, 69.36,
69.09, 66.96, 63.87, 59.61, 44.36, 36.06, 36.00, 33.44, 30.25, 28.75, 28.03,
20.84 ppm; MALDI-TOF MS (HABA matrix): m/z calcd for C50H87NO15-
Na: 964.8; found: 965.2 [M�Na]� .
Preparation of compound 6 : Compound 5 (0.400 g, 0.41 mmol) was stirred
with CF3COOH (5 mL) and Cl2CH2 (5 mL) at room temperature. The
reaction was monitored by TLC until no 5 was present in the reaction
mixture (5 h). The solvents were evaporated to dryness to yield a colourless
syrup that was used without further purification. 1H NMR (400 MHz,
CDCl3, 24 �C, TMS): �� 7.90 (br s, 3H; COOH), 6.49, 6.46 (br s, 1H; CO-
NH), 5.80 (ddt, 3J(H,Htrans)� 17 Hz, 3J(H,Hcis)� 10 Hz, 3J(H,H)� 7 Hz,
3H; CH2�CH), 4.98 (ddm, 3J(H,Htrans)� 17 Hz, 2J(H,H)� 10 Hz, 3H;
trans-CH2�CH), 4.94 (dm, 3J(H,H)� 10 Hz, 3H; cis CH2�CH), 4.14 (s, 2H;
C4-CH2-OCO), 3.72 (s, 6H; C4-CH2-O), 3.59 (t, 30(H,H)� 6 Hz, 6H;
O-CH2-CH2-CH2), 3.38 (s, 6H; NC4-CH2-O), 3.38 (t 3J(H,H)� 6 Hz, 6H;
O-CH2-CH2-CH2), 2.58 (t, 3J(H,H)� 6 Hz, 6H; tBuOCOCH2), 2.30 (t,
3J(H,H)� 6 Hz, 2H; NH-CO-CH2), 2.16 (t, 3J(H,H)� 6 Hz, 2H; CH2-
COO), 2.05 (m, 6H; CH2-CH�CH2), 1.86 (m, 2H; NHCO-CH2-CH2-CH2-
COO), 1.57 ppm (m, 6H; -CH2-).


Preparation of compound 7: Compound 6 (0.100 g, 0.127 mmol), meso-
genic alcohol A (0.153 g, 0.419 mmol), DCC (88 mg, 0.419 mmol) and
DMAP (62 mg, 0.209 mmol) were dissolved in dry THF (20 mL), and the
solution stirred three days at room temperature. The solvent was
evaporated to dryness, the residue extracted with Cl2CH2 (50 mL) and
the solvent evaporated to dryness. The crude solid was recrystallised three
times from Cl2CH2/EtOH to yield C as opaque droplets (85 mg, 37%).
1H NMR (400 MHz, CDCl3, 24 �C, TMS): �� 7.57 (m, 12H; aromatic), 7.44
(m, 6H; aromatic), 6.90 (m, 6H; aromatic), 5.97 (br s, 1H; CO-NH), 5.75
(ddt, 3J(H,Htrans)� 17 Hz, 3J(H,Hcis)� 10 Hz, 3J(H,H)� 7 Hz, 3H;
CH2�CH), 4.98 (ddm, 3J(H,Htrans)� 17 Hz, 2J(H,H)� 10 Hz, 3H; trans-
CH2�CH), 4.91 (dm, 3J(H,Hcis)� 10 Hz, 3H; cis-CH2�CH), 4.03 (s, 2H; C4-
CH2-OCO), 3.99 (t, 3J(H,H)� 6 Hz, 6H; Ph-O-CH2-), 3.91 (t, 3J(H,H)�
6 Hz, 6H; COO-CH2-), 3.65 (s, 6H; C4-CH2-O), 3.60 (t, 3J(H,H)� 6 Hz,
6H; O-CH2-CH2-CH2), 3.29 (s, 6H; NC4-CH2-O), 3.29 (t, 3J(H,H)� 6 Hz,
6H; O-CH2-CH2-CH2), 2.47 (t, 3J(H,H)� 6 Hz, 6H; CH2-OCOCH2), 2.28
(t, 3J(H,H)� 6 Hz, 2H; NH-CO-CH2), 2.13 (t, 3J(H,H)� 6 Hz, 2H; CH2-
COO), 2.01 (m, 6H; CH2-CH�CH2), 1.85 (m, 2H; NHCO-CH2-CH2-CH2-
COO), 1.55 (m, 6H; -CH2-), 1.38 (m, 6H; -CH2-), 1.21 ppm (m, 48H;
-(CH2)8-); 13C NMR (100.4 MHz, CDCl3, 24 �C, external TMS): �� 172.91,
172.37, 171.62, 159.76, 145.23, 138.38, 132.53, 131.21, 128.28, 127.02, 119.07,


115.03, 114.57, 110.00, 70.68, 69.38, 69.15, 68.11, 66.75, 64.66, 59.62, 44.39,
29.52, 29.50, 28.78, 26.01, 25.87, 20.88 ppm; SEC:Mr� 2735,Mn� 2661, ��
1.02.


Preparation of compound 1: Mesogenic unitD (S)-4�-octyloxybiphenyl-4-yl
4-[4-(2-methylbutoxy)-2-(5-tetramethyldisiloxypentyloxy)benzoyloxy]ben-
zoate[8] (0.104 g, 0.125 mmol) in toluene (6 mL) was placed in a small
Schlenk tube under nitrogen atmosphere and Karstedt×s catalyst (3% Pt
solution in xylene, 8 �L) added. A solution of 7 (59 mg, 0.032 mmol) in
toluene (6 mL) was added to the above solution dropwise over a 30 min
period, and the solution stirred 18 h at room temperature. The solvent was
evaporated under vacuum and the residue purified by column chromatog-
raphy (flash grade silica gel, Cl2CH2/hexane 4:1 to elute unreacted D, and
then changed to Cl2CH2 to elute 1. After evaporation of the solvent, the
residue was filtered (0.45 �m) and the product dried under vacuum at room
temperature to yield 1 as a white tacky material (71 mg, 51%). Elemental
analysis calcd (%) for C254H348N4O42Si6: C 70.98, H 8.16, N 1.30; found: C
70.79, H 8.06, N 1.40; 1H NMR (400 MHz, CD2Cl2, 24 �C, residual CH2Cl2):
�� 8.25 (m, 6H; aromatic), 8.03 (m, 3H; aromatic), 7.67 ± 7.56 (m, 18H;
aromatic), 7.50 (m, 12H; aromatic), 7.34 (m, 6H; aromatic), 7.24 (m, 6H,
aromatic), 6.96 (m, 12H; aromatic), 6.50 (m, 6H; aromatic), 6.00 (br s, 1H;
CO-NH), 4.08 ± 3.95 (m, 30H; C4-CH2-OCO, Ph-O-CH2-, CH-CH2-O-Ph,
COO-CH2-), 3.82 (m, 6H; CH-CH2-O), 3.67 (s, 6H; C4-CH2-O), 3.66 (t,
3J(H,H)� 6 Hz, 6H; O-CH2-CH2-CH2), 3.34 (s, 6H; NC4-CH2-O), 3.34 (t,
3J(H,H)� 6 Hz, 6H; O-CH2-CH2-CH2), 2.51 (t, 3J(H,H)� 6 Hz, 6H; CH2-
OCOCH2), 2.33 (t, 3J(H,H)� 6 Hz, 2H; NH-CO-CH2), 2.18 (t, 3J(H,H)�
6 Hz, 2H; CH2-COO), 1.85 (m, 22H; NHCO-CH2-CH2-CH2-COO, CH2-
CH2-Si-), 1.60, 1.49, 1.27 (m, 116H; CH3-CH2-CH, -(CH2)n- ), 1.02 (d,
3J(H,H)� 6 Hz, 9H; CH3-CH), 0.95 (t, 3J(H,H)� 6 Hz, 9H; CH3-CH2),
0.88 (t, 3J(H,H)� 6 Hz, 9H; CH3-CH2), 0.47 (2pseudo-t, 12H; CH2-SiOSi-
CH2), 0.00 ppm (2s, 36H; (CH3)2Si-O); 13C NMR (100.4 MHz, CDCl3,
24 �C, external TMS): �� 172.89, 172.38, 171.59, 164.89, 164.60, 163.71,
161.89, 159.74, 158.74, 155.57, 149.77, 145.20, 138.69, 134.52, 132.66, 132.51,
131.68, 131.17, 128.25, 128.06, 127.67, 126.99, 126.52, 122.20, 121.85, 119.06,
115.01, 114.06, 110.41, 109.97, 105.38, 100.09, 73.08, 71.61, 69.44, 69.13, 68.87,
68.09, 68.06, 66.74, 64.36, 63.99, 59.62, 44.39, 36.03, 34.84, 34.62, 33.42, 31.79,
29.88, 29.59, 29.52, 29.50, 29.41, 29.37, 29.33, 29.25, 29.21, 29.19, 28.81, 28.58,
26.03, 26.01, 25.87, 23.18, 22.99, 22.63, 20.85, 18.35, 18.26, 16.46, 14.08, 11.29,
0.34, 0.17 ppm; 29Si NMR (79.3 MHz, CD2Cl2, 24 �C, external TMS): ��
7.92, 7.79 ppm (2s; (CH3)2-SiOSi(CH3)2); MALDI-TOF MS (HABA
matrix):m/z calcd for C254H348N4O42Si6Na: 4321.0; found: 4320.5 [M�Na]�;
SEC: Mr� 5817, Mn� 5608, �� 1.02.


Preparation of compound 8 : A solution of 5 (0.343 g, 0.364 mmol) and
15 �L of Karstedt×s catalyst (xylene) in toluene (8 mL) was added dropwise
over a period of 1.5 h to a solution of 4�-(5-tetramethyldisiloxypenteny-
loxy)-4-cyanobiphenyl (B, 0.555 g, 1.40 mmol) in toluene (12 mL), and the
solution stirred at room temperature for 20 h. The solvent was evaporated
to dryness and the resulting syrup purified by column chromatography
(flash-grade silica gel, Cl2CH2/4% diethyl ether) to afford 8 as a clear oil
(0.391 g, 51%). 1H NMR (400 MHz, CDCl3, 24 �C, residual CHCl3): ��
7.64 (m, 12H; aromatic), 7.49 (m, 6H; aromatic), 6.95 (m, 6H; aromatic),
6.06, 6.03 (2br s, 1H; CO-NH), 4.07 (s, 2H; C4-CH2-OCO), 3.96 (t,
3J(H,H)� 6 Hz, 6H; Ph-O-CH2-), 3.65 (s, 6H; C4-CH2-O), 3.62 (t,
3J(H,H)� 6 Hz, 6H; O-CH2-CH2-CH2), 3.33 (s, 6H; NC4-CH2-O), 3.30 (t,
3J(H,H)� 6 Hz, 6H; O-CH2-CH2-CH2), 2.40 (t, 3J(H,H)� 6 Hz, 6H; CH2-
OCOCH2), 2.31 (t, 3J(H,H)� 6 Hz, 2H; NH-CO-CH2), 2.17 (t, 3J(H,H)�
6 Hz, 2H; CH2-COO), 1.87 (m, 2H; NHCO-CH2-CH2-CH2-COO), 1.47 (m,
6H; -CH2-), 1.42 ± 1.23 (m, 57H; -(CH2)-, CH3-4C), 0.51, 0.46 (2pseudo-t,
12H; CH2-SiOSi-CH2), 0.01, 0.00 ppm (2s, 36H; (CH3)2Si-O); 13C NMR
(100.4 MHz, CDCl3, 24 �C, external TMS): �� 172.89, 172.38, 170.92,
159.77, 145.24, 132.53, 131.18, 128.27, 119.08, 115.02, 109.97, 80.42, 71.61,
69.46, 69.11, 68.10, 66.99, 64.00, 59.64, 53.40, 44.41, 36.09, 29.89, 29.68, 29.43,
28.94, 28.07, 23.19, 23.10, 18.36, 18.29, 0.37 ppm; 29Si NMR (79.3 MHz,
CD2Cl2, 24 �C, external TMS): �� 7.95, 7.76 ppm (2s; (CH3)2-SiOSi(CH3)2).


Preparation of compound 10 : Triacid 6 (94 mg, 0.119 mmol), mesogenic
alcohol C[36] (0.276 g, 0.38 mmol), DCC (86 mg, 0.41 mmol) and DMAP
(56 mg, 0.1 mmol) in dry Cl2CH2 (20 mL) were stirred at room temperature
for 3 days. The precipitate formed was filtered off and the solvent
evaporated to dryness. The residue obtained was purified by column
chromatography (flash-grade silica gel, Cl2CH2 100% followed by Cl2CH2/
4% EtAcO) to afford 10 as a white solid (89 mg, 26%). 1H NMR
(400 MHz, CD2Cl2, 24 �C, residual CH2Cl2): �� 8.18 (m, 6H; aromatic),
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7.98 (m, 3H; aromatic), 7.48 (m, 12H; aromatic), 7.18 (m, 12H; aromatic),
6.88 (m, 6H; aromatic), 6.43 (m, 6H; aromatic), 5.94 (br s, 1H; CO-NH),
5.71 (ddt, 3J(H,Htrans)� 17 Hz, 3J(H,Hcis)� 10 Hz, 3J(H,H)� 7 Hz, 3H;
CH2�CH), 4.91 (ddm, 3J(H,Htrans)� 17 Hz, 2J(H,H)� 10 Hz, 3H; trans-
CH2�CH), 4.84 (dm, 3J(H,H)� 10 Hz, 3H; cis-CH2�CH), 4.03 (s, 2H, C4-
CH2-OCO), 3.97 ± 3.90 (m, 18H; Ph-O-CH2-, COO-CH2-), 3.76 (m, 6H;
CH-CH2-O), 3.59 (s, 6H; C4-CH2-O), 3.60 (t, 3J(H,H)� 6 Hz, 6H; O-CH2-
CH2-CH2), 3.29 (s, 6H; NC4-CH2-O), 3.29 (t, 3J(H,H)� 6 Hz, 6H; O-CH2-
CH2-CH2); 2.43 (t, 3J(H,H)� 6 Hz, 6H; CH2-OCOCH2), 2.25 (t, 3J(H,H)�
6 Hz, 2H; NH-CO-CH2), 2.10 (t, 3J(H,H)� 6 Hz, 2H; CH2-COO), 2.01 (m,
6H; CH2-CH�CH2), 1.85 (m, 18H; NHCO-CH2-CH2-CH2-COO,-CH2-
CH2-O, CH2-CH, CH2-CH2-CH�), 1.64 ± 1.16 (m, 64H; (CH2)n), 1.02 (d,
3J(H,H)� 6 Hz, 9H; CH3-CH), 0.96 (t, 3J(H,H)� 6 Hz, 9H; CH3-CH2),
0.87 ppm (t, 3J(H,H)� 6 Hz, 9H; CH3-CH2); 13C NMR (100.4 MHz, CDCl3,
24 �C, external TMS): �� 172.89, 172.38, 171.57, 164.93, 164.61, 163.10,
161.84, 158.76, 155.56, 149.78, 138.71, 138.39, 134.53, 132.67, 131.72, 128.06,
127.68, 126.57, 122.20, 121.86, 114.79, 114.56, 110.39, 105.47, 100.12, 73.11,
70.66, 69.36, 69.15, 68.65, 68.08, 66.72, 64.44, 63.90, 59.62, 44.38, 36.00, 34.79,
34.64, 33.90, 33.44, 31.79, 30.27, 29.34, 29.26, 29.22, 28.98, 28.77, 28.49, 26.03,
25.63, 25.58, 24.90, 22.63, 20.88, 16.46, 14.07, 11.28 ppm.


Preparation of compound 2 : 4�-(5-tetramethyldisiloxypentenyloxy)-4-cya-
nobiphenyl (B, 50 mg, 0.120 mmol) in toluene (5 mL) was placed in a small
Schlenk tube under nitrogen atmosphere and Karstedt×s catalyst (3% Pt
solution in xylene, 8 �L) added. A solution of 10 (85 mg, 0.003 mmol) in
toluene (6 mL) was added to the above solution dropwise over a 30 min
period, and the resulting solution stirred for 18 h at room temperature. The
solvent was evaporated under vacuum and the residue purified by column
chromatography (flash grade silica gel, Cl2CH2/4% EtAcO). After
evaporation of the solvent, the residue was dissolved Cl2CH2, filtered
(0.45 �m) and the product dried under vacuum at room temperature to
yield 2 as a white tacky material (57 mg, 45%). Elemental analysis calcd
(%) for C239H318N4O42Si6: C 70.23, H 7.84, N 1.37; found: C 69.94, H 7.90, N
1.53; 1H NMR (400 MHz, CD2Cl2, 24 �C, residual CH2Cl2): �� 8.24 (m, 6H;
aromatic), 8.01 (m, 3H; aromatic), 7.65 ± 7.52 (m, 18H; aromatic), 7.47 (m,
12H; aromatic), 7.34 (m, 6H; aromatic), 7.24 (m, 6H; aromatic), 6.96 (m,
12H; aromatic), 6.50 (m, 6H; aromatic), 5.97 (br s, 1H; CO-NH), 4.06 (s,
2H; C4-CH2-OCO), 4.02 ± 3.94 (m, 28H; Ph-O-CH2-, CH-CH2-O-Ph,
COO-CH2-), 3.81 (m, 6H; -CH3CH-CH2-O), 3.64 (s, 6H; C4-CH2-O),
3.62 (t, 3J(H,H)� 6 Hz, 6H; O-CH2-CH2-CH2), 3.32 (s, 6H; NC4-CH2-O
plus t, 3J(H,H)� 6 Hz, 6H; O-CH2-CH2-CH2), 2.49 (t, 3J(H,H)� 6 Hz, 6H;
CH2-OCOCH2), 2.30 (t, 3J(H,H)� 6 Hz, 2H; NH-CO-CH2), 2.15 (t,
3J(H,H)� 6 Hz, 2H; CH2-COO), 1.90 ± 1.74 (m, 22H; NHCO-CH2-CH2-
CH2-COO, CH2-CH2-Si-), 1.60, 1.49, 1.27 (m, 92H, CH3-CH2-CH, -(CH2)n-),
1.01 (d, 3J(H,H)� 6 Hz, 9H; CH3-CH), 0.93 (t, 3J(H,H)� 6 Hz, 9H,CH3-
CH2), 0.87 (t, 3J(H,H)� 6 Hz, 9H; CH3-CH2), 0.51, 0.46 (2pseudo-t, 12H;
CH2-SiOSi-CH2), 0.01, 0.00 ppm (2s, 36H; (CH3)2Si-O); 13C NMR
(100.4 MHz, CDCl3, 24 �C, external TMS): �� 172.89, 172.38, 171.56,
164.93, 164.60, 163.0, 161.85, 159.77, 158.77, 155.55, 149.78, 145.20, 138.71,
134.55, 132.66, 132.53, 131.72, 131.18, 128.27, 128.06, 127.68, 127.02, 126.57,
122.20, 121.87, 119.08, 115.03, 114.79, 110.38, 109.97, 105.45, 100.13, 73.11,
71.61, 69.30, 69.10, 68.65, 68.10, 66.73, 64.44, 59.60, 44.30, 34.79, 34.64, 33.2,
31.80, 29.89, 29.68, 29.43, 29.35, 29.27, 29.23, 28.96, 28.94, 28.20, 26.04, 25.63,
25.59, 23.19, 23.11, 22.63, 18.37, 18.30, 16.47, 14.09, 11.30, 0.38 ppm; 29Si
NMR (79.3 MHz, CD2Cl2, 24 �C, external TMS): �� 7.95, 7.76 ppm (2s;
(CH3)2-SiOSi(CH3)2); MALDI-TOF MS (HABA matrix): m/z calcd for
C239H318N4O42Si6Na: 4110.0; found: 4110.3 [M�Na]� SEC:Mr� 5070 (calcd
Mr� 4087.6), Mn� 4894, �� 1.03.
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Photochromism of Diarylethenes Linked by Hydrogen Bonds
in the Single-Crystalline Phase


Satoshi Yamamoto, Kenji Matsuda, and Masahiro Irie*[a]


Abstract: Photochromic diarylethenes,
which bear carboxyl groups at the ortho,
meta, or para positions of both terminal
phenyl groups, have been synthesized.
The diarylethenes adopt linear chain
structures as a result of hydrogen bond-
ing in the crystalline phase, and the
crystals exhibit photochromic proper-
ties. The absorption maximum of the


photogenerated closed-ring isomer of
the para-substituted derivative shows
an 80 nm bathochromic shift in compar-
ison with that of the ortho-substituted


derivative. The maximum of the closed-
ring isomer of the meta-substituted de-
rivative is located in between those of
the para- and ortho-substituted deriva-
tives. The shifts can be attributed to the
differences in conformation among the
derivatives, arising from the restrictions
imposed by the hydrogen-bonded
chains.


Keywords: diarylethene ¥
photochromism ¥ hydrogen bonding
¥ X-ray analysis


Introduction


Photochromic compounds inherently exhibit two different
chemical forms, which are reversibly interconverted upon
irradiation with light of appropriate wavelength.[1] Various
types of photochromic compounds, such as spirobenzopyrans,
azobenzenes, fulgides, and diarylethenes, have hitherto been
developed. Among such compounds, diarylethenes show
characteristic properties, including thermal stability of both
isomers and fatigue-resistant performance.[2] The open-ring
isomer of the diarylethene undergoes photocyclization to
produce the closed-ring isomer upon irradiation with UV
light, and the closed-ring isomer reverts to the open-ring
isomer upon irradiation with visible light.


Some diarylperfluorocyclopentene derivatives having thio-
phene or benzothiophene rings are known to undergo photo-
chromic reactions even in the single-crystalline phase.[3] An
antiparallel conformation of the aryl groups and a short
distance between the reactive carbons are essential for the
reaction to take place in the crystalline phase.[4] The color and
the photocycloreversion reactivity of the closed-ring isomers
are dependent on the conformation of the molecule in the
crystal.[5] The closed-ring isomer photogenerated in the crystal
generally shows a bathochromic shift with respect to the
closed-ring isomer in solution.[6]


Hydrogen-bonded networks represent one of the most
convenient methods for constructing supramolecular archi-
tectures.[7] The direction-specific character of hydrogen-bond-
ing is successfully utilized to construct double helices, ring
structures, and nanotubes.[8, 9] The geometry of the photo-
generated closed-ring isomers in the crystals reflects the
crystal packing of the open-ring isomers.[3] Therefore, if
desired, crystal packing could be designed on the basis of
hydrogen-bonded supramolecular assemblies, and the spec-
troscopic properties of the photochromic crystal would be
controlled. Herein, we report on the synthesis and photo-
chromic performance of intermolecularly hydrogen-bonded
diarylethenes. The effect of the hydrogen bonding on the
photochromic performance has been studied in the crystalline
phase.


Results and Discussion


Molecular design and synthesis: When molecules have two
carboxyl groups that cannot participate in intramolecular
hydrogen bonding, the formation of hydrogen-bonded linear
chain structures in aprotic solvents as well as in the crystal
may be anticipated. 1,2-Bis(2-methyl-5-phenyl-3-thienyl)hex-
afluorocyclopentene, which is known to undergo photochro-
mic reaction even in the crystalline phase,[3d] was chosen as the
photochromic core and carboxyl groups were introduced at
the ortho, meta, and para positions of both of the terminal
phenyl groups (Scheme 1). As reference compounds, diaryl-
ethenes 4a ± 6a bearing formyl substituents, which are similar
in size but have less hydrogen-bonding character as compared
to carboxyl groups, were also prepared.
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The synthetic procedure leading to 1a ± 6a is shown in
Scheme 2. Suzuki coupling of three isomeric bromobenzalde-
hydes with thiophene boronic acid gave formylphenylthio-
phene derivatives (8 ± 10). After protection of compounds 8 ±
10 with ethylene glycol, they were lithiated and then coupled
with octafluorocyclopentene to give diarylethene derivatives
(14 ± 16). Deprotection gave formyl-substituted diarylethene
derivatives (4a ± 6a). Jones oxidation of the formyl-substitut-
ed derivatives (4a ± 6a) afforded carboxyl-substituted diaryl-
ethenes (1a ± 3a). The structures of 1a ± 6awere confirmed by
1H NMR spectroscopy, mass spectrometry, elemental analysis,
and UV/Vis spectroscopy.


Compounds 1a ± 3a are an-
ticipated to form intermolecu-
lar hydrogen-bonded chains in
solution in aprotic solvents as
well as in the crystalline phase.
Intramolecular hydrogen-bond-
ing is essentially precluded be-
cause of the strained conforma-
tion.


Photochromic behavior of com-
pounds 1 ± 6 in protic or aprotic
solvents : The photochromic re-
activity of diarylethenes 1 ± 6
was examined in ethanol solu-
tion. Figure 1 shows the
changes in the absorption spec-
tra upon photoirradiation.
Upon irradiation with 313 nm
light, the colorless solutions
containing 1a ± 6a turned blue


or purple. These colors could be attributed to the formation of
the closed-ring isomers. Upon irradiation with 578 nm light,
the colored solutions reverted to their original colorless forms.
Table 1 shows the absorption maxima of the open- and closed-
ring isomers in ethanol. When the substituents are in the same
positions, the absorption maxima of diarylethenes bearing
carboxyl groups are similar to those of the derivatives bearing
formyl groups.


Table 1 also shows the maxima in aprotic cyclohexane. The
absorption maxima in ethanol and cyclohexane are similar. In
other words, ��max is small, except in the case of the ortho-
substituted derivative 3b, for which a considerable spectral
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Scheme 1. Photochromic diarylethenes having intermolecular hydrogen-bonding sites.


Scheme 2. Synthetic scheme used to obtain 1a ± 6a. Reagents and conditions: a) i) nBuLi, ii) tri-n-butyl borate, iii) Pd(PPh3)4, o-, m-, and p-
bromobenzaldehydes, Na2CO3, THF, H2O, 48 ± 64%. b) ethylene glycol, p-toluenesulfonic acid monohydrate, benzene, 96%. c) i) nBuLi, ii) octafluor-
ocyclopentene, THF, 72 ± 76%. d) PPTS, acetone, 96 ± 98%. e) Jones× reagent, acetone, 70 ± 87%.
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shift (��max� 21 nm) is observed between the protic and
aprotic solvents. When a small amount of ethanol was added
dropwise to a solution of 3b in cyclohexane, a bathochromic
shift of the maximum was observed. This finding suggests that
hydrogen bonding affects the conformation of the closed-ring
isomer of ortho derivative 3b. In the cases of the para and
meta derivatives 1b and 2b, no solvent dependence was
observed. This indicates that the contribution from intermo-
lecular hydrogen bonding is negligible for 1b and 2b in
solution.


The packing diagrams of diary-
lethenes 1 ± 3 in the crystalline
phase: Diarylethenes 1a ± 6a
formed clear colorless single
crystals upon recrystallization
from appropriate solvents.
Their molecular structures and
crystal packing were deter-
mined by X-ray crystallog-
raphic analysis. Table 2 shows
the X-ray crystallographic
data at 123 K. These single
crystals of the open-ring iso-
mers did not contain any sol-
vent.


Figure 2 shows the packing
diagrams of carboxyl-substitut-
ed diarylethenes 1a ± 3a. One-
dimensional hydrogen-bonded
chains were observed in their
single crystals. The distances
between carbonyl oxygen and
hydroxyl oxygen O ¥¥¥ H�O in
1a ± 3a were 2.61 ä, 2.63 ä,
and 2.64 ä, respectively. These
sufficiently short distances in-
dicate that the carboxyl-substi-
tuted diarylethenes form hy-
drogen-bonded arrays with ad-
jacent molecules in the crystals.
The chains have twofold helical
symmetry and the position of
substitution changes the pitch.
The zigzag chain of ortho de-
rivative 3a shows the shortest
pitch.


Figure 3 shows ORTEP
drawings of the molecular


structures of 1a ± 3a. The numbering of the atoms is the same
for all three molecules. Each of the compounds 1a ± 3a was
found to be packed in an antiparallel conformation in the
crystal. The distances between the reactive carbon atoms,
C1�C10, are 3.49 ä (1a), 3.52 ä (2a), and 3.59 ä (3a), which
are short enough for the reaction to take place in the single-
crystalline phase (Table 3).[4] The angles between the planes of
the phenyl and thiophene rings are quite different among
these compounds. The angles C3-C4-C16-C17 were found to
be 32.5� (1a), 11.9� (2a), and �51.9� (3a), respectively. The
angles in 1a and 3a thus differ by more than 84�. In meta-
substituted 2a, the phenyl and thiophene rings are co-
planar.


Formyl-substituted diarylethenes (4a ± 6a) are also packed
in an antiparallel conformation in their single crystals. The
distances between the reactive carbon atoms were found to be
3.65 ä (4a), 3.54 ä (5a), and 3.66 ä (6a). In these derivatives,
intermolecular hydrogen bonding was not discerned. The
angles between the planes of the phenyl and thiophene rings,
C3-C4-C16-C17, were found to be similar, at 25� (4a), 33.9�
(5a), and 33.7� (6a).
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Figure 1. Photochromic spectral changes of 1a ± 6a in ethanol solution before (dotted line) and after (solid line)
photoirradiation with light of wavelength 313 nm: a) 1a ; b) 2a ; c) 3a ; d) 4a ; e) 5a ; f) 6a.


Table 1. Absorption maxima of the open- and closed-ring isomers in
ethanol and cyclohexane.


�max (open) �max (closed) �max (closed)
in ethanol [nm] in cyclohexane [nm] in ethanol [nm]


1 312 598 600
2 278 584 580
3 273 567 546
4 330 605 601
5 289 585 581
6 270 553 549
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Photochromism of diarylethenes 1a ± 6a in the single-crystal-
line phase: Compounds 1a ± 3a were found to undergo
photochromic reactions in the single-crystalline phase. Upon


irradiation with 366 nm light, the single crystals turned blue or
reddish purple. These color changes are due to the generation
of the closed-ring isomers 1b ± 3b. The colors disappeared
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Table 2. Crystallographic data of 1a ± 6a.


1a (para) 2a (meta) 3a (ortho) 4a (para) 5a (meta) 6a (ortho)


recrystallization solvent 2-propanol/THF methanol acetonitrile/THF acetonitrile acetonitrile acetonitrile
empirical formula C29H18F6S2O4 C29H18F6S2O4 C29H18F6S2O4 C29H18F6S2O2 C29H18F6S2O2 C29H18F6S2O2


formula weight 608.55 608.55 608.55 576.55 576.55 576.55
temperature [K] 123 123 123 123 123 123
crystal system monoclinic monoclinic triclinic monoclinic monoclinic monoclinic
space group P21/c C2/c P-1 C2/c P21 C2/c
a [ä] 15.561 23.694 8.379 25.936 8.3543(18) 17.057
b [ä] 12.833 8.488 11.003 9.198 13.106(3) 8.4761
c [ä] 14.501 13.483 14.809 10.368 11.347(3) 18.152
� [�] 90 90 91.154 90 90 90
� [�] 116.235 100.279 95.179 100.825 93.389(4) 104.260
� [�] 90 90 110.575 90 90 90
volume [ä3] 2597.5(5) 2668(3) 1271.0(8) 2429.4(12) 1240.3(5) 2543.5(8)
Z 4 4 2 4 2 4
goodness-of-fit on F 2 0.910 1.127 0.986 1.065 1.098 1.008
data/restraints/parameters 5551/0/380 2862/0/219 5270/0/372 2531/0/167 3536/1/354 2674/0/204
R1 [I� 2�(I)] 0.0448 0.0659 0.0706 0.0777 0.0488 0.0392
wR2 (all data) 0.1250 0.1903 0.1976 0.2373 0.1293 0.1071


Figure 2. X-ray structures of one-dimensional linear chains of carboxyl-substituted diarylethenes: a) 1a ; b) 2a ; c) 3a.
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Figure 3. ORTEP drawings of a) 1a, b) 2a, and c) 3a. The hexafluorocy-
clopentene unit is located below the plane of the paper, away from the
viewer. The red circles indicate the positions of the sulfur atoms that appear
in the UV-irradiated crystal.


upon irradiation with visible light (�� 500 nm). The colora-
tion/decoloration cycles could be repeated many times with-
out loss of integrity of the crystals.


The colors of the crystals were analyzed under polarized
light. Figure 4 shows polar plots of the (001) surface of a
crystal of 3a. Upon irradiation with 366 nm light the crystal


changed to a deep reddish-purple color. At a certain angle
(�� 87�), the crystal showed strong absorption, and the
absorption maximum was observed at 560 nm. When the
crystal was rotated as much as 90�, the absorption intensity
decreased but the position of the maximum was unchanged.
The deep reddish-purple color reappeared upon rotation
through 180�. The change in color intensity seen upon rotating
the crystal sample indicates that the closed-ring isomers are
regularly oriented in the crystal and that photochromic
reaction had taken place in the crystal lattice. Upon irradi-
ation with visible light (�� 500 nm), the color disappeared.
The direction of the transition moment, which was deter-
mined from the polarized absorption spectrum, is shown in
Figure 4d, along with the crystal structure. The direction of
the transition moment coincides with the long axis of the
open-ring isomer of 3a.


Figure 5 shows the polarized absorption spectra of photo-
generated closed-ring isomers 1b ± 3b (Figure 5a) and 4b ± 6b
(Figure 5b) at the angles of maximum color intensity.[10] The
positions of the absorption maxima are listed in Table 3. It is
inferred from the spectra that the substitution position
strongly affects the position of the maximum in the case of
carboxyl-substituted derivatives, while the effect is negligible
in the case of formyl-substituted derivatives. The maximum of
para-substituted 1a (640 nm) shows an 80 nm bathochromic
shift in comparison with that of ortho-substituted 3a (560 nm).
The fairly large spectral shift in the carboxyl-substituted
derivatives is considered to reflect the difference in the angles
between the planes of the phenyl and thiophene rings, as
observed for the spectra of 1,2-bis(2-methyl-5-(4-methoxy-
phenyl)-3-thienyl)perfluorocyclopentene in the single-crys-
talline phase.[5]


To establish the precise structures of the colored closed-ring
isomers photogenerated in the crystals, in situ X-ray crystallo-
graphic analyses were carried out. The red circles shown in
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Figure 4. Absorption anisotropy of 3a: a) the crystal shape and the direction of the
polarizer, b) polarized absorption spectra of the (001) face, c) polar plot at 610 nm,
d) packing diagrams of crystal 3a projected onto the (001) face.


Table 3. Distances between the reactive carbons and torsion angles
between the planes of the thiophene and phenyl rings, as obtained from
X-ray data, along with the absorption maxima of the photogenerated
closed-ring isomers in the single-crystalline phase.


Distance between the Torsion angle [�][b] Absorption
reactive carbons [ä][a] maxima [nm]


1a 3.49 32.5[c] 640
2a 3.52 11.9 600
3a 3.59 � 51.9[c] 560
4a 3.65 25 605
5a 3.54 33.9[c] 610
6a 3.66 33.7 605


[a] The distance C1�C10. [b] The angle C3-C4-C16-C17. [c] The two angles
in the molecules are different in these compounds. The other torsion angles
are 23.7� (1a), �40.5� (3a), and 33.6� (5b).
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Figure 5. Photochromism in the single-crystalline phase: a) carboxyl-
substituted diarylethene crystals 1b ± 3b ; b) formyl-substituted diaryle-
thene crystals 4b ± 6b.


Figure 3 indicate the positions of the photogenerated sulfur
atoms, as ascertained from the difference Fourier electron
density map.[11] The sulfur atoms moved from upper or lower
positions to central ones. It is possible to estimate the
structures of the photogenerated closed-ring isomers from
the positions of the sulfur atoms. The structural optimizations
were carried out by means of partial MM2 calculations of the
thiophene and methyl moieties (C1, C2, C3, C4, C10, C11,
C12, C13, C14, and C15 in Figure 3), with the assumption
that the positions of the hexafluorocyclopentene ring, the
carboxyphenyl groups, and the photogenerated sulfur atoms
(S1� and S2�) are fixed. The calculated structures are shown in
Figure 6.


As can be seen from Figure 6, para-substituted derivative
1b has the greatest coplanarity between the planes of the
phenyl and thiophene rings, and �-conjugation is considered
to extend throughout the molecule. In the case of the ortho
derivative 3b, the two rings are almost perpendicular. The
shift in the absorption maximum from 560 nm (ortho-sub-
stituted derivative 3b) to 640 nm (para-substituted derivative
1b) can thus be ascribed to the difference in coplanarity
between the phenyl and thiophene rings.


To confirm this assumption, theoretical calculations
(INDO/S method) of the spectra were carried out, based
on the estimated structures. The lowest-energy absorption
peaks were calculated to appear at 492, 461, and 383 nm
for 1b, 2b, and 3b, respectively (Table 4). A coplanar
configuration of the planes of the phenyl and thiophene rings
gave rise to a longer wavelength absorption maximum. The


Figure 6. The calculated structures of the closed-ring isomers of a) 1b,
b) 2b, and c) 3b in the crystal. The coordinates of the sulfur atoms (red
line) that appeared in the difference Fourier electron density maps of the
UV-irradiated crystals were used for the calculations. Partial MM2
calculations were carried out on the thiophene and methyl moieties (blue
line) with the rest of the structures being fixed. The open-ring isomers are
overlaid. Hydrogen atoms have been omitted for clarity.


result verified that the differences in position of the absorp-
tion maxima between the three derivatives are due to
different conformations of the closed-ring isomers in the
crystals.


Conclusion


Photochromic diarylethenes bearing carboxyl groups at the
ortho,meta, and para positions of both terminal phenyl groups
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Table 4. Calculated torsion angles of the photogenerated closed-ring
isomers and calculated absorption maxima of photogenerated closed-ring
isomers 1a ± 3b.


Calculated Calculated
torsion angle [�][a] absorption maxima [nm]


1b � 14.7[b] 492
2b � 25.8 461
3b � 93.5[b] 383


[a] The angle C3-C4-C16-C17. [b] The two angles in the molecules are
different in these compounds. The other calculated torsion angles are
�16.4� (1a) and �84.7� (3a).
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have been synthesized. These derivatives have been found to
form various types of linear polymers linked by hydrogen
bonds in their crystals. The diarylethenes show photochrom-
ism in the crystalline state upon irradiation with light of
appropriate wavelengths, and the absorption maxima of the
closed-ring isomers show large differences, as much as 80 nm
between the para- and ortho-substituted compounds. The
large bathochromic shift of the para-substituted diarylethene
can be ascribed to the coplanar conformation between the
thiophene and phenyl rings that affects the �-conjugation length.


Experimental Section


General : All reactions were monitored by thin-layer chromatography
carried out on 0.2 mm Merck silica gel plates (60F-254). Column
chromatography was performed on silica gel (Kanto Chemical, 63 ±
210 mesh). 1H NMR spectra were recorded on a Varian Gemini 200
instrument. Mass spectra were obtained on Shimadzu GCMS-QP5050A
(EI) and JEOL JMS-GCmateII (FAB) mass spectrometers. Melting points
were measured using a Laboratory Devices MEL-TEMP II apparatus and
are uncorrected. Jones× reagent (1.94�) was prepared as follows: H2SO4


(6.1 mL, 110 mmol) was added dropwise to an aqueous solution (10 mL) of
CrO3 (7.0 mg, 70 mmol) at 0 �C, and then distilled water (20 mL) was added.
The synthesis of 5a has been reported previously.[3n]


3-Bromo-5-(4-formylphenyl)-2-methylthiophene (para 8): A solution of n-
butyllithium in hexane (1.6�, 64.0 mL, 102 mmol) was added dropwise to a
well-stirred solution of dibromo compound 7 (25.0 g, 98 mmol) in
anhydrous THF (250 mL) under Ar at �78 �C, and stirring was continued
at this temperature for 1 h. Tri-n-butyl borate (39.3 mL, 102 mol) was
slowly added to the reaction mixture at �78 �C, and the mixture was stirred
for 2 h at this temperature. Then, 4-bromobenzaldehyde (18.1 g, 98 mmol),
Pd(PPh3)4 (3.2 g, 2.8 mmol), and a suspension of Na2CO3 (40 g) in water
(160 mL) were successively added to the reaction mixture at room
temperature. The mixture was stirred under reflux for 4.5 h, and then
allowed to cool to room temperature. Diethyl ether was added, the organic
layer was collected, and the aqueous layer was further extracted with
diethyl ether. The combined organic layers were dried over MgSO4, and the
solvents were evaporated. Purification of the crude product by column
chromatography (silica gel, CHCl3) afforded phenylthiophene derivative 8
(13.3 g, 48%) as a white solid. M.p. 114.1 ± 114.7 �C; 1H NMR (CDCl3,
200 MHz): �� 2.44 (s, 3H), 7.26 (s, 1H), 7.66 (d, J� 8 Hz, 4H), 7.88 (d, J�
8 Hz, 4H), 10.0 ppm (s, 1H); EI-MS: m/z : 280 [M]� ; elemental analysis
calcd (%) for C12H9BrOS: C 51.26, H 3.23; found: C 51.36, H 3.23.


3-Bromo-5-(2-formylphenyl)-2-methylthiophene (ortho 10): A solution of
n-butyllithium in hexane (1.6�, 137 mL, 218 mmol) was added dropwise to
a well-stirred solution of dibromo compound 7 (54.4 g, 213 mmol) in
anhydrous THF (250 mL) under Ar at �78 �C, and stirring was continued
at this temperature for 0.5 h. Tri-n-butyl borate (84 mL, 218 mol) was
slowly added to the reaction mixture at �78 �C, and the mixture was stirred
for 2 h at this temperature. Then, 2-bromobenzaldehyde (6.3 g, 218 mmol),
Pd(PPh3)4 (1.2 g, 1.0 mmol), and a suspension of Na2CO3 (20 g) in water
(80 mL) were successively added to the reaction mixture at room temper-
ature. The mixture was stirred under reflux for 4.5 h, and then allowed to
cool to room temperature. Diethyl ether was added, the organic layer was
collected, and the aqueous layer was further extracted with diethyl ether.
The combined organic layers were dried over MgSO4, and the solvents
were evaporated. Purification of the crude product by column chromatog-
raphy (silica gel, CHCl3) afforded phenylthiophene derivative 10 (4.1 g,
68%) as a white solid. M.p. 69.5 ± 70.2 �C; 1H NMR (CDCl3, 200 MHz): ��
2.47 (s, 3H), 6.90 (s, 1H), 7.66 (t, J� 7 Hz, 2H), 7.59 ± 7.67 (m, 1H), 7.98 ±
8.02 (m, 1H), 10.22 ppm (s, 1H); EI-MS: m/z : [M]� 280; elemental analysis
calcd (%) for C12H9BrOS: C 51.26, H 3.23; found: C 51.34, H 3.20.


3-Bromo-5-(4-(2,5-dioxolanyl)phenyl)-2-methylthiophene (para 11): A
solution of 8 (8.2 g, 29 mmol), ethylene glycol (19.7 g, 310 mmol), and p-
toluenesulfonic acid monohydrate (73 mg, 0.29 mmol) in benzene (300 mL)
was refluxed for 7 h in an apparatus fitted with a Dean ± Stark condenser.
The reaction mixture was subsequently poured into aqueous sodium


hydrogen carbonate solution, extracted with diethyl ether, and the
combined extracts were washed with aqueous sodium hydrogen carbonate
solution and water, dried (MgSO4), and concentrated. Dioxolane 11 (9.1 g,
96%) was obtained as a white solid. M.p. 117.5 ± 119.6 �C; 1H NMR
(CDCl3, 200 MHz): �� 2.42 (s, 3H), 4.04 ± 4.15 (m, 4H), 5.82 (s, 1H), 7.12
(s, 1H), 7.35 ± 7.55 ppm (m, 4H); EI-MS: m/z : [M]� 326; elemental analysis
calcd (%) for C14H13BrO2S: C 51.70, H 4.03; found: C 51.83, H 4.03.


3-Bromo-5-(2-(2,5-dioxolanyl)phenyl)-2-methylthiophene (ortho 13): A
solution of 10 (8.2 g, 29 mmol), ethylene glycol (19.7 g, 310 mmol), and p-
toluenesulfonic acid monohydrate (73 mg, 0.29 mmol) in benzene (300 mL)
was refluxed for 7 h in an apparatus fitted with a Dean ± Stark condenser.
The reaction mixture was subsequently poured into aqueous sodium
hydrogen carbonate solution, extracted with diethyl ether, and the
combined extracts were washed with aqueous sodium hydrogen carbonate
solution and water, dried (MgSO4), and concentrated. Dioxolane 13 (9.1 g,
96%) was obtained as a colorless oil. 1H NMR (CDCl3, 200 MHz): �� 2.43
(s, 3H), 3.99 ± 4.23 (m, 4H), 5.87 (s, 1H), 7.06 (s, 1H), 7.36 ± 7.43 (m, 3H),
7.70 ± 7.75 (m, 1H); EI-MS: [M]� m/z : 326; elemental analysis calcd (%) for
C14H13BrO2S: C 51.70, H 4.03; found: C 51.83, H 4.03.


1,2-Bis(2-methyl-5-(4-(2,5-dioxolanyl)phenyl)thiophen-3-yl)hexafluorocy-
clopentene (para 14): A solution of n-butyllithium in hexane (1.6�, 6.1 mL,
9.7 mmol) was added dropwise to a well-stirred solution of monobromo
compound 11 (3.0 g, 9.3 mmol) in anhydrous THF (100 mL) under Ar at
�78 �C, and stirring was continued at this temperature for 1 h. Then, a
solution of octafluorocyclopentene (0.6 mL, 4.6 mmol) in anhydrous THF
(5 mL) was added dropwise. The mixture was stirred for 6 h and allowed to
warm to room temperature, whereupon saturated aqueous NH4Cl solution
was slowly added. The resultant mixture was then extracted with diethyl
ether and the combined organic extracts were washed with brine and dried
(MgSO4). After removal of the solvent, column chromatography (silica gel;
CH2Cl2/hexane, 1:1) of the residue afforded diarylethene 14 (2.36 g, 76%)
as white crystals. M.p. 128.4 ± 129.4 �C; 1H NMR (CDCl3, 200 MHz): ��
1.96 (s, 6H), 4.01 ± 4.19 (m, 8H), 5.83 (s, 2H), 7.29 (s, 2H), 7.47 ± 7.58 ppm
(m, 8H); FAB-MS: m/z : [M�H]� 665; elemental analysis calcd (%) for
C33H26F6O4S2: C 59.63, H 3.94; found: C 59.63, H 3.98.


1,2-Bis(2-methyl-5-(2-(2,5-dioxolanyl)phenyl)thiophen-3-yl)hexafluorocy-
clopentene (ortho 16): A solution of n-butyllithium in hexane (1.6�,
5.1 mL, 8.1 mmol) was added dropwise to a well-stirred solution of
monobromo compound 13 (2.5 g, 7.7 mmol) in anhydrous THF (50 mL)
under Ar at �78 �C, and stirring was continued at this temperature for
0.5 h. Then, a solution of octafluorocyclopentene (0.5 mL, 3.9 mmol) in
anhydrous THF (3 mL) was added dropwise. The mixture was stirred for
5 h and allowed to warm to room temperature, whereupon saturated
aqueous NH4Cl solution was slowly added. The resultant mixture was then
extracted with diethyl ether and the combined organic extracts were
washed with brine and dried (MgSO4). After removal of the solvent,
column chromatography (silica gel; CH2Cl2/hexane, 1:1) of the residue
afforded diarylethene 16 (1.85 g, 72%) as yellow crystals. M.p. 189.5 ±
190.0 �C; 1H NMR (CDCl3, 200 MHz): �� 2.00 (s, 3H), 3.97 ± 4.20 (m,
8H), 5.80 (s, 2H), 7.26 (s, 2H), 7.30 ± 7.45 (m, 6H), 7.75 ± 7.77 ppm (m, 2H);
FAB-MS: m/z : [M�H]� 665; elemental analysis calcd (%) for
C33H26F6O4S2: C 59.63, H 3.94; found: C 59.58, H 3.92.


1,2-Bis(2-methyl-5-(4-formylphenyl)-thiophen-3-yl)hexafluorocyclopen-
tene (para 4a): A solution of diarylethene 14 (2.3 g, 2.7 mmol) in wet
acetone (50 mL) containing pyridinium tosylate (3.9 g, 9.0 mmol) was
refluxed for 16 h. The mixture was cooled to room temperature and water
was added. The resultant mixture was then extracted with diethyl ether and
the combined organic extracts were washed with brine and dried (MgSO4).
After removal of the solvent in vacuo, purification of the crude product by
recrystallization afforded slightly yellow crystals of diarylethene 4a (2.6 g,
98%). M.p. 199.1 ± 200.5 �C; 1H NMR (CDCl3, 200 MHz): �� 2.01 (s, 6H),
7.45 (s, 1H), 7.71 (d, J� 8 Hz, 4H), 7.91 (d, J� 8 Hz, 4H), 10.02 ppm (s,
2H); FAB-MS: m/z : [M�H]� 577; elemental analysis calcd (%) for
C29H18F6O2S2: C 60.41, H 3.15; found: C 60.45, H 3.18.


1,2-Bis(2-methyl-5-(2-formylphenyl)-thiophen-3-yl)hexafluorocyclopen-
tene (ortho 6a): A solution of diarylethene 16 (900 mg, 1.4 mmol) in wet
acetone (50 mL) containing pyridinium tosylate (1.36 g, 5.41 mmol) was
refluxed for 24 h. The mixture was cooled to room temperature and water
was added. The resultant mixture was then extracted with diethyl ether and
the combined organic extracts were washed with brine and dried (MgSO4).
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After removal of the solvent in vacuo, purification of the crude product by
recrystallization afforded colorless crystals of diarylethene 6a (750 g,
96%). M.p. 178.5 ± 180.0 �C; 1H NMR (CDCl3, 200 MHz): �� 1.98 (s, 3H),
2.00 (s, 3H), 7.26 ± 7.92 (m, 10H), 10.01 ppm (s, 2H); EI-MS:m/z : [M]� 576;
elemental analysis calcd (%) for C29H18F6O2S2: C 60.41, H 3.15; found: C
60.51, H 3.25.


1,2-Bis(2-methyl-5-(4-carboxylphenyl)thiophen-3-yl)hexafluorocyclopen-
tene (para 1a): Jones× reagent (5.7 mL, 10.8 mmol) was added dropwise to
a well-stirred solution of 4a (1.5 g, 2.6 mmol) in acetone (120 mL) at room
temperature, and stirring was continued for 5 h. 2-Propanol was then slowly
added, the resultant mixture was extracted with diethyl ether, and the
combined organic extracts were dried (MgSO4). After removal of the
solvent, column chromatography (silica gel; ethyl acetate) of the residue
afforded diarylethene 1a (2.4 g, 76%) as a white powder. M.p. 290 �C
(dec.); 1H NMR (CDCl3, 200 MHz): �� 2.00 (s, 6H), 7.70 (s, 2H), 7.78 (d,
J� 8 Hz, 4H), 7.97 ppm (d, J� 8 Hz, 4H); FAB-MS: m/z : [M]� 608;
elemental analysis calcd (%) for C29H18F6O4S2: C 57.23, H 2.98; found: C
57.60, H 3.19.


1,2-Bis(2-methyl-5-(3-carboxylphenyl)thiophen-3-yl)hexafluorocyclopen-
tene (meta 2a): Jones× reagent (6.0 mL, 12 mmol) was added dropwise to a
well-stirred solution of 5a (1.0 g, 1.8 mmol) in acetone (100 mL) at room
temperature, and stirring was continued for 5 h. 2-Propanol was then slowly
added, the resultant mixture was extracted with diethyl ether, and the
combined organic extracts were dried (MgSO4). After removal of the
solvent, column chromatography (silica gel; ethyl acetate) of the residue
afforded diarylethene 2a (900 mg, 87%) as a white powder. M.p. 290 �C
(decomp); 1H NMR (CDCl3, 200 MHz): �� 2.02 (s, 6H), 7.52 ± 7.61 (m,
4H), 7.89 (d, J� 8 Hz, 4H), 8.11 ppm (s, 2H); FAB-MS: m/z : [M]� 608;
elemental analysis calcd (%) for C29H18F6O4S2: C 57.23, H 2.98; found: C
57.41, H 3.15.


1,2-Bis(2-methyl-5-(2-carboxylphenyl)thiophen-3-yl)hexafluorocyclopen-
tene (ortho 3a): Jones× reagent (2.0 mL, 4.0 mmol) was added dropwise to a
well-stirred solution of 6a (580 mg, 1.0 mmol) in acetone (50 mL) at room
temperature, and stirring was continued for 14 h. 2-Propanol was then
slowly added, the resultant mixture was extracted with diethyl ether, and
the combined organic extracts were dried (MgSO4). The solvent was
removed and the resultant powder was washed with ethyl acetate.
Diarylethene 3a (425 mg, 70%) was obtained as a white powder. M.p.
255 ± 256 �C; 1H NMR (CDCl3, 200 MHz): �� 1.93 (s, 6H), 7.14 (s, 2H),
7.48 ± 7.59 (m, 6H), 7.70 ppm (d, J� 7 Hz, 2H); EI-MS: [M]� m/z : 608;
elemental analysis calcd (%) for C29H18F6O4S2: C 57.23, H 2.98; found: C
57.23, H 3.18.


Photochemical measurements: Absorption spectra were measured on a
Hitachi U-3500 spectrophotometer. Photoirradiation was carried out using
a USHIO 500 W super high-pressure mercury lamp or a USHIO 500 W
xenon lamp. Mercury lines of 313 nm and 578 nm were selected by passing
the light through a combination of either a band-pass filter (UV-D33S) or a
sharp-cut filter (Y-52) and a monochromator (Ritsu MC-20L). Single
crystals were irradiated with light of wavelength 400 nm, obtained by
passing the light from a xenon lamp through a combination of a UV-D33S
band pass filter and a UV29 or a UV35 sharp-cut filter and monochro-
mator. Changes in the absorption spectra in the single-crystalline phase
were measured with a Leica DMLP polarizing microscope connected to a
Hamamatsu PMA-11 photodetector. The polarizer and analyzer were set in
parallel to each other. Photoirradiation was carried out using a 75 W xenon
lamp or a 100 W halogen lamp as the light source, which was attached to the
microscope.


X-ray crystallographic analysis: X-ray crystallographic analysis was carried
out on a Bruker SMART1000 CCD-based diffractometer (50 kV, 40 mA)
using Mo-K� radiation. The data were collected as a series of�-scan frames,
each with a width of 0.3�/frame. The crystal-to-detector distance was
5.118 cm. Crystal decay was monitored by repeating the 50 initial frames at
the end of the data collection and analyzing the duplicate reflections. Data
reduction was performed using SAINTPLUS software,[12] which corrects
for Lorentz and polarization effects, as well as for decay. The cell constants
were calculated by global refinement. The structure was solved by direct
methods and refined by full-matrix least-squares on F 2 using SHELXL
software.[13] The positions of all hydrogen atoms were calculated geometri-
cally and they were refined as a riding model. CCDC-204750 (1a), CCDC-
204751 (2a), CCDC-200319 (3a), CCDC-204752 (4a), CCDC-194694 (5a),


and CCDC-204753 (6a) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.a-
c.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (�44)1223-
336033; or e-mail : deposit@ccdc.cam.ac.uk).


Simulation of the photogenerated closed-ring isomers: CS Chem3D
(Cambridge Software) was used for partial MM2 optimizations. The
structural optimizations were carried out by means of partial MM2
calculations of the thiophene and methyl moieties (C1, C2, C3, C4, C10,
C11, C12, C13, C14, and C15), with fixed positions of the hexafluorocy-
clopentene and carboxyphenyl moieties and the photogenerated sulfur
atoms (S1� and S2�).


Calculation of absorption spectra : The INDO/S method as implemented in
MOS-F (Fujitsu) was used for these calculations. Twenty molecular orbitals
were taken into account in the calculations (default value). Coordination of
the photogenerated closed-ring isomers obtained by MM2 calculation was
assumed for this INDO/S calculation.
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Stereoselective Aldol Additions Catalyzed by Dihydroxyacetone Phosphate-
Dependent Aldolases in Emulsion Systems: Preparation and Structural
Characterization of Linear and Cyclic Iminopolyols from Aminoaldehydes


Laia Espelt,[a, c] Teodor Parella,[e] Jordi Bujons,[b] Conxita Solans,[c] Jesu¬ s Joglar,[d]


Antonio Delgado,[d, f] and Pere Clape¬s*[a]


Abstract: The potential of dihydroxya-
cetone phosphate (DHAP)-dependent
aldolases to catalyze stereoselective al-
dol additions is, in many instances,
limited by the solubility of the acceptor
aldehyde in aqueous/co-solvent mix-
tures. Herein, we demonstrate the effi-
ciency of emulsion systems as reaction
media for the class I fructose-1,6-bi-
sphosphate aldolase (RAMA) and class
II recombinant rhamnulose-1-phos-
phate aldolase from E. coli (RhuA)-
catalyzed aldol addition between
DHAP and N-benzyloxycarbonyl (N-
Cbz) aminoaldehydes. The use of emul-
sions improved the RAMA-catalyzed
aldol conversions by three to tenfold
relative to those in conventional DMF/
water mixtures. RhuAwas more reactive


than RAMA towards the N-Cbz amino-
aldehydes regardless of the reaction
medium. With (S)- or (R)-Cbz-alaninal,
RAMA exhibited preference for the R
enantiomer, while RhuA had no enan-
tiomeric discrimination. The linear N-
Cbz aminopolyols thus obtained were
submitted to catalytic intramolecular
reductive amination to afford the corre-
sponding iminocyclitols. This reaction
was diastereoselective in all cases exam-
ined; the face selectivity was controlled
by the stereochemistry of the newly
formed hydroxyl group originating from


the aldehyde. Characterization of the
resulting iminocyclitols allowed the as-
sessment of the diastereoselectivity of
the enzymatic aldol reactions with re-
spect to the N-protected aminoalde-
hyde. RAMA formed single diaster-
eoisomers from N-Cbz-glycinal and
from both enantiomers of N-Cbz-alani-
nal, while 14% of the epimeric product
was observed from N-Cbz-3-aminopro-
panal. Diastereoselectivity from RhuA
was lower than that observed from
RAMA. Interestingly, a single diaster-
eoisomer was formed from (S)-Cbz-
alaninal, whereas only a 34% diastereo-
meric excess was observed from its
enantiomer (i.e., (R)-Cbz-alaninal).Keywords: biotransformations ¥


colloids ¥ DHAP-dependent aldo-
lases ¥ iminocyclitols ¥ lyases


Introduction


The stereoselective carbon ± carbon bond formation catalyzed
by aldolases has attracted tremendous interest in recent
years.[1, 2] In particular, dihydroxyacetone phosphate
(DHAP)-dependent aldolases have been demonstrated to
be extremely useful tools in the asymmetric synthesis of


conventional and uncommon carbohydrates as well as other
complex hydroxylated products. DHAP aldolases catalyze the
aldol addition of the DHAP donor substrate to a variety of
non-natural aldehyde acceptors and, in many cases, the
stereoselectivity of the reaction is controlled by the enzyme,
regardless of the structure and stereochemistry of the
substrate acceptor.[3]


[a] Dr. P. Clape¬s, Dr. L. Espelt
Department of Peptide and Protein Chemistry
Institute for Chemical and Environmental Research-CSIC
Jordi Girona 18 ± 26, 08034 Barcelona (Spain)
Fax: (�34)93-4006112
E-mail : pcsqbp@iiqab.csic.es


[b] Dr. J. Bujons
Department of Biological Organic Chemistry (DBOC)
Institute for Chemical and Environmental Research-CSIC
Jordi Girona 18 ± 26, 08034 Barcelona (Spain)


[c] Dr. L. Espelt, Dr. C. Solans
Department of Surfactant Technology
Institute for Chemical and Environmental Research-CSIC
Jordi Girona 18 ± 26, 08034 Barcelona (Spain)


[d] Dr. J. Joglar, Dr. A. Delgado
Research Unit on Bioorganic Molecules (RUBAM)
Department of Biological Organic Chemistry
Institute for Chemical and Environmental Research-CSIC
Jordi Girona 18 ± 26, 08034 Barcelona (Spain)


[e] Dr. T. Parella
Servei de Ressona¡ncia magne¡tica Nuclear Universitat Auto¡noma de
Barcelona, Bellaterra (Spain)


[f] Dr. A. Delgado
Unitat de QuÌmica Farmace¡utica
Facultat de Farmacia, Universitat de Barcelona (Spain)


Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemeurj.org/ or from the author.


FULL PAPER


Chem. Eur. J. 2003, 9, 4887 ± 4899 DOI: 10.1002/chem.200304966 ¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4887







FULL PAPER P. Clape¬s et al.


¹ 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4887 ± 48994888


DHAP aldolases have been exploited as catalysts for the
synthesis of glycoprocessing enzyme inhibitors such as poly-
hydroxy-N-heterocycles (iminocyclitols).[4±7] These com-
pounds have been largely investigated as therapeutic targets
for the design of new antibiotics, antimetastatic, antihyper-
glycemic, or immunostimulatory agents.[8±10] The key step of
the chemoenzymatic synthesis of these products was the
stereoselective carbon ± carbon bond formation between
DHAP and synthetic equivalents of aminoaldehydes. It has
been shown that azido aldehydes or N-formamido aldehydes
are the best substrates for fructose 1,6-diphosphate aldolase at
synthetically practical rates.[4, 11] N-Formyl aminoaldehydes
have the tremendous additional advantage that they can be
obtained from the wide structural variety of readily available
optically pure �- or �-amino acids and their derivatives.[12, 13]


Nevertheless, the use of these substrates may be complicated
by the racemization of the � stereogenic center observed with
some derivatives,[14] which is probably mediated by the N-
formyl group. Moreover, N-formyl deprotection conditions
are not always compatible with sensitive compounds.[11]


Use of the well-known benzyloxycarbonyl (Cbz) or tert-
butyloxycarbonyl (Boc) N-protecting groups for aminoalde-
hydes can be advantageous for two main reasons: 1) they
constitute an excellent complement for orthogonal protection
schemes in particular when the aldol adducts obtained are to
be used as chiral building blocks, and 2) the urethane-type
protecting groups may be less prone to spontaneous racemi-
zation of the stereogenic center(s). N-Cbz aminoaldehydes
were found to be poor substrates for fructose 1,6-diphosphate
aldolase.[4, 11, 15±17] Only the products formed from N-(Cbz)a-
minoacetaldehyde (i.e., Cbz-glycinal), N-(Cbz)-3-aminopro-
panal, and DHAP have been characterized although these
were obtained in low yields.[15, 17] Some authors suggested that
either the size of the N-substituent or their poor water
solubility might account for the low reactivity ob-
served.[4, 11, 16±18] Moreover, increasing the percentage of
organic co-solvent in the medium to make the aldehyde
soluble may lead to either a dramatic enzyme deactivation[19]


or an insolubilization of the DHAP sodium salt. As a result,
no reaction or insufficient product yields are often obtained.


In the present study we endeavored to gain insight into the
reactivity of N-(Cbz)-protected aminoaldehydes as substrates
for the aldolase-catalyzed stereoselective synthesis of poly-
hydroxylated amines. To this end, we have recently developed
new reaction systems based on colloidal dispersions,[20, 21]


namely highly concentrated water-in-oil (gel) emulsions,
which overcome most of the disadvantages of the aqueous/
co-solvent mixtures such as inactivation of the aldolase and
incomplete aldehyde solubilization in the medium. These
reaction systems consist of ternary mixtures of water (e.g.,
90% w/w), a dispersant agent of the poly(oxyethyleneglycol
alkyl ether)-type (e.g., 4% w/w), and an aliphatic hydro-
carbon (e.g., 6% w/w).[22]


The goal of the present work was to explore whether the
solubility or structural properties of the N-(Cbz)-protected
aminoaldehydes were responsible for their poor reactivity as
acceptor substrates in aldolase-catalyzed condensations. For
this purpose, the reactions were carried out in the aforemen-
tioned high water content emulsions to ensure both a good


solubilization of the aldehyde and an effective contact with
the enzyme. For the sake of comparison, a reaction medium
based on co-solvent mixtures such as dimethylformamide
(DMF)/water 1:4 was also assayed. Furthermore, another goal
was to elucidate the stereochemistry of both the linear
adducts and the corresponding cyclic products (iminocycli-
tols) to assess the stereoselectivity of the aldolases used
towards the newly formed carbon ± carbon bond. We selected
the following acceptor aldehydes: benzyl 3-oxopropylcarba-
mate (5), benzyl 3-oxoethylcarbamate (Cbz-glycinal) (6), (S)-
benzyl 1-methyl-2-oxoethylcarbamate ((S)-Cbz-alaninal) (7),
and (R)-benzyl 1-methyl-2-oxoethylcarbamate ((R)-Cbz-ala-
ninal) (8). Type I �-fructose-1,6-diphosphate aldolase from
rabbit muscle (RAMA) and type II recombinant �-rhamnu-
lose-1-phosphate aldolase (RhuA) from E. coli were the
biocatalysts.


Results and Discussion


In previous work on aldolase-catalyzed reactions in water/
organic solvent (W/O) gel emulsions, we concluded that the
partition coefficient of the acceptor aldehyde between both
the continuous (i.e., water) and dispersed phase (i.e. , aliphatic
hydrocarbon also referred to as the oil) as well as the water ±
oil interfacial tension were the parameters that control both
the enzymatic activity and product yield.[21] These parameters
were strongly affected by the nature of the aliphatic hydro-
carbon and the acceptor aldehydes, while no influence was
observed by either the DHAP or the enzyme. Thus, the best
reaction systems were W/O gel emulsions formulated with
water (90 wt%), technical-grade tetraethylene glycol tetra-
decyl ether surfactant (C14H29(OCH2CH2)4OH) (4 wt%), with
an average of 4 moles of ethylene oxide per surfactant
molecule, abbreviated as C14E4, and an aliphatic hydrocarbon
(6 wt%) such as tetradecane (C14) or hexadecane (C16).
Interestingly, the stability of the fructose-1,6-diphosphate
aldolase from rabbit muscle (RAMA) in the presence of
50 m� phenylacetaldehyde, a low water-soluble aldehyde, was
25-fold higher in gel emulsions than in a DMF/water 1:4 (v/v)
mixture. In this work, we used these emulsion systems to
perform the enzymatic aldol additions between DHAP and
N-Cbz aminoaldehydes.


Preparation of N-protected aminoaldehydes : The N-Cbz
aminoaldehydes were synthesized from the corresponding
amino alcohols. These were first protected as Cbz derivatives
followed by oxidation of the alcohol function (Scheme 1). For
the protected amino alcohols 1 and 2, the Swern oxidation was
the method of choice, whereas for both enantiopure 3[23] and 4
the methodology using 2-iodoxybenzoic acid (IBX)[24] was
preferred.[25] Both methods gave 90 ± 95% oxidation yields. In
most instances, a simple workup followed by a rough
crystallization or precipitation provided the aminoaldehydes
in a form pure enough to be used in the enzymatic aldol
condensation. An exception was the N-protected aminoalde-
hyde 6. In this case, the product did not crystallize and
purification by reversed-phase HPLC was required.
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Scheme 1. Synthesis of acceptor aldehydes 5 ± 8 : a) Cbz-OSu dioxane/H2O
4/1; b) Swern or IBX oxidation.


Enzymatic aldol reactions : First, we chose the RAMA-
catalyzed aldol condensation of DHAP with the acceptor
aminoaldehyde 5 to test the emulsion media (see Table 1). It is
worth stressing that the reaction performance in gel emulsions
at 25 �C with C14E4 as surfactant may depend on both the
physicochemical characteristics of the acceptor aldehyde
(e.g., hydrophobicity and solubility) and the aliphatic hydro-
carbon used to formulate the emulsion.[21] Thus, as mentioned
before, the reactions were conducted in the best emulsions of
the ternary water/C14E4/oil (90/4/6 wt%) systems, in which the
oil component was tetradecane, hexadecane, or squalane
(C30).[26] The reaction conversion to 9 was also examined as a
function of DHAP concentration (30 m� and 120 m�� with
1.7 equivmol�1 of N-aminoaldehyde. For the sake of compar-
ison, the reactions were also conducted in a conventional
DMF/water 1:4 (v/v) co-solvent mixture.[27]


The maximum reaction conversions to 9 obtained in
emulsion media and the DMF/water 1:4 mixture are sum-
marized in Table 1. At 30 m� DHAP and 1.7 equivmol�1 of
acceptor aldehyde, the best yields were achieved in emulsions
formulated with either tetradecane or hexadecane and in the
DMF/water 1:4 (v/v) mixture. This indicates that N-Cbz-
aminoaldehyde 5 was accepted by RAMA at rates good
enough for preparative-scale reactions. Interestingly, at
120 m� DHAP the reaction conversion to 9 achieved in
emulsion media was threefold higher than that in the DMF/
water 1:4 mixture (Table 1, entries 1, 3, and 6). In the latter
medium, the reaction turned out to be impractical for
preparative purposes. These differences in the reaction
efficiency appeared to be related to both the limited solubility


of the acceptor aldehyde[4, 17] and the stability of the enzyme.
The solubility of 5 in the DMF/water 1:4 mixture was
measured experimentally and was around 144 m�. Therefore,
the effective molar ratio of aldehyde/DHAP (144:120) was
only 1:1.2. Hence, the lower substrate molar ratio caused by
the limited solubility of acceptor aldehyde is one factor that
might explain the poor conversions achieved in the DMF/
water 1:4 mixture. To demonstrate this, we examined the
influence of the number of molar equivalents (equivmol�1) of
aldehyde acceptor used on the reaction conversion to 9. To
this end, experiments were conducted in emulsion media to
ensure good solubilization of the aldehyde. On increasing the
aldehyde concentration up to 3 equivmol�1 the conversion
improved slightly (see Table 1, entries 2 and 4). In contrast, at
equimolar aldehyde/DHAP ratio the conversion dropped to
approximately 40%.


A second factor that may reduce the effectiveness of the
DMF/water mixtures was the enzyme stability. Thus, the
enzyme activity may be extinguished before the reaction
reached equilibrium. However, in this case, by increasing the
enzyme concentration up to threefold (i.e. , from 12 to
35 UmL�1) the conversion increased from 21% (Table 1,
entry 6) to only a modest 38%, which was also the maximum
found for an equimolar aldehyde/DHAP ratio (see above).


An important feature to consider was the evolution of the
aldol condensation product with the reaction time. Analysis of
the reaction progress indicated a fast conversion to 9 reaching
a maximum followed by a gradual decreased for prolonged
incubation times (Figure 1) (10% conversion to 9 after 120 h
of incubation). It is worth stressing that DHAP is not stable,
especially at elevated pH values, and decomposes into
methylglyoxal.[28, 29] Moreover, the aldehyde is also in equili-
brium with its hydrate form and with other polymeric forms
which can vary with the reaction progress.[30] Although a
satisfactory explanation has not yet been found, the observed
consumption of 9 was presumably due to the spontaneous
decomposition of the DHAP, the aldehyde, or both. Con-
sequently, the reaction equilibrium shifted to the reactants in
a retro-aldol-type reaction. As depicted in Figure 1, this effect
was much more evident in emulsion media than in the DMF/
water 1:4 mixture. This was attributed to the enzyme activity,
since the enzyme half-life was 25-fold higher in emulsions


Table 1. RAMA-catalyzed aldol addition between DHAP and 5.


Conversion [%][a] (Time [h])
Entry Reaction medium[b] Aldehyde [equivmol�1] 30 m� DHAP[c] 120 m� DHAP[d]


1 water/C14E4/tetradecane 1.7 60(4.5) 60(1)
2 water/C14E4/tetradecane 3 ±[e] 65(1)
3 water/C14E4/hexadecane 1.7 64(4.5) 60(1)
4 water/C14E4/hexadecane 3 ±[e] 62(1)
5 water/C14E4/squalane 1.7 51(1) 53(1)
6 DMF/water 1:4 v/v 1.7 64(4.5) 21(24)


[a] Molar percentage conversion to 9 (with respect to the starting DHAP concentration) determined by HPLC from the crude reaction mixture using purified
standard. [b] Reaction volume 2.5 mL, T� 25 �C, 90/4/6 wt%, respectively, in emulsion. [c] [RAMA]� 5 UmL�1. [d] [RAMA]� 12 UmL�1. [e] Not
determined.
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Figure 1. RAMA-catalyzed aldol reaction between DHAP and 5. Reac-
tion time-course of product 9 formation in water/C14E4/oil 90:4:6 wt%
emulsion systems in which the oil component was tetradecane (�),
hexadecane (�), squalane (�), and DMF/water 1:4 v/v mixtures (�).
[DHAP]� 30 m�, 1.7 equivmol�1 of 5, reaction volume 2.5 mL, and
[RAMA]� 5 UmL�1. Reactions were carried out as described in the
Experimental Section


than in the DMF/water 1:4 mixture (100 h versus 4 h),[21]


which therefore allowed secondary reactions to occur.
The extension of this phenomenon was difficult to general-


ize, since it may also depend on the reaction product. Hence,


both the reaction time and the amount of enzyme must be
controlled to achieve the maximum yields and avoid the retro-
aldol reaction. In this work, each reaction was monitored by
HPLC and the maximum conversions of product are given.


Synthetic applications


Influence of the acceptor aldehyde and the reaction medium :
The next step was to test the versatility of the novel reaction
medium with some more examples. We chose Cbz-glycinal
(6), (S)-Cbz-alaninal (7), and (R)-Cbz-alaninal (8) as acceptor
aldehydes in addition to benzyl 3-oxopropylcarbamate (5)
using RAMA and recombinant �-rhamnulose-1-phosphate
aldolase (RhuA) from E. coli as catalysts. Reactions were
performed in emulsions and in the DMF/water 1:4 (v/v)
mixture. For the sake of simplicity, we will first discuss the
reactivity of the aldolases as a function of both the N-
aminoaldehyde and the reaction medium; the structural and
stereochemical characterization of the products obtained will
be analyzed in detail later.


Reaction conversions obtained are summarized in Table 2.
It is clear that the N-Cbz aminoaldehydes tested were
accepted as substrates for RAMA and RhuA aldolases.
Overall, RhuA was more active than RAMA; the reactions
catalyzed by the latter were influenced much more by the type
of reaction media (Table 2, entries 1 ± 3). This result could be
explained partially by the observed higher affinity of RhuA


Table 2. RAMA- and RhuA-catalyzed aldol addition between DHAP and N-Cbz-aminoaldehydes.


Conversion [%][a] (Time [h])
Entry Acceptor aldehyde Aldolase [U mL�1] Reaction conditions[b] Product[g]


A[c] B[d] C[e] D[f]


1 6 RAMA (10) 76(24) 82(24) 83(24) 27(24)


2 7 RAMA (23) 20(46) 18(46) 18(46) 4(46)


3 8 RAMA (21) 40(24) 40(24) 56(24) 5(24)


4 5 RhuA (1) 50(4) 48(2) 47(4) 58(7)


5 6 RhuA (1) 84(1) 96(1) 80(3) 80(3)


6 7 RhuA (1) 66(2) 59(2) 66(5) 60(2)


7 8 RhuA (1.3) 67(2) 74(4) 67(4) 61(4)


[a] Molar percentage conversion to the aldol adduct (10 ± 16) (with respect to the starting DHAP concentration) determined by HPLC from the crude
reaction mixture using purified standards. [b] The initial concentration of the DHAP was in the range 90 ± 120 m�, reaction volume 5 mL, T� 25 �C. [c] H2O/
C14EO4/tetradecane 90/4/6 wt%. [d] H2O/C14EO4/hexadecane 90/4/6 wt%. [e] H2O/C14EO4/squalane 90/4/6 wt%. [f] DMF/H2O 1:4 v/v. [g] For C-4
stereochemistry, see text.
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for both nonpolar and sterically hindered substrates relative
to that of RAMA.[28, 31]


Besides the substrate preferences, the emulsion media
enhanced the catalytic efficiency of RAMA towards hydro-
phobic substrates such as the N-Cbz aminoaldehydes tested
by three-, five-, and even tenfold, thereby allowing the
synthesis of the corresponding products at preparative level
in moderate to good yields. In contrast, in the DMF/H2O 1:4
(v/v) mixture, the N-Cbz aminoaldehydes were poor sub-
strates for RAMA. It is worth mentioning that in DMF/H2O
1:4 (v/v), the conversion to 10 improved up to 60% upon
increasing the RAMA concentration by 3.5-fold (i.e., up to
35 UmL�1). On the other hand, with aldehydes 7 and 8 no
improvement in the conversion was observed when raising the
concentration of aldolase. These results reinforce the fact that
both the solubility of the aldehyde and the stability of the
aldolase may play a major role in the efficacy of the DMF/
H2O system (see previous section).


These results indicate that the reaction performance may be
affected not only by structure of the aminoaldehyde but also
by the reaction medium. However, this was also a function of
the aldolase used. Thus, reactions with RhuA, a type II
aldolase, gave good results regardless of the reaction media
(Table 2, entries 4 ± 7). This behavior may be related to both
its higher tolerance towards hydrophobic substrates and its
high stability in the presence of organic polar solvents.[31] It is
noteworthy that the reaction profiles with aldehydes 5 and 6
showed, for both enzymes, the phenomenon of the retro-aldol
reaction described above. Hence, conversion to the product
decreased by 10 ± 30% after 24 h depending on both the
reaction conditions and the aldehyde. Interestingly, this
phenomenon was not observed for the reactions with the
acceptor aldehydes 7 and 8.


We found that RAMA exhibited a moderate preference
towards the (R)-Cbz-alaninal (8) over the (S)-Cbz-alaninal
(7) (Table 2, entries 2 and 3). The reverse situation was
reported by Hung et al. ,[11] who found that RAMA preferred
the S enantiomer of a series of N-�-amino protected-�-
hydroxypropanals as aldehyde acceptors. On the other hand,


RhuA showed no preference for any of the enantiomers of
Cbz-alaninal (Table 2, entries 6 and 7). In contrast, high
kinetic enantiodiscrimination by this aldolase has been
reported with a series of racemic 2-hydroxyaldehydes accept-
ors.[32]


To explain the observed preference of RAMA towards the
R isomer of Cbz-alaninal, a computational model was
constructed. Although a detailed study of this kind is beyond
the scope of this work, the preliminary model presented may
help to elucidate the different binding modes to the protein of
both isomers of Cbz-alaninal and those of their reaction
products with DHAP. Based on the known mechanisms of
class I and II DHAP-dependent aldolases[33, 34] , we looked at
the states before and after the carbon ± carbon bond forma-
tion (I and II in Scheme 2).


Figure 2A shows the compared minimized structures
obtained for the R and S enantiomers of Cbz-alaninal in
state I. These structures were generated by imposing a
restraint during the minimization process to keep the distance
between C-3 of the bound DHAP and C-1 of Cbz-alaninal
close to 2.5 ä. The purpose of this arbitrarily chosen restraint
was to ensure that the aldehyde molecule would adopt a
conformation close to the pre-reaction state. In this situation,
both enantiomers of the aldehyde show very similar con-
formations stabilized by hydrogen bonds with several amino
acids that are in the catalytic site. In particular, the one
between the aldehyde oxygen atom and the protonated
carboxylic group of Asp33 fixes the orientation of the
aldehyde group to approach from its si face to the reactive
enamine derived from the DHAP moiety. This model does
not exclude the possibility that other residues located by the
C-terminus of RAMA (i.e., Tyr363) could participate in the
enzymatic mechanism by orienting and promoting proton
transfer to the aldehyde, as has been suggested in the
literature.[35, 36] The enamine C-3 hydroxyl group is also kept
in its reactive orientation by hydrogen bonds to Glu187 and
Asp33. Although there are no obvious interactions between
the methyl group at C-2 of the isomers of Cbz-alaninal and the
protein, there is a difference in the energy calculated for both


Scheme 2. Formation of the C�C bond in the reactions catalyzed by a class I aldolase (RAMA) and a class II aldolase (RhuA).
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isomers complexed to the protein; these are lower for the R
isomer (�ER�S��2.2 kcalmol�1). This difference is kept
even if the restraint imposed during the minimization is
removed and the aldehyde is allowed to relax to a new
energetic minimum about 3.5 ä away from the DHAP
moiety. These energy differences arise from a sum of
small contributions from different interactions between the
substrates and the protein bound to DHAP. Similarly,
the structures (not shown) obtained for each adduct in
state II (Scheme 2) show a small difference in energy that
favors the one derived from R-Cbz-alaninal (�ER�S�
�1.6 kcalmol�1).


These differences suggest that the R isomer of Cbz-alaninal
forms a more stable complex with the DHAP-modified
protein than the S isomer. Similarly, the adduct formed with
R configuration at C-5 seems to be more stable than the one
with the S configuration. However, these differences do not
necessarily explain our experimental observations, since we
have only looked at one of the steps of the multistep
enzymatic mechanism that is proposed for this aldolase.


The same type of study for the complexes of R- and S-Cbz-
alaninal with DHAP-ligated RhuA (state III, Scheme 2) gave
the results shown in Figure 2B. Similarly, the orientation of
the aldehyde group is fixed by a hydrogen bond interaction
with the protonated carboxylic group of Glu117, which also
interacts with the hydroxyl group on C-3 of the DHAP
molecule complexed to the Zn2� ion. This interaction forces
the approach of the aldehyde to the DHAP-enolate from its re
face. Energetically, the R isomer of Cbz-alaninal is again
favored over the S isomer (�ER�S��9.0 kcalmol�1) and the
same applies for the complex once the carbon ± carbon bond
between the aldehyde and DHAP is formed (�ER�S�
�8.6 kcalmol�1). Again, these differences cannot be attrib-
uted to a specific interaction of any of the groups present in
the organic ligands with the protein.


Purification and structural and stereochemical characteriza-
tion of the aldol adducts : Compounds 9 ± 16 were synthesized
on the milligram scale (50 ± 160 mg) and purified by a
combination of ion exchange and reverse-phase (RP) HPLC
methodologies. The RP-HPLC was mostly a desalting step
and, as observed by analytical RP-HPLC, separation of the
putative diastereoisomers was not accomplished under these
conditions. This two-step purification procedure provided
product recoveries, without any optimisation, ranging from 55
to 75%. The purity was assessed by both HPLC and elemental
analysis.


The structural and stereochemical characterization of the
products was ascertained by one- and two-dimensional NMR
techniques. Assignments of relative configurations of acyclic
structures by NMR-based methods are elusive in most
instances, since their rotational freedom leads to multiple
conformers.[37] We therefore studied the stereochemical
structure of both linear and the corresponding cyclic com-
pounds, namely iminocyclitols or iminosugars. The latter are
important biologically active compounds and are among the
most effective glycosidase inhibitors.


To obtain more simple NMR spectra, in some instances the
phosphate group of compounds 9 ± 16 was removed by
treatment with acid phosphatase followed by desalting by
RP-HPLC. The structural features of these compounds were
found to be independent of the presence of the phosphate
moiety. The NMR data from 9 and 13 revealed that one major
conformer with H3/H4-syn orientation was present (i.e., small
values of 3J(H-3,H-4), 3J(C-2,H-4), 3J(C-5,H-3) and NOE (H-
4,H-3) strong) (Scheme 3).


Hence, the relative stereochemistry at C-3 and C-4 carbons
is consistent with that proposed for RAMA and RhuA
catalysis, respectively.[1, 31, 38] Based on mechanistic consider-
ations of the DHAP aldolases[31, 34, 39±41] it can be assumed that
the absolute configuration at C-3 is independent on the


Figure 2. Structure of the active site of RAMA (A) and RhuA (B) complexed to DHAP and both isomers of Cbz-alaninal (state I and III, respectively). The
conformations of the active site residues (sticks) and of the substrates (ball-and-stick) are represented in different colors: the complexes with R-Cbz-alaninal
are represented using gray for the carbon atoms, blue for the nitrogen atoms, red for the oxygen atoms, while the complexes with the S isomer are represented
with all atoms in orange. The distance between the two carbon atoms that participate in bond formation is shown for each case.
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Scheme 3. Main conformer of compounds 9 and 13.


acceptor used in the reaction. Moreover, optical rotations of 9
and 13 have opposite signs (Table 3, entries 1 and 5). Thus, the
absolute configurations 3S,4R and 3R,4S can be assigned for 9
and 13, respectively. In addition to the expected products 9
and 13, minor signals (8%) corresponding to a cyclic hemi-
aminal, as confirmed from the NOESY and HMBC spectra,
were detected.[42] This compound resulted from the reversible
spontaneous intramolecular addition of the secondary amino


group to the ketone carbonyl without formation of the
corresponding enamine (Scheme 4).


For compounds 10 ± 12 and 14 ± 16 even more complex
NMR spectra were obtained, which made it extremely
difficult to unequivocally assign the relative configuration at
C-3 and C-4 as well as to identify and quantify the putative
diastereoisomers. By analogy with compounds 9 and 13,


Scheme 4. Spontaneous intramolecular cyclization of 9.


Table 3. Structure of the cyclic iminocyclitols derived from linear compounds 9 ± 16.


Entry Acceptor aldehyde/
aldolase


Linear product/
[�]20


D (c� 1 in MeOH)
Cyclic products C-3, C-4 Stereochemistry


[trans/cis ratio]
[�]20


D Cyclic product or mixture


1 5 RAMA 9/� 16.2 86/14 � 8.2 (c� 1.4 in MeOH)


2 6 RAMA 10/� 1.1 trans only � 18.7 (c� 1 in MeOH)


3 7 RAMA 11/� 9.2 trans only � 16.0 (c� 0.4 in MeOH)


4 8 RAMA 12/� 1.8 trans only � 45.0 (c� 1.4 in MeOH)


5 5 RhuA 13/� 11.6 80/20 � 6.0 (c� 1.5 in MeOH)


6 6 RhuA 14/� 0.2 90/10 � 18.0 (c� 1.5 in MeOH)


7 7 RhuA 15/� 1.4 trans only � 33.0 (c� 1.2 in MeOH)


8 8 RhuA 16/� 7.8 67/33 � 11.0 (c� 1 in MeOH)


[a] References [58 ± 62]. [b] References [60, 61, 63 ± 66]. [c] References [67, 68]. [d] References [47, 67, 69 ± 71]. [e] References [60, 61, 72 ± 78]. [f] Refer-
ences [58, 77, 79 ± 81]. [g] References [47, 70]. [h] References [82].
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variable-temperature NMR experiments and exchange peaks
observed in NOESY experiments of 10 (or its enantiomer 14)
revealed that both linear and cyclic structures were in
equilibrium, but in this case at equimolar concentrations
(Scheme 5). The major conformer of the linear product (10 a)
was similar to the one found for compound 9 and it was


consistent with the stereochemistry of RAMA catalysis.
Moreover, the cyclic compound 10 b also showed another
additional equilibrium between two other equally populated
conformations (10 b(I) and 10 b(II)), presumably due to the
pseudorotation commonly observed in five-membered nitro-
gen-containing rings (Scheme 5).[43] The spontaneous forma-
tion of the cyclic compounds and their conformational
equilibrium was also confirmed by observing the 1H NMR
and two-dimensional NOESY spectra at different temper-
atures.[44]


The presence of linear and cyclic species in equilibrium may
explain the low and unexpected values of the optical rotations
found for some enantiomeric products (Table 3, entries 2 ± 4,
and 6 ± 8). The spontaneous cyclization would also explain the
chromatographic behavior of these products on reversed-
phase HPLC analysis: either broad peaks or two peaks
without baseline recovery between them were observed,
suggesting a slow equilibrium between two or more species.


As indicated above, the cyclic compounds, namely imino-
cyclitols, were also obtained and structurally characterized. To
this end, the phosphate group of compounds 9 ± 16 was
removed and the resulting products were hydrogenated
following the procedure described in the Experimental
Section.[45] During this step, we assumed, according to the
literature data,[6, 17, 46] that the stereochemistry at C-3 and C-4
was conserved and that no epimerization occurred. Aqueous
solutions of the iminocyclitol in its free-base form were
adjusted to pH 6.5, lyophilized, and submitted to NMR
analysis without any further purification process.


This allowed us to identify unequivocally and quantify the
diastereoisomers thus formed and therefore to elucidate the
stereoselectivity of the enzymatic aldol condensation towards
the aldehyde acceptor. The identified cyclic products from the
corresponding linear compounds are depicted in Table 3.
Most of them are well described in the literature (Table 3) and
have been either isolated from natural sources or synthesized
by chemical or chemoenzymatic methodologies. Remarkably,
to the best of our knowledge, iminocyclitols 22 and 26 and the
minor products 18 and 23 have been obtained and charac-


terized for the first time in this work. Compound 27 had been
isolated from the bark of Angylocalyx pynaertii (Legumino-
sae)[47] and its synthesis is presented here for the first time.


In addition to NOE data, the shielding effects observed on
some proton and carbon chemical shift values due to the
spatial effect of the adjacent hydroxyl groups have been used


as a probe to determine and
assign the relative stereochem-
istry in these families of com-
pounds, especially for the five-
membered rings (Tables 4 and
5). As a general trend, a de-
shielding effect was observed
on the chemical shift of both
proton and carbon depending
on the stereochemistry of the
contiguous hydroxyl substitu-
ents. The hydroxyl groups
OH(3) and OH(4) in com-
pounds 19 and 24 induced


0.2 ± 0.3 ppm upfield shift on the H-2, H-3, and H-4 protons
compared with those of 25 due to their relative proximity, and
therefore, cis stereochemistry. On the other hand, the reverse
effect is observed on the C-2, C-3, and C-4 carbon centers, for
which a 3 ± 6 ppm upfield effect was observed. The anisotropic
effect on the methyl carbon resonance is also important in
compounds 28 and 27 (or its enantiomer 20). In the case that
OH(4) and Me(6) show a cis stereochemistry, a strong upfield
effect of about 4 ± 5 ppm was observed. All these predictions
were further confirmed by NOE data.


An inspection of the stereochemistry at C-2 for the
iminocyclitols described in Table 3 revealed that the reductive
amination with Pd/C was highly diastereoselective, as report-
ed previously by other authors.[4, 6, 15, 17, 38, 46] Interestingly, we
have found that in both six- and five-membered ring systems,
hydrogenation took place from the face opposite to the C-4


Scheme 5. Main conformer and spontaneous intramolecular cyclization of 10 with or without the phosphate
group.


Table 4. 1H and 13C chemical shifts [ppm] of the five-membered iminosugars 19,
24, and 25.


Product �(H/C)2 �(H/C)3 �(H/C)4 �(H/C)5 �(H/C)5� �(H/C)6 �(H/C)6�


19/24 3.3/66.6 3.9/76.5 4.2/75.1 3.4/50.2 3.1/50.2 3.8/59.7 3.7/59.7
25 3.6/63.2 4.2/70.5 4.4/70.7 3.4/47.9 3.1/47.9 3.9/58.4 3.8/58.4


Table 5. 1H and 13C chemical shifts [ppm] of the five-membered iminosugars 20,
21, and 26 ± 28.


Product �(H/C)2 �(H/C)3 �(H/C)4 �(H/C)5 �(H/C)6 �(H/C)7 �(H/C)7�


21/26 3.3/62.4 3.3/75.8 3.7/80.3 3.3/57.3 1.3/15.4 3.8/59.6 3.7/59.6
28 3.7/61.5 4.3/70.4 3.9/76.7 3.5/56.7 1.3/15.0 3.9/58.4 3.8/58.4
27/20 3.5/67.5 4.0/76.3 4.1/76.3 3.7/58.3 1.3/10.7 3.8/59.6 3.7/59.6
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hydroxyl group, regardless of the relative stereochemistry of
the other substituents (Scheme 6). Hence, the stereochemistry
observed at C-2 was controlled exclusively by the configu-
ration at C-4.


Scheme 6. Diastereoselectivity of the reductive amination for 9 ± 16.


Analysis of the stereochemistry at C-4 of iminocyclitols
17 ± 27 (Table 3) can be used to infer, within the limits of
detection by high-field 1H NMR, the stereoselectivity of the
aldolases towards each of the N-protected aminoaldehydes.
As can be seen in Table 3 (entries 2 ± 4), RAMA exhibited
high stereoselectivity forming single cyclic diastereoisomers
from aldehydes 6 ± 8. Condensation with aldehyde 5 afforded
14% of a minor diastereoisomer (Table 3, entry 1), arising
from the re-face attack of the DHAP ± RAMA complex on
the aldehyde. This finding has also been observed with a series
pyridine carbaldehydes and diethylaminoacetaldehyde.[28]


Class II RhuA was less diastereoselective than RAMA for
the substrates assayed. Formation of diastereoisomers, epi-
meric at C-4, has also been reported with a series of nonpolar
aliphatic aldehydes.[31] In the present study, the diastereose-
lectivity observed depended on both the structure and the
stereochemistry of theN-Cbz aminoaldehyde. Aldehydes 5, 6,
and 8 gave 10 ± 33% of adducts arising from the reverse si-
face attack on the aldehyde during the enzymatic aldol
condensation (Table 3, entries 5, 6, and 8). Interestingly, the
reaction with (S)-Cbz-alaninal (7) gave exclusively the
expected stereochemistry (Table 3, entry 7), whereas its
enantiomer 8 gave the lowest diastereoisomeric ratio
(34% de)(Table 3, entry 8).


The major iminocyclitols obtained from RAMA- and
RhuA-catalyzed reactions are enantiomers, in agreement
with the optical rotations of the pure compounds and the
diastereoisomeric mixtures (Table 3). It is also worth men-
tioning that the reaction media did not influence the stereo-
selectivity of the reactions.


Conclusion


In summary, the physicochemical characteristics of the
reaction medium are of paramount importance for the
enzymatic activity and reaction yield in aldolase-catalyzed
stereoselective carbon ± carbon bond formation. In this sense,
emulsion-based reaction systems are a promising approach to
overcome the problems facing the conventional aqueous/co-
solvent mixtures when using water-insoluble substrates. In the
particular case of N-Cbz aminoaldehydes, we have demon-


strated that, in most instances, the low yields obtained are not
exclusively due to the structural features of the acceptor
aldehyde, but to its solubility as well. With the use of
emulsion-based reaction systems it is possible to increase the
efficiency of the aldolase-catalyzed carbon ± carbon bond
formation with insoluble substrates. Besides the reaction
media, RhuA had higher reactivity towards the N-Cbz
aminoaldehydes than RAMA, whereas the stereoselectivity
of the aldol reaction was higher for the latter. With the N-Cbz
aminoaldehydes tested, the stereoselectivity of RhuA de-
pended on both the structure and stereochemistry of the
acceptor aldehyde.


Experimental Section


Materials : Fructose-1,6-diphosphate aldolase from rabbit muscle (RAMA;
EC 4.1.2.13, crystallized, lyophilized powder, 19.5 Umg�1) was from Fluka
(Buchs, Switzerland). Rhamnulose-1-phosphate aldolase (RhuA;
EC 4.1.2.19, 100 UmL�1) was kindly donated by Boehringer Mannhein
(Mannheim, Germany). Acid phosphatase (PA, EC 3.1.3.2, 5.3 Umg�1) was
from Sigma (St. Louis, USA). Nonionic polyoxyethylene ether surfactant
with an average of 4 moles of ethylene oxide per surfactant molecule
(C14E4) was from Albright and Wilson (Barcelona, Spain). MacroPrep
High Q Support anion-exchange resin was from BioRad (Hercules, USA).
The precursor of dihydroxyacetone phosphate (DHAP), dihydroxyacetone
phosphate dimer bis(ethyl ketal), was synthesized in our lab by a procedure
described by Jung et al.[48] with slight modifications. Deionized water was
used for preparative HPLC and Milli-Q-grade water for both analytical
HPLC and gel emulsion formation. All other solvents and chemicals used
in this work were of analytical grade.


HPLC analyses : HPLC analyses were performed on an RP-HPLC
cartridge, 250� 4 mm filled with Lichrosphere¾ 100, RP-18, 5 �m from
Merck (Darmstadt, Germany). Samples (50 mg) were withdrawn from the
reaction medium, dissolved with methanol to stop any enzymatic reaction,
and analyzed subsequently by HPLC. The solvent systems were the
following: solvent A: 0.1% (v/v) trifluoroacetic acid (TFA) in H2O;
solvent B: 0.095% (v/v) TFA in H2O:CH3CN 1:4; gradient elution from
10% to 70%B in 30 min, flow rate 1 mLmin�1, detection 215 nm.
Retention factor (k�) for each acceptor aldehyde and condensation product
are given below.


NMR analysis : High-field 1H and 13C nuclear magnetic resonance (NMR)
analyses were carried out at the Servei de Ressona¡ncia Magne¡tica Nuclear,
Universitat Auto¡noma de Barcelona on an Avance 500 Bruker spectrom-
eter for [D6]DMSO, [D]CCl3, and D2O solutions. Full characterization of
the described compounds was performed using typical gradient-enhanced
two-dimensional experiments (COSY, NOESY, HSQC, and HMBC)
recorded under routine conditions. When possible, NOE data was obtained
from selective one-dimensional NOESY versions using a single pulsed-
field-gradient echo as a selective excitation method and a mixing time of
500 ms. When necessary, proton and NOESYexperiments were recorded at
different temperatures in order to study the different behavior of the
exchange phenomena to avoid the presence of false NOE cross-peaks that
otherwise complicate both structural and dynamic studies. 1H (300 MHz)
and 13C NMR (75 MHz) spectra were observed with a Unity-300
spectrometer from Varian (Palo Alto, California, USA) for [D6]DMSO
and [D]CCl3 solutions and were carried out at the Instituto de Inves-
tigaciones QuÌmicas y Ambientales-CSIC.


Elemental analyses and specific rotations : Elemental analyses were
performed by the Servei de Microana¡ lisi Elemental IIQAB-CSIC. Specific
rotations were measured with a Perkin ± Elmer Model 341 (‹berlingen,
Germany) Polarimeter.


Molecular modeling : All molecular simulations were conducted with the
program MOE (v. 2002.03, Chemical Computing Group, Montreal) using
the implemented MMFF94 force field with its standard atomic charges and
parameters. All energy calculations were carried out with the default
parameters provided with the program, a distance-dependent dielectric
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model for the electrostatic interactions, and a smoothed cut-off between 8
and 12 ä to model the nonbonded interactions. All minimizations were
carried up to an RMS gradient �0.01.


The coordinates for rabbit fructose-1,6-diphosphate aldolase covalently
bound to reduced DHAP (rDHAP)[33] and for E. coli rhamnulose-1-
phosphate aldolase complexed with phosphoglycolohydroxamic acid
(PGH)[49] were obtained from the Protein Data Bank[50] at Brookhaven
National Laboratory (entries 1J4E and 1GT7, respectively). The 1J4E
structure is a homotetramer while the 1GT7 structure contains five
homotetramers in the asymmetric unit. In addition, the 1J4E structure
contains four Ala residues at positions 72, 239, 289, and 338 instead of the
Cys residues found in the wild-type enzyme.[33] The simulations on RAMA
were performed with chain A of 1J4E, after removing all water molecules,
adding all the hydrogen atoms, and mutating the mentioned four Ala
residues back to cysteine. The conformation of the side chains of these Cys
residues was determined by minimization keeping the backbone coordi-
nates fixed. Residues 1 ± 3 and 345 ± 363 were missing in the crystal
structure and, therefore, they were not included in the simulations. The
covalently bound rDHAP moiety was modified within MOE to convert it
into the ligand shown in state II of Scheme 2. The conformational space of
this intermediate was explored to find low-energy minima by running a
stochastic conformational search keeping the coordinates of the protein
fixed, except for the side chain of Lys229, and residues Asp33 and Lys229
charged as shown in Scheme 2. All conformations within 10 kcalmol�1 of
the global minimum were kept and further minimized; this allowed motion
of all protein residues that contained at least one atom within 12 ä from the
bound ligand. The lowest-energy minimum found in this way was
considered the global minimum. The structure of this ligand was further
modified to generate the situation previous to the C�C bond formation,
represented by state I in Scheme 2, in which the Cbz-alaninal molecule is
close to the enamine bound to Lys229. To avoid that, the aldehyde molecule
was removed away from this enamine and a restraint was imposed between
the two carbon atoms that participate in the C�C bond formation
(designated with an asterisk in state I of Scheme 2). This restraint was
arbitrarily set to keep the distance between those two carbon atoms close to
2.5 ä. The conformational space of Cbz-alaninal was then stochastically
searched as before, keeping the coordinates of the rest of the atoms fixed.
Again, the conformations obtained were further minimized and the
geometry of the global lowest-energy minimum determined.


For the simulations on RhuA we used chains A and B of 1GT7, since the
active center of RhuA is located at the interface between two monomeric
units of the protein. The PGH molecule was modified conveniently to
obtain the �-hydroxyketonic ligand complexed to the Zn2� ion as shown in
state IV of Scheme 2. After finding the global minimum in the same way as
before, this bound ligand was modified to generate the state before the
C�C bond formation (state III, Scheme 2). The conformational space was
searched again imposing a restraint to keep the distance between the two
reactive carbon atoms close to 2.5 ä.


In all cases the RMSD calculated for the residues of the protein that were
allowed to relax during the minimization was between 0.6 and 1 ä relative
to the conformation of the same residues in the crystallographic structures.


Synthesis of N-protected amino alcohols


Cbz-amino alcohols : Cbz-OSu (11 ± 56 mmol) in dioxane/water 4:1 (10 ±
50 mL) was added to a solution of the aminoalcohol (13 ± 67 mmol) in
dioxane/water 4:1 (50 ± 150 mL). After stirring for 12 h, the mixture was
evaporated to dryness under reduced pressure. The residue was dissolved
with ethyl acetate and washed successively with citric acid 5% (w/v) (3�
50 ± 75 mL), NaHCO3 10% (w/v) (3� 50 ± 75 mL), and brine (3� 50 ±
75 mL). After drying over Na2SO4, the organic layer was evaporated
under reduced pressure. NMR spectrum and HPLC analysis of the residue
showed only one product.


Benzyl 3-hydroxypropylcarbamate (1): The title compound (9.6 g) was
obtained in 82% yield by using the above general procedure. M.p. 48 ±
52 �C.


Benzyl 2-hydroxyethylcarbamate (Cbz-glycinol) (2): The title compound
(8.9 g) was obtained in 89% yield by using the above general procedure.
M.p. 57 ± 63 �C.


(S)-Benzyl-2-hydroxy-1-methylethylcarbamate ((S)-Cbz-�-alaninol) (3):
The title compound (7.9 g) was obtained in 90% yield by using the above


general procedure. M.p. 82 ± 84 �C; the m.p. and 1H and 13C NMR spectra of
these products were consistent with those reported in the literature.[51±53]


(R)-Benzyl-2-hydroxy-1-methylethylcarbamate ((R)-Cbz-�-alaninol) (4):
The title compound (2.0 g) was obtained in 86% yield by using the above
general procedure. M.p. 82 ± 84 �C; 1H NMR (200 MHz, [D]CCl3, 25 �C):
�� 7.2 (m, 5H; Ph), 5.1 (s, 2H; CH2Ph), 5.0 (br, 1H; NH), 3.9 (m, 1H;
NHCH), 3.7 (m, 1H; CH2OH), 3.5 (m, 1H; CH2OH), 1.2 ppm (d, 3H;
CH3); 13C NMR: �� 136.0 (quat.C), 128.5, 128.1, 128.0 (CH, Ph), 156.5
(OCONH), 66.8 (CH2OH�CH2Ph), 48.9 (CH), 17.2 ppm (CH3).


Synthesis of N-protected aminoaldehydes : The synthesis of N-protected
aminoaldehydes was achieved by oxidation of the corresponding N-
protected aminoalcohols. Two oxidation procedures were used as described
below.


Swern oxidation with slight modifications according to Konradi et al. :[54] A
solution of dimethylsulfoxide (7.7 ± 18 mmol) in dried dichloromethane
(2 ± 4 mL) was added dropwise under argon to a cooled solution (�65 �C)
of oxalyl chloride (7.7 ± 18 mmol) in dried methylene chloride (2 ± 4 mL).
After stirring for 10 min, a solution of the Cbz-aminoalcohol (5.2 ±
12 mmol) in dried methylene chloride (4 mL) was added slowly whilst
maintaining the temperature at �65 �C. The solution was stirred for 45 min
at �65 �C and then triethylamine (51 mmol) was added dropwise. After
being stirred for an additional 10 min at �65 �C, cold ethyl acetate (50 ±
100 mL) and cold brine solution (25 ± 50 mL) were added. The organic
layer was washed with brine solution (3� 50 ± 100 mL), dried over Na2SO4,
and evaporated to dryness under reduced pressure. The residue was further
purified by crystallization or by preparative HPLC methodology.


Benzyl 3-oxoproylcarbamate (5):[52] The title compound (2.1 g, 84% yield)
was prepared according to the general procedure above. HPLC: k�� 8.7;
m.p. 55 ± 57 �C; 1H NMR (300 MHz, [D]CCl3, 25 �C): �� 9.7 (s, 1H; CHO),
7.2 (m, 5H; Ph), 5.2 (s, 1H; NH), 5.0 (s, 2H; CH2O), 3.3 (q, 2H; NHCH2),
2.6 ppm (t, 2H; CH2CHO); 13C NMR (75 MHz, CDCl3, 25 �C): �� 201.0
(CHO), 157.0 (CONH), 136.0 (quat.C), 128.5, 128.1, 128.0 (CH, Ph), 66.7
(CH2Ph), 44.0 (NHCH2), 34.5 ppm (CH2CHO).


Benzyl 2-oxoethylcarbamate (Cbz-glycinal) (6): The reaction workup
provided an oil (1.9 g, 95% yield, 85% pure by HPLC), which was further
purified by reversed-phase HPLC. The oil (1.9 g) was dissolved in DMSO,
loaded onto the preparative PrePack cartridge (47� 300 mm) filled with a
Bondapack C18, 300 ä, 15 ± 20 �m stationary phase, and eluted with a
CH3CN gradient (0 to 20% in 30 min) in plain water. The flow rate was
100 mLmin�1 and the products were detected at either 215 or 225 nm.
Analysis of the fractions was accomplished by analytical RP chromatog-
raphy using the same elution conditions, flow rate, and detection as
previously described. Pure fractions were pooled and lyophilized to yield 6
(0.65 g, 33% overall yield, 99.9% pure by HPLC) as an oil. 1H NMR data
are consistent with those reported in the literature;[55] HPLC: k�� 7.6;
13C NMR (75 MHz, [D6]DMSO, 25 �C): �� 200.2 (CHO), 156.6 (CONH),
136.9 (quat.C), 128.4, 128.3, 127.8 (CH, Ph), 65.5 (CH2O), 50.6 ppm
(CH2CHO).


(S)-Benzyl 1-methyl-2-oxoethylcarbamate ((S)-Cbz-alaninal) (7): The title
compound (0.45 g, 90% yield) was obtained as a pale yellow oil by using
the general procedure above. HPLC: k�� 8.8; [�]20


D ��16.3 (c� 1 in
MeOH); 1H NMR (300 MHz, [D6]DMSO, 25 �C): �� 9.5 (1H, s, CHO), 5.0
(2H, s; CH2O), 4.0 (1H, m; CH), 1.2 ppm (3H, d; CH3); 13C NMR
(75 MHz, [D6]DMSO, 25 �C): �� 201 (CHO), 156.1 (CONH), 65.7 (CH2O),
55.1 (CH), 13.8 ppm (CH3).


Oxidation with 2-iodoxybenzoic acid (IBX): 2-Iodoxybenzoic acid was
prepared as described in the literature.[24, 56] Caution! IBX has been
reported to detonate upon heavy impact and/or heating over 200 �C.


(S)-Benzyl 1-methyl-2-oxoethylcarbamate ((S)-Cbz-alaninal) (7): IBX (24-
48 mmol) was added to a solution of (S)-Cbz-alaninol (10 ± 19 mmol) in
DMSO (60 ± 120 mL). The reaction was monitored by HPLC until no
alcohol was detected. At this point, the reaction mixture was diluted with
water (30 ± 60 mL) and the mixture was extracted with ethyl acetate (3�
75 ± 100 mL). The organic layers were pooled, washed with NaHCO3 5%
(w/w) (3� 100 mL) and brine (3� 100 mL), dried over Na2SO4, and
evaporated under reduced pressure to give the title compound (2.5 g, 63%
yield) as a colorless oil. HPLC: k�� 8.8; [�]20


D ��19.9 (c� 1 in MeOH);
1H NMR and 13C NMR were identical to those described above.


(R)-Benzyl 1-methyl-2-oxoethylcarbamate ((R)-Cbz-alaninal) (8): The
title compound (1.4 g, 74% yield) was obtained as a colorless oil by using
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the procedure described above except starting from (R)-Cbz-alaninol.
HPLC: k�� 8.8; [�]20


D � 18.7 (c� 1 in MeOH); 1H NMR (300 MHz,
[D6]DMSO, 25 �C): �� 9.5 (s, 1H; CHO), 5.0 (s, 2H; CH2O), 4.0 (m, 1H;
CH), 1.2 ppm (d, 3H; CH3); 13C NMR (75 MHz, [D6]DMSO, 25 �C): ��
201.0 (CHO), 156.1 (CONH), 65.7 (CH2O), 55.1 (CH), 13.8 ppm (CH3).


Enzymatic reactions in emulsions : Reactions were carried out in 10-mL test
tubes with screw caps. The aldehyde (0.125, 0.5, or 0.9 mmol), the oil (6%
w/w), and the surfactant (4% w/w) were mixed vigorously. Then, the
DHAP solution (0.075 ± 0.3 mmol) at pH 6.9, freshly prepared as described
by Effenberger et al. ,[57] was added dropwise while stirring at 25 �C with a
vortex mixer. A reaction volume of 2.5 mL or 5 mL was employed for
analytical or preparative scale, respectively. Finally, RAMA (0.65 ± 4 mg
giving 0.26 ± 1.6 mgg�1 in the final reaction mixture, 19.5 Umg�1) or RhuA
(20 ± 40 �L giving 4 ± 16 �LmL�1 in the final reaction mixture, 100 UmL�1)
was added and mixed again. The test tubes were placed on a horizontal
shaking bath (100 rpm) at constant temperature (25 �C). The reactions were
followed by HPLC until the peak of the product reached a maximum. The
enzymatic reactions were stopped by addition of MeOH, and the final
crude purified as described above. The reactions at semipreparative level
were scale up proportionally to a total reaction volume of 5 mL.


Enzymatic reactions in mixtures dimethylformamide/water 1:4 : Reactions
were carried out in 10-mL test tubes with screw caps. The aldehyde (0.125 ±
0.36 mmol) was dissolved in DMF 20% (v/v). Then, the DHAP solution
(0.075 ± 0.225 mmol), prepared as described above, was added dropwise
while mixing. The rest of the experimental procedure was identical to that
described for the reaction in emulsions.


Purification procedures : The condensation products were purified by ion-
exchange chromatography on an FPLC system taking advantage of the
phosphate group. Bulk stationary phase MacroPrep High Q Support,
50 �m strong anion-exchange resin in neutral form, Cl� as counter ion, was
packed into a glass Pharmacia FPLC (Uppsala, Sweden) C26/40-type
column to a final bed volume of 40 mL. The flow rate was 3 mLmin�1,
0.1 MPa. The resin was equilibrated initially with EtOH/H2O (3:2).
Aliquots of the crude reaction mixture were loaded onto the column and
the excess aldehyde and neutral and cationic impurities were eliminated by
washing with EtOH/H2O (3:2). Then the target product was eluted with
250 m� NaCl in EtOH/H2O (3:2). The operation was repeated until the
whole crude was consumed. Fractions containing the pure product were
pooled and evaporated to dryness under reduced pressure. The residue was
dissolved in water and desalted by reversed-phase HPLC on a Perkin ±
Elmer semipreparative 250� 25 mm column, filled with C18, 5 �m-type
stationary phase by using the following procedure: first, the column was
equilibrated with 0.1% (v/v) TFA in water. The sample was then adjusted
to pH 3 ± 4 with TFA and loaded onto the column. First, the salt was
eliminated by washing with 0.1% (v/v) TFA in water (100 mL) and then
with plain water (50 mL) to eliminate the acid. Then, the product was
eluted with a gradient elution of CH3CN (0 to 48% v/v in 30 min) in plain
water. The flow rate was 10 mLmin�1 and the products were detected at
225 nm. The pure fractions were pooled, the excess CH3CN was evaporated
under reduced pressure, the pH of the resulting aqueous solution was
adjusted to 7 with NaOH and finally lyophilized.


Physical and spectral data of the linear compounds linear compounds 9 ±
16 : The melting points of the compounds given below correspond to
lyophilized solids rather than crystals. Note that some of them are mixtures
of epimers at C-4. The yields correspond to the amounts obtained from the
aldol enzymatic reactions at semipreparative level. The purification
procedures were not optimized.


(3S)-6-{[(Benzyloxy)carbonyl]amino}-5,6-dideoxy-1-O-phosphonohex-2-
ulose sodium salt (9): The title compound (540 mg) was obtained in 40%
yield. HPLC: k�� 5.2; m.p. 109 ± 111 �C; 1H NMR (500 MHz, D2O, 25 �C)
major diastereoisomer: �� 7.2 (m, 5H; Ph), 4.9 (s, 2H; PhCH2), 4.6 (dd,
3J(H,H)� 6.3 Hz, 3J(H,H)� 18.6 Hz, 1H; CH2OP), 4.5 (dd, 3J(H,H)�
7.0 Hz, 3J(H,H)� 18.6 Hz, 1H; CH2OP), 4.25 (s, 1H; CHOH), 4.0 (t, 1H;
CHOH), 3.1 (m, 2H; NHCH2), 1.6 ppm (m, 2H; CH2CHOH); minor
diastereoisomer: �� 7.2 (m, 5H, Ph), 5.0 (s, 2H; PhCH2), 4.27 (1H;
CHOH), 3.82 (1H; CHOH), 3.1 (m, 2H; NHCH2), 1.5 ppm (m, 2H;
CH2CHOH); cyclic product: �� 3.8 (1H; CH2OP), 3.65 ppm (1H;
CH2OP); 13C NMR (125 MHz, D2O, 25 �C) major diastereoisomer: ��
210.8, (C2), 158.2 (C7), 136.4, 128.0 (Ar), 78.4 (C3), 69.1 (C4), 68.4 (C1),
67.2 (C8), 37.4 (C6), 33.0 ppm (C5); elemental analysis calcd (%) for


C14H18NO9Na2P ¥ 2H2O: C 36.77, H 4.85, N 3.06; found: C 36.59, H 4.94, N
3.04.


(3S)-5-{[(Benzyloxy)carbonyl]amino}-5-deoxy-1-O-phosphonopent-2-
ulose sodium salt (10): The title compound (416 mg) was obtained in 50%
yield. HPLC: k�� 4.1; m.p. 114 ± 118 �C; 1H NMR (500 MHz, D2O, 12 �C)
linear product: �� 7.2 (m, 5H; Ph), 4.9 (s, 2H; PhCH2), 4.5 (dd, 3J(H,H)�
6.3 Hz, 3J(H,H)� 18.7 Hz, 2H; CH2OP), 4.3 (d, 3J3,4(H,H)� 1.8, 1H;
CHOH), 4.0 (dt, 3J4,5(H,H)� 5.8 Hz, 3J4,5�(H,H)� 7.7 Hz, 1H; CHOH), 3.1
(dd, 1H, 3J5,5�(H,H)� 13.8 Hz, 1H; NHCH2), 3.0 ppm (dd, 1H; NHCH2);
cyclic species, conformer I: �� 7.2 (m, 5H; Ph), 4.9 (s, 2H; PhCH2), 4.1 (d,
1H; CHOH), 4.1 (d, 1H; CH2OP), 3.9 (dd, 1H; CHOH), 3.8 (dd, 1H;
NHCH2), 3.6 (d, 1H; CH2OP), 2.9 ppm (t, 1H; NHCH2); cyclic species,
conformer II: �� 5.0 (s, 2H; PhCH2), 4.1 (d, 1H; CHOH), 3.9 (d, 1H;
CH2OP), 3.9 (dd, 1H; CHOH), 3.8 (dd, 1H; NHCH2), 3.5 (d, 1H; CH2OP),
2.8 ppm (t, 1H; NHCH2); 13C NMR (125 MHz, D2O, 12 �C): �� 210.8 (C2),
158.7 (C6), 136.4 (Ar), 127.9 (Ar), 75.6 (C3), 69.4 (C4), 67.4 (C7), 67.6 (C1),
41.9 ppm (C5); elemental analysis calcd (%) for C13H16NO9Na2P ¥ 2H2O: C
35.23, H 4.55, N 3.16; found: C 35.24, H 4.47, N 3.07.


(3S,5S)-5-{[(Benzyloxy)carbonyl]amino}-5,6-dideoxy-1-O-phosphonohex-
2-ulose sodium salt (11): The title compound (33 mg) was obtained in 10%
yield. HPLC: k�� 4.5; m.p. 117 ± 120 �C; elemental analysis calcd (%) for
C14H18NO9Na2P ¥ 3³2 H2O: C 37.48, H 4.68, N 3.12; found: C 37.41, H 4.82, N
3.06.


(3S,5R)-5-{[(Benzyloxy)carbonyl]amino}-5,6-dideoxy-1-O-phosphonohex-
2-ulose sodium salt (12): The title compound (230 mg) was obtained in
46% yield. HPLC: k�� 4.5, m.p. 119 ± 123 �C; elemental analysis calcd (%)
for C14H18NO9Na2P ¥ 1³2 H2O ¥ NaCl: C 36.05, H 4.29, N 3.00; found: C 36.15,
H 4.61; N 2.98.


(3R)-6-{[(Benzyloxy)carbonyl]amino}-5,6-dideoxy-1-O-phosphonohex-2-
ulose sodium salt (13): The title compound (330 mg) was obtained in 40%
yield. HPLC: k�� 5.2, m.p. 109 ± 111 �C; elemental analysis calcd (%) for
C14H18NO9Na2P ¥ 3H2O: C 35.38, H 5.09, N 2.95; found: C 35.55, H 5.04, N
3.01.


(3R)-5-{[(Benzyloxy)carbonyl]amino}-5-deoxy-1-O-phosphonopent-2-
ulose sodium salt (14): The title compound (229 mg) was obtained in 53%
yield. HPLC: k�� 4.1, m.p. 114 ± 118 �C; elemental analysis calcd (%) for:
C13H16NO9Na2P ¥ 3³2 H2O: C 35.93, H 4.38, N 3.22; found: C 35.95, H 4.24, N
3.20.


(3R,5S)-5-{[(Benzyloxy)carbonyl]amino}-5,6-dideoxy-1-O-phosphonohex-
2-ulose sodium salt (15): The title compound (158 mg) was obtained in
35% yield. HPLC: k�� 4.9, m.p. 132 ± 136 �C; elemental analysis calcd (%)
for: C14H18NO9Na2P ¥ 3H2O: C 35.38, H 5.09, N 2.95; found: C 35.13, H
4.95, N 2.95.


(3R,5R)-5-{[(Benzyloxy)carbonyl]amino}-5,6-dideoxy-1-O-phosphono-
hex-2-ulose sodium salt (16): The title compound (255 mg) was obtained in
45% yield. HPLC: k�� 4.5, m.p. 130 ± 132 �C; elemental analysis calcd (%)
for: C14H18NO9Na2P ¥ 3³2 H2O: C 37.48, H 4.68, N 3.12; found: C 37.34, H
4.70, N 3.03.


Removal of phosphate groups and catalytic hydrogenation : The phosphate
group of compounds 9 ± 16 was removed by hydrolysis catalyzed by acid
phosphatase following the procedure described by Bednarski et al.[27] The
reaction was followed by HPLC until no starting material was detected.
Then the crude was desalted by HPLC and lyophilized. The residue was
dissolved in methanol and the solution hydrogenated under 50 psi H2 for
24 h with Pd/C as catalyst. The reaction mixture was then filtered through
neutral alumina, the solvent removed under reduced pressure, the residue
dissolved in plain water, adjusted to pH 6.5 and lyophilized.


(2R,3R,4R)-2-(Hydroxymethyl)piperidine-3,4-diol (17) and (2S,3R,4S)-2-
(hydroxymethyl)piperidine-3,4-diol (18): The title compounds were pre-
pared according to the general procedure described above. 1H NMR
(500 MHz, D2O, 25 �C) major 17: �� 3.84 (dd, 3J(H,H)� 3.2 Hz, 3J(H,H)�
12.6 Hz, 1H; H7), 3.77 (dd, 3J(H,H)� 5.7 Hz, 3J(H,H)� 12.7 Hz, 1H; H7),
3.6 (dt, 3J(H,H)� 4.9 Hz,3J(H,H)� 9.5 Hz, 3J(H,H)� 11.6, 1H; H4), 3.4 (t,
1H; H3), 3.3 (br, 1H; H6), 3.0 (m, 1H; H2), 2.95 (dt, 3J(H,H)� 3.2 Hz,
3J(H,H)� 13.1 Hz, 1H; H6), 2.1 (br, 1H, H5), 1.6 ppm (dq, 3J(H,H)�
4.3 Hz, 1H; H5); minor 18 : �� 4.0 (1H; H3), 3.80 (1H; H4), 3.2 (1H;
H2), 1.95 (1H; H5), 1.85 (1H; H5), 3.76 (dd, 1H; H7), 3.72 (dd, 1H; H7),
2.95 (1H; H6), 3.0 ppm (1H; H6); 13C NMR (125 MHz, D2O, 25 �C) major
17: �� 70.5 (C4), 69.7 (C3), 60.0 (C2), 57.9 (C7), 41.7 (C6), 28.8 ppm (C5);
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minor 18 : �� 67.6 (C4), 66.2 (C3), 60.3 (C2), 59.9 (C7), 42.2 (C6), 24.5 ppm
(C5).


(2R,3R,4R)-2-(Hydroxymethyl)pyrrolidine-3,4-diol (19): The title com-
pound was prepared according to the general procedure described above.
1H NMR (500 MHz, D2O, 25 �C): �� 4.2 (m, 3J(H,H)� 2.8 Hz, 3J(H,H)�
3.9 Hz, 3J(H,H)� 5.0 Hz, 1H; H4), 3.9 (t, 3J(H,H)� 3.9 Hz, 1H; H3), 3.8
(dd, 3J(H,H)� 4.9 Hz, 3J(H,H)� 11.9 Hz, 1H; H6), 3.7 (dd, 3J(H,H)�
7.0 Hz, 3J(H,H)� 11.9 Hz, 1H; H6), 3.4 (dd, 3J(H,H)� 5.0 Hz, 3J(H,H)�
12.3 Hz, 1H; H5), 3.3 (m, 3J(H,H)� 3.9 Hz, 3J(H,H)� 4.9 Hz, 3J(H,H)�
7.3 Hz, 1H; H2), 3.1 ppm (dd, 3J(H,H)� 2.8 Hz, 3J(H,H)� 12.3 Hz, 1H;
H5); 13C NMR (125 MHz, D2O): �� 76.5 (C3), 75.1 (C4), 66.6 (C2), 59.7
(C6), 50.2 ppm (C5).


(2R,3R,4R,5S)-2-Hydroxymethyl-5-methylpyrrolidine-3,4-diol (20): The
title compound was prepared according to the general procedure described
above. 1H NMR (500 MHz, D2O, 25 �C): �� 4.1 (dd, 3J(H,H)� 1.4 Hz,
3J(H,H)� 3.2 Hz, 1H; H4), 4.0 (dd, 3J(H,H)� 1.8, 3J(H,H)� 3.2, 1H; H3),
3.8 (dd, 3J(H,H)� 4.9 Hz, 3J(H,H)� 11.9 Hz, 1H; H7), 3.75 (dq, 3J(H,H)�
3.5 Hz, 3J(H,H)� 6.5 Hz, 1H; H5), 3.7 (dd, 3J(H,H)� 8.8 Hz, 3J(H,H)�
12.3 Hz, 1H; H7), 3.5 (dt, 3J(H,H)� 3.3 Hz, 3J(H,H)� 5.1 Hz, 3J(H,H)�
8.2 Hz, 1H; H2), 1.3 ppm (d, 3J(H,H)� 6.7 Hz, 3H; H6); 13C NMR
(125 MHz, D2O, 25 �C): �� 76.3 (C4), 76.3 (C3), 67.5 (C2), 59.6 (C7), 58.3
(C5), 10.7 ppm (C6).


(2R,3R,4R,5R)-2-Hydroxymethyl-5-methylpyrrolidine-3,4-diol (21): The
title compound was prepared according to the general procedure described
above. 1H NMR (500 MHz, D2O, 25 �C): �� 3.9 (t, 3J(H,H)� 7 Hz, 1H;
H3), 3.8 (dd, 3J(H,H)� 4.2 Hz, 3J(H,H)� 12.0 Hz, 1H; H7), 3.75 (t,
3J(H,H)� 7.5 Hz, 1H; H4), 3.7 (dd, 3J(H,H)� 6.4 Hz, 3J(H,H)� 12.0 Hz,
1H; H7), 3.35 (dt, 3J(H,H)� 4.2 Hz, 3J(H,H)� 6.4 Hz, 3J(H,H)� 7.0 Hz,
1H; H2), 3.3 (dq, 3J(H,H)� 7.0 Hz, 1H; H5), 1.3 ppm (d, 3J(H,H)� 7.0 Hz,
3H; H6); 13C NMR (75 MHz, D2O, 25 �C): �� 80.3 (C4), 75.8 (C3), 62.4
(C2), 59.6 (C7), 57.3 (C5), 15.4 ppm (C6).


(2S,3S,4S)-2-(Hydroxymethyl)piperidine-3,4-diol (22) and (2R,3S,4R)-2-
(hydroxymethyl)piperidine-3,4-diol (23): The title compounds were pre-
pared according to the general procedure described above. 1H NMR
(500 MHz, D2O, 25 �C) major 22 : �� 3.84 (dd, 3J(H,H)� 3.2, 3J(H,H)�
12.6 Hz, 1H; H7), 3.77 (dd, 3J(H,H)� 5.7 Hz, 3J(H,H)� 12.7 Hz, 1H; H7),
3.6 (dt, 3J(H,H)� 4.9 Hz, 3J(H,H)� 9.5 Hz, 3J(H,H)� 11.6 Hz, 1H; H4),
3.4 (t, 1H; H3), 3.3 (br, 1H; H6), 3.0 (m, 1H; H2), 2.95 (dt, 3J(H,H)�
3.2 Hz, 3J(H,H)� 13.1 Hz, 1H; H6), 2.1 (br, 1H; H5), 1.6 ppm (dq,
3J(H,H)� 4.3 Hz, 1H; H5); minor 23 : �� 4.0 (1H; H3), 3.80 (1H; H4), 3.2
(1H; H2), 1.95 (1H; H5), 1.85 (1H; H5), 3.76 (dd, 1H; H7), 3.72 (dd, 1H;
H7), 2.95 (1H; H6), 3.0 ppm (1H; H6); 13C NMR (125 MHz, D2O, 25 �C)
major 22 : �� 70.5 (C4), 69.7 (C3), 60.0 (C2), 57.9 (C7), 41.7 (C6), 28.8 ppm
(C5); minor 23 : �� 67.6 (C4), 66.2 (C3), 60.3 (C2), 59.9 (C7), 42.2 (C6),
24.5 ppm (C5).


(2S,3S,4S)-2-(Hydroxymethyl)pyrrolidine-3,4-diol (24) and (2R,3S,4R)-2-
(hydroxymethyl)pyrrolidine-3,4-diol (25): The title compounds were pre-
pared according to the general procedure described above. 1H NMR
(500 MHz, D2O, 25 �C) major 24 : �� 4.2 (m, 3J(H,H)� 2.8, 3J(H,H)�
3.9 Hz, 3J(H,H)� 5.0 Hz, 1H; H4), 3.9 (t, 3J(H,H)� 3.9 Hz, 1H; H3), 3.8
(dd, 3J(H,H)� 4.9 Hz, 3J(H,H)� 11.9 Hz, 1H; H6), 3.7 (dd, 3J(H,H)�
7.0 Hz, 3J(H,H)� 11.9 Hz, 1H; H6), 3.4 (dd, 3J(H,H)� 5.0 Hz, 3J(H,H)�
12.3 Hz, 1H; H5), 3.3 (m, 3J(H,H)� 3.9 Hz, 3J(H,H)� 4.9 Hz, 3J(H,H)�
7.3 Hz, 1H; H2), 3.1 ppm (dd, 3J(H,H)� 2.8 Hz, 3J(H,H)� 12.3 Hz, 1H;
H5); minor 25 : �� 4.4 (dt, 3J(H,H)� 3.8 Hz, 3J(H,H)� 4.3 Hz, 3J(H,H)�
7.3 Hz, 1H; H4), 4.2 (t, 1H; H3), 3.9 (dd, 3J(H,H)� 4.9 Hz, 3J(H,H)�
12.0 Hz, 1H; H6), 3.8 (dd, 3J(H,H)� 6.6 Hz, 3J(H,H)� 12.3 Hz, 1H; H6),
3.6 (m, 1H; H2), 3.3 (dd, 3J(H,H)� 4.3 Hz, 3J(H,H)� 12.0 Hz, 1H; H5),
3.4 ppm (dd, 3J(H,H)� 7.3 Hz, 3J(H,H)� 12.3 Hz, 1H; H5); 13C NMR
(125 MHz, D2O, 25 �C) major 24 : �� 76.5 (C3), 75.1 (C4), 66.6 (C2), 59.7
(C6), 50.2 ppm (C5); minor 25 : �� 70.5 (C3), 70.7 (C4), 63.2 (C2), 58.4
(C6), 47.9 ppm (C5).


(2S,3S,4S,5S)-2-Hydroxymethyl-5-methylpyrrolidine-3,4-diol (26): The ti-
tle compound was prepared according to the general procedure described
above. 1H NMR (500 MHz, D2O, 25 �C): �� 3.9 (t, 3J(H,H)� 7.0 Hz, 1H;
H3), 3.8 (dd, 3J(H,H)� 4.2 Hz, 3J(H,H)� 12.0 Hz, 1H; H7), 3.75 (t,
3J(H,H)� 7.5 Hz, 1H; H4), 3.7 (dd, 3J(H,H)� 6.4 Hz, 3J(H,H)� 12.0 Hz,
1H; H7), 3.35 (dt, 3J(H,H)� 4.2 Hz, 3J(H,H)� 6.4 Hz, 3J(H,H)� 7.0 Hz,
1H; H2), 3.3 (dq, 3J(H,H)� 7.0 Hz, 1H; H5), 1.3 ppm (d, 3J(H,H)� 7.0 Hz,


3H; H6); 13C NMR (125 MHz, D2O, 25 �C): �� 80.3 (C4), 75.8 (C3), 62.4
(C2), 59.6 (C7), 57.3 (C5), 15.4 ppm (C6).


(2S,3S,4S,5R)-2-Hydroxymethyl-5-methylpyrrolidine-3,4-diol (27) and
(2R,3S,4R,5R)-2-hydroxymethyl-5-methylpyrrolidine-3,4-diol (28): The ti-
tle compounds were prepared according to the general procedure described
above. 1H NMR (500 MHz, D2O, 25 �C) major 27: �� 4.1 (dd, 3J(H,H)�
1.4 Hz, 3J(H,H)� 3.2 Hz, 1H; H4), 4.0 (dd, 3J(H,H)� 1.8 Hz, 3J(H,H)�
3.2 Hz, 1H; H3), 3.8 (dd, 3J(H,H)� 4.9 Hz, 3J(H,H)� 11.9 Hz, 1H; H7),
3.75 (dq, 3J(H,H)� 3.5 Hz, 3J(H,H)� 6.5 Hz, 1H; H5), 3.7 (dd, 3J(H,H)�
8.8 Hz, 3J(H,H)� 12.3 Hz, 1H; H7), 3.5 (dt, 3J(H,H)� 3.3 Hz, 3J(H,H)�
5.1 Hz, 3J(H,H)� 8.2 Hz, 1H; H2), 1.3 ppm (d, 3J(H,H)� 6.7 Hz, 3H; H6);
minor 28 : �� 4.3 (t, 3J(H,H)� 3.7 Hz, 1H; H3), 3.95 (dd, 3J(H,H)� 3.7 Hz,
3J(H,H)� 9 Hz, 1H; H4), 3.9 (dd, 3J(H,H)� 4.7 Hz, 3J(H,H)� 11.8 Hz,
1H; H7), 3.8 (dd, 3J(H,H)� 8.4 Hz, 3J(H,H)� 11.8 Hz, 1H; H7), 3.75 (m,
3J(H,H)� 3.7 Hz, 3J(H,H)� 4.7 Hz, 3J(H,H)� 8.4 Hz, 1H; H2), 3.5 (m,
1H; H5), 1.3 ppm (d, 3J(H,H)� 6.7 Hz, 3H; H6); 13C NMR (125 MHz,
D2O, 25 �C) major 27: �� 76.3 (C4), 76.3 (C3), 67.5 (C2), 59.6 (C7), 58.3
(C5), 10.7 ppm (C6); minor 28 : �� 76.7 (C4), 70.4 (C3), 61.5 (C2), 58.4
(C7), 56.7 (C5), 15.0 ppm (C6).
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The Effect of Hydrogen Bonding on Allylic Alkylation and Isomerization
Reactions in Ionic Liquids


James Ross and Jianliang Xiao*[a]


Abstract: Neutral allylic alkylation re-
actions, in which a base is generated in
situ and which hence require no external
bases, can significantly be retarded when
carried out in the ionic liquid 1-butyl-3-
methylimidazolium tetrafluoroborate
([bmim][BF4]). Evidence suggests that
the base or base precursor enters into


hydrogen bonding with the imidazolium
cation and is thus made less readily
available for deprotonation of pre-nu-


cleophiles. However, the reaction pro-
ceeds well in the presence of stronger
bases that are capable of deprotonation.
Whilst the phenomenon of hydrogen
bonding in ionic liquids can be detri-
mental to reactions such as allylic alky-
lation, it can be exploited to suppress
unwanted allylic isomerization.


Keywords: allylation ¥ homogene-
ous catalysis ¥ hydrogen bonds ¥
ionic liquids ¥ palladium


Introduction


Hydrogen bonding embraces many important areas of
chemistry and biochemistry.[1] The effect of hydrogen bonding
on reaction chemistry in common molecular solvents is well
documented and understood.[1, 2] Hydrogen bonding in sol-
vents based on room-temperature ionic liquids is a relatively
new subject. In fact, the perception of hydrogen bonding in
imidazolium ionic liquids, the most extensively investigated
ionic liquids to date, was still controversial in the mid 1980s.[3]


Thanks to the pioneering studies of several research groups,[3]


it is now well established that imidazolium cations and their
associated anions form hydrogen bonds both in the solid state
and in solution.[4] The H2, H4 and H5 ring protons of the 1,3-
dialkylimidazolium cation can act as hydrogen bond donors
and interact with counteranions such as Cl�, OTf�, and BF4�,
which act as hydrogen-bond acceptors and can also enter into
hydrogen bonding with external hydrogen donors such as
H2O. Of the three imidazolium ring protons, the H2 proton
appears to form the strongest hydrogen bond. This feature has
been exploited for the assembly of a new class of anion
receptors based on imidazolium cations,[5] and has been
invoked to explain the selective transport/separation of
amines by membrane-supported imidazolium ionic liquids.[6]


Whilst the concept of hydrogen bonding in ionic liquids has
generally been accepted and explosive growth in research on
reaction chemistry in these solvents has been witnessed in the


past few years, little attention has been paid to the potential
effects of hydrogen bonding on catalyzed reactions in ionic
liquids.[7] Only recently have Diels ±Alder and nucleophilic
substitution reactions with no added catalysts been inves-
tigated in this context in imidazolium ionic liquids.[8] Follow-
ing on from our earlier studies into Pd-catalyzed reactions in
ionic liquids,[9] we have found that the capability of imidazo-
lium ionic liquids for hydrogen bonding can exert a remark-
able effect on neutral allylic alkylation reactions and,
interestingly, the effect can be harnessed to suppress Pd0-
catalyzed allylic isomerization,[10] a reaction that may diminish
the stereoselectivity of asymmetric allylic substitution.[11] The
details of our results are herein described.


Results and Discussion


Our previous investigation shows that Pd0-catalyzed allylic
alkylation or Tsuji ± Trost reactions with a variety of active
methylene compounds can be readily carried out in the ionic
liquid 1-butyl-3-methylimidazolium tetrafluoroborate
([bmim][BF4]) under basic conditions.[9a,d] Similar results have
been reported from other laboratories.[12] In an effort to
determine the scope of reaction, the room-temperature allylic
alkylation of phenylallyl carbonate 1 with dimethyl malonate
2 catalyzed by Pd0 ± PAr3 was investigated in [bmim][BF4]
[Eq. (1)]. The catalytically active Pd0 species is expected to be
generated in situ from the starting Pd(OAc)2 upon reduction
with PAr3.[13] This is a neutral Tsuji ± Trost reaction; it requires
no external base, as decarboxylation of MeOCO2


�, which
results from the oxidative addition of 1 to Pd0, generates CO2


and a strong base MeO�.[10, 11] Although methanol has a higher
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pKa than a dialkylimidazolium ion (29 versus ca. 24 in
DMSO),[14] the methoxide is expected to preferentially
deprotonate the malonate, which is about eight orders of
magnitude more acidic than the imidazolium cation.[15]


Furthermore, even if deprotonation of the solvent cations
took place, the so generated dialkylimidazol-2-ylidene would
readily deprotonate the malonate to give the required
nucleophile to attack the Pd ± allyl intermediate and complete
the catalytic cycle,[14b,c] unless it forms inactive palladium
complexes (vide infra).
After first confirming the reaction to be rapid in THF,


reaching complete conversion within 20 min,[16] we carried out
the same reaction in [bmim][BF4] under otherwise identical
conditions (Table 1, entries 1 ± 5). Surprisingly, the reaction in
[bmim][BF4] was considerably slower, affording less than 1%
conversion after 1 h and complete conversion in a prolonged
time of about 30 h. PPh3 was found to be the best ligand out of
several phosphines tested in the ionic liquid. For example,
changing the ligand to the more ionic liquid-soluble and more
electron-rich P(4�MeOC6H5)3
under the same conditions gave
a negligible conversion after 1 h
and only 9% conversion after
5 h (Table 1, entries 6 and 7).
For comparison, the same li-
gand in THF brought about a
nearly complete reaction in


25 min (Table 1, entry 8). Even
more strikingly, the reaction in
THF was significantly inhibited
by the addition of a small
quantity of [bmim][BF4] and
the rate was progressively de-
creased by introducing more
[bmim][BF4] (Table 1, entries
9 ± 11), indicating that some
key intermediate in the catalyt-
ic cycle is involved in a pre-


equilibrium with the imidazolium additive.
It was possible to accelerate the reaction by external bases.


This is clearly seen from the results obtained in the presence
of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or OAc� (Ta-
ble 1, entries 12 and 13). However, the role of the two bases
must be different (vide infra); unlike the more basic DBU, the
acetate cannot deprotonate 2.[15, 17] A very revealing experi-
ment is the comparison of the reaction performed in
[bmim][BF4] with that in 1-butyl-2,3-dimethylimidazolium
tetrafluoroborate ([bdmim][BF4]), in which the H2 ring
proton is replaced with a methyl group (Table 1, entries 14
and 15). The reaction in the latter was considerably faster,
suggesting that the retarding effect of [bmim][BF4] relates to
its H2 proton.
The allylic alkylation of phenylallyl acetate 4 with methyl


nitroacetate 5 was similarly retarded when conducted in the
ionic liquid [Eq. (2)]. This is again a neutral reaction requiring
no external bases, because the OAc� ion generated in the
oxidative addition of 4 to Pd0 is basic enough to deprotonate 5


(pKa 8.0 in DMSO),[18] which is much more acidic than 2.
Indeed, the reaction in THF was complete within 0.5 h when
catalyzed by Pd0 ± PPh3 at 75 �C. Repeating this reaction in
[bmim][BF4], only 26% conversion was reached after 0.5 h
and complete conversion after an extended reaction time of
24 h.
According to the generally accepted mechanism for allylic


substitution, the oxidative addition of 1 or 4 to Pd0 ± PPh3
leads to two ionic species, MeOCO2


� or OAc� and a Pd-allyl
cation [Eq. (1)], and as such should not be slowed down on
going from THF to an ionic medium. Therefore it is probably
the nucleophilic attack step that is affected in the ionic liquid.
Amatore, Jutand, and co-workers have recently shown that
the oxidative addition of allylic acetate to Pd0 is reversible,
and in the less polar THF, the resulting acetate anion and Pd ±
allyl cation form tight ion pairs rather than free ions as in
DMF.[19] The formation of such ion pairs could diminish the
positive charge on PdII and enhance the steric hindrance
around the metal atom, thus leading to a slower nucleophilic
attack. In the polar [bmim][BF4],[20] the formation of tight ion


Table 1. Effect of solvents on the neutral Tsuji ± Trost reaction between 1 and 2.[a]


Entry Solvent Additive (mol%)[b] Ligand Time [h] Conv[c] [%]


1 THF - PPh3 0.33 100
2 [bmim][BF4] - PPh3 1 � 1
3 [bmim][BF4] - PPh3 5 38
4 [bmim][BF4] - PPh3 16 75
5 [bmim][BF4] - PPh3 30 100[d]


6 [bmim][BF4] - P(4-MeOC6H5)3 1 � 1
7 [bmim][BF4] - P(4-MeOC6H5)3 5 9
8 THF - P(4-MeOC6H5)3 0.42 99
9 THF [bmim][BF4] (4) P(4-MeOC6H5)3 0.90 63
10 THF [bmim][BF4] (10) P(4-MeOC6H5)3 0.90 46
11 THF [bmim][BF4] (20) P(4-MeOC6H5)3 0.90 33
12 [bmim][BF4] DBU (200) PPh3 0.33 100
13 [bmim][BF4] [nBu4N][OAc] (100) P(4-MeOC6H5)3 0.83 71
14[e] [bdmim][BF4] - P(4-MeOC6H5)3 0.50 89
15[e] [bmim][BF4] - P(4-MeOC6H5)3 5 48


[a] All reactions were performed on a 1 mmol scale, 2 mol% Pd(OAc)2, and
8 mol% phosphine in [bmim][BF4] (2 mL) or THF (2 mL) at room temperature
unless otherwise indicated. [b] Relative to palladium catalyst. [c] Determined by
1H NMR spectroscopy of the crude reaction mixture. [d] Isolated yield for 3 : 90%.
[e] At 50 �C.
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pairs between Pd ± allyl and acetate ions is less likely, as the
acetate would interact more favorably with the much more
abundant, less bulky solvent cations. Therefore, the sluggish
reaction in the ionic liquid could be due to the availability of
nucleophiles rather than a high barrier in the nucleophilic
attack step. This is of course consistent with the reaction being
fast when an external base is added, which could make the
deprotonated 2 more readily available (Table 1, entry 12).
In a very recent, detailed study, Welton and co-workers


reported that the nucleophilicity of halides in a noncatalyzed
SN2 reaction in [bmim][Tf2N] [Tf2N� bis(trifluoromethylsul-
fonyl)amide] follows the order Cl� � Br� � I�.[4h] This is
explained by the chloride forming the strongest hydrogen
bond to the imidazolium cations, in particular the H2 ring
protons, and so being made least available to undergo
nucleophilic attack. The observed inhibition of the neutral
Tsuji ± Trost reaction by [bmim][BF4] could be accounted for
in a similar manner by assuming that the MeOCO2


� or OAc�


ions generated in the oxidative addition are strongly solvated
or ™trapped∫ by hydrogen bonding with the imidazolium
cations and are thus made unavailable to deprotonate the
hydrocarbon acids 2 or 5 to give the required nucleophile for
subsequent nucleophilic attack (Scheme 1). OAc� is known to


Scheme 1. Proposed role of [bmim][BF4] as hydrogen-bond donor in
preventing efficient deprotonation of HNu, thus inhibiting nucleophilic
attack by Nu�.


form a strong hydrogen bond to the H2 proton of imidazolium
ring in both solution and solid states.[21] To confirm this, a
1H NMR titration experiment was carried out, in which the
concentration of [nBu4N][OAc] was kept constant while that
of [bmim][BF4] was varied in CDCl3. The titration revealed
that the H2 proton chemical shift moved to lower field in a
sigmoid fashion with increasing acetate/bmim molar ratios
until a value of about 2, thereafter the H2 chemical shift was
little affected (Figure 1).[22] Only insignificant changes were
observed for the H4 and H5 ring protons. These observations
suggest that the H2 proton hydrogen bonds to OAc� and a 1:2
stoichiometric complex could be formed between the imida-
zolium and OAc� ions in CDCl3.[23] NMR spectroscopy has
been most frequently used in probing hydrogen bonding
involving imidazolium ionic liquids,[3±5, 21b] and in the case of
the imidazolium receptors mentioned earlier, similar obser-
vations have been made.[5] However, the nature of hydrogen
bonding complex in [bmim][BF4] shown in Scheme 1 is less


Figure 1. 1H NMR titration profile for addition of [bmim][BF4] (26 ±
323 m�) to [nBu4N][OAc] (123 m�) in CDCl3 at 21 �C, the first point on
the chemical shift axis corresponding to 680 m� in [bmim][BF4].


clear, although it has bee suggested that chloride is surround-
ed by six imidazolium cations in related ionic liquids.[4h]


Titrating [bmim][BF4] with [MeOCO2][HDBU][21c] in
CDCl3 gave similar results (Figure 2). Although the change
in H2 chemical shift is less significant, indicating a weaker
interaction, it is clear that methyl carbonate forms hydrogen


Figure 2. 1H NMR titration profile for addition of [MeOCO2][HDBU]
(0 ± 112 m�) to [bmim][BF4] (32.2 m�) in CDCl3 at 21 �C.


bonds to the imidazolium cations. Hence, one can reasonably
assume that it is this hydrogen bonding that prevents the
carbonate ions from decomposing readily to form the base
necessary for deprotonation of 2. A recent study by Amatore,
Jutand, and co-workers shows that the oxidative addition of
allylic carbonates to Pd0 is reversible and the resulting
carbonate anion does not decarboxylate as fast as previously
thought.[11] Hydrogen bonding should certainly enhance its
stability. Indeed, it is known that decarboxylation can
dramatically be decelerated by using dipolar protic sol-
vents.[24] In line with the hydrogen bonding assertion, the
imidazolium H2 ring proton moved immediately from ��
8.6 ppm to �� 10.4 ppm in the 1H NMR spectrum upon the
addition of Pd0 ± PPh3 to a NMR tube containing a 1/1 mixture
of 1 and [bmim][BF4] in CDCl3 [Pd(OAc)2, 10 mg; ratio of Pd/
PPh3/1� 1/4/1]. As aforementioned, methyl carbonate would
be generated from the oxidative addition of 1 to Pd0 under
these conditions. The major contribution to the downfield
shift comes probably from the acetate of Pd(OAc)2, however.
This experiment also indicates that the neutral allylic alkyla-
tion in [bmim][BF4] is not limited by the oxidative addition
step and supports the proposition that it is the nucleophilic
attack that is affected by the ionic liquids.
The notion that MeOCO2


� could not function efficiently as
a base precursor due to hydrogen bonding explains the effects
of the added [bmim][BF4] on the reaction of 1 with 2 in THF.
The more imidazolium cations added, the easier the forma-
tion of the hydrogen bonding complex, and hence the lower
the concentration of base. Consequently, the concentration of







Allylic Alkylation in Ionic Liquids 4900±4906


Chem. Eur. J. 2003, 9, 4900 ± 4906 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4903


nucleophile will be lowered, thus leading to slower nucleo-
philic addition (Scheme 1).
It is also clear why DBU as an external base could bring


about an efficient reaction. DBU is a stronger base[17] than
OAc� and MeOCO2


� (pKa 5.6 in water).[25] It does not form
stable hydrogen bonds with the acidic H2 proton of imidazo-
lium in the presence of the much more acidic 2 ; rather, as
expected, it deprotonates 2.[26] This is further supported by a
reaction involving an alkoxide base. Alkoxides are even
stronger bases; as such they are not expected to form a stable
hydrogen bond with [bmim][BF4] in the presence of 2. This is
clearly seen in the allylic alkylation of 2-methyl-2-vinyloxir-
ane 7 with 2, which generates in situ an alkoxide base by
oxidative addition to Pd0 and proceeds fast to give 8 as a
mixture of E,Z-isomers (E/Z� 3/2) in room temperature
[bmim][BF4] or THF, reaching completion within 1 h in either
solvent under otherwise identical conditions [Eq. (3)].[27]


These results also show that, unlike Welton×s nucleophilic
substitution,[4h] it is the basicity of oxy anions, rather than the
uncleophilicity of hydrocarbon anions, that is primarily
affected by hydrogen bonding in the reactions involving 1 or
4 in [bmim][BF4]. The underlining mechanism for the
observed effects in the two different types of reactions is the
same, however, that is the nucleophiles or bases are made less
available for subsequent reactions due to hydrogen bonding
with the ionic liquid cations.
Acetate plays a different role. As indicated above, it cannot


deprotonate the acid 2 due to its low basicity. The accelerating
effect of acetate on the reaction of 1 and 2 most probably
results from the equilibrium shown in Equation (4), which


increases the concentration of free carbonate and hence the
probability of its decomposition into the base MeO�. This is
reminiscent of some SN2 reactions carried out in protic
solvents, which can be accelerated upon introducing a basic
additive. The base competes with nucleophiles for hydrogen
bonding with the solvent and thus frees the former from
strong solvation by the latter.[2]


There exists a possibility that the sluggish reaction between
1 and 2 in [bmim][BF4] could stem from the formation of some


inactive dialkylimidazol-2-ylidene complexes of palladium by
deprotonation of the imidazolium cation by MeO�.[9b, 28] This
appears to be unlikely. First, the reaction of 7 and 2, which
involves an in situ generated alkoxide, proceeds equally well
in THF and the ionic liquid, suggesting that either N-
heterocyclic carbenes are not formed or they have no effect
on the palladium catalysis if formed. Second, the fact that 1
reacts with 2 much faster in the presence of DBU is
inconsistent with this hypothesis, because DBU would not
be expected to inhibit the formation of carbenes through
deprotonation by MeO�. Third, the effect of [bmim][BF4] on
the allylic alkylation in THF also casts doubts on this
possibility (Table 1), since the activity of the hypothesized
Pd ± carbene species would not be affected by additional
imidazolium cations. Indeed, no Pd-carbene complexes were
ever detected by NMR spectroscopy in the stoichiometric
reaction of Pd0 ± PPh3 with 1 in the presence of [bmim][BF4] at


room temperature. However,
when the catalyst preparation
was performed with DBU
present at 80 �C rather than
being introduced upon cool-
ing the Pd0-PPh3-ionic liquid
mixture to room temperatu-
re,[9a,d] the resulting mixture
became colorless as opposed
to the more usual pale yellow.
This catalyst mixture did not


promote the reaction between 1 and 2 and it is probable that
the acidic H2 proton in [bmim][BF4] is being deprotonated at
elevated temperature, leading to inactive Pd ± carbene for-
mation.
Applying the hydrogen bonding proposition, it was possible


to suppress the Pd0-catalyzed isomerization of allylic acetates,
a reaction that can lead to the loss of regio- and stereo-
chemistry in stereospecific allylic substitution.[11] The isomer-
ization is thought to be due to the key oxidative addition step
being reversible, and unequivocal evidence for this has
recently been laid out.[11] As OAc� can be trapped by
hydrogen bonding with [bmim][BF4], allylic isomerization
resulting from reversible attack by the acetate would be


expected to be retarded when
the isomerization is carried
out in an imidazolium ionic
liquid. This is indeed the case.
Treating 9 with 5 mol% Pd0 ±
PPh3 in CH2Cl2 afforded 35%
of product 10 after 1 h, com-
parable with the equilibrium
value reported in the litera-


ture (Scheme 2).[29] However, the same reaction appears to be
completely suppressed in [bmim][BF4]. Thus, 10 was not
detected in the crude reaction mixture even after 20 h. The
isomerization of 9 in CH2Cl2 was even inhibited by a
substoichiometric quantity of [bmim][BF4]. Thus, in the
presence of only 0.15 equivalents of [bmim][BF4] relative to
9, only 12% of 10 was formed after 3 h. These observations
are again consistent with the acetate ion being involved in
equilibrium with imidazolium cations.
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Similar inhibition of isomerization was observed starting
from 10. Thus, while 58% of 9was formed after 1 h in CH2Cl2,
10 remained intact in [bmim][BF4] even after 20 h. This is not
surprising, as the equilibrium constant K is close to 1 and so
the rate constant k�� k� . Similar observations have been
made with other allylic acetates in our laboratory. For
instance, the isomerization of 11, whilst not observed at room
temperature, proceeded smoothly at 50 �C in molecular
solvents [Eq. (5)]. Thus, exposing 11 to 5 mol% Pd0 ± PPh3


in CH2Cl2 lowered its initial cis/trans ratio from 87/13 to 43/57
after 1 h. An equilibrium value of 34/66 was measured after an
extended reaction time of 22 h. The same reaction was
suppressed in [bmim][BF4], though not entirely, probably
due to weakening of the hydrogen bonding interactions at
elevated temperature. Thus, the initial cis/trans ratio of 11 was
lowered from 87/13 to only 76/24 after 1 h and to a value of 54/
46 that is still far from equilibrium after 22 h.
Remarkably, the isomerization can be brought about when


a PdII catalyst is employed. Thus, treatment of 9 with
[PdCl2(MeCN)2] in [bmim][BF4] afforded 10 in 20% yield in
1 h reaction time; the same reaction in CH2Cl2 gave 10 in 33%
yield (Scheme 2). As is known in the literature, this reaction
proceeds intramolecularly via a cyclic intermediate and
involves no ionized acetate ions;[30] therefore it should not
be suppressed by hydrogen bonding. Differences between
CH2Cl2 and [bmim][BF4] in other solvent properties possibly
account for the different extent of isomerization in these
solvents. These results show that if the isomerization of an
allylic acetate is to be carried out in imidazolium ionic liquids,
PdII, rather than Pd0, should be the catalyst of choice.


Conclusion


In summary, neutral allylic alkylation reactions can be
considerably retarded in dialkylimidazolium ionic liquids
and our results suggest that this is due to hydrogen bonding
between the H2 proton of [bmim][BF4] and OAc� or


MeOCO2
� ions. Being strongly solvated by the ionic liquid


via hydrogen bonding, the anions could not function as
effective bases to deprotonate a HNu nucleophile, thus
rendering slow the nucleophlic attack at the PdII ± allyl
intermediate. However, this retarding effect can be alleviated
when a relatively strong base, either generated in situ or
added externally, is used, which favors deprotonation rather
than hydrogen bonding with the solvent. We further showed
that the phenomena of hydrogen bonding in the imidazolium
ionic liquids could be exploited to suppress unwanted, Pd0-
catalyzed isomerization of allylic acetates. Taken together,
these results highlight the potential effects of imidazolium
cations as hydrogen bond donors on catalytic reactions in
imidazolium ionic liquids and corroborate that ™The more a
solvent blocks up by hydrogen bond or otherwise the active
centers which take part in a chemical reaction, the less will be
the speed in it∫.[31]


Experimental Section


General : All reactions were carried out in oven-dried glassware under
argon, using standard Schlenk and vacuum line techniques. [bmim][BF4]
and [bdmim][BF4] were prepared according to published procedures and
vacuum-dried and stored under argon.[32] THF and CH2Cl2 were freshly
distilled from sodium benzophenone and calcium hydride, respectively,
under nitrogen immediately prior to use. Phenylallyl carbonate 1 was
synthesized according to a literature method.[33] The synthesis of compound
10 was adapted from a literature method.[34] [MeOCO2][HDBU] was
prepared according to a recent procedure.[21c] Compounds 2, 4, 5, 7 and 9,
[nBu4N][OAc], Pd(OAc)2, and PPh3 were purchased from commercial
suppliers and used as received without further purification.


Typical neutral Tsuji ± Trost reaction in [bmim][BF4] as exemplified for the
allylic alkylation between 1 and 2 : Pd(OAc)2 (4.5 mg, 2 mol%) and PPh3
(21.0 mg, 8 mol%) were stirred in [bmim][BF4] (2 mL) at 80 �C for 20 min
under an atmosphere of argon and then allowed to cool to room
temperature. Compounds 1 (192.2 mg, 1.0 mmol) and 2 (198.2 mg,
1.5 mmol) were added and the mixture stirred vigorously under argon for
30 h. The reaction was not complete within a reaction time of 20 h, as
judged by 1H NMR monitoring. Upon completion, the reaction was
quenched with distilled water and the product extracted with EtOAc. The
organic layer was washed with water and brine and dried over MgSO4 to
give 3, which was isolated in 90% yield upon purification by flash column
chromatography (silica gel, eluent: n-hexane/EtOAc� 10/1). The same
reaction was repeated in THF following a reported literature procedure.[16]


Starting with the same quantity of catalyst and reactants in 2 mL of THF,
the reaction was complete in 20 min. 1H NMR spectroscopy was used to
confirm the identity of the product by comparison with the literature.


The reaction of 4 and 5 in [bmim][BF4] on the same scale as above was
performed at 75 �C for an extended reaction time of 24 h to give a complete
conversion to 6. The reaction between 7 and 2 in [bmim][BF4] was complete
within 1 h reaction time furnishing 8, which was isolated in 94% yield
following purification by flash column chromatography (silica gel, eluent:
n-hexane/EtOAc� 4/1). 1H NMR was used to confirm the identity of the
products by comparison with the literature, but in the case of 8, more data
are supplied, which do not appear to have been reported.


(E)-5-Phenyl-2-methoxycarbonyl-4-enoic acid methyl ester 3 :[35] 1H NMR
(250 MHz, CDCl3, 25 �C, TMS): �� 2.79 (dd, J� 7.6, 7.2 Hz, 2H; CH2), 3.54
(d, J� 7.6 Hz, 1H; CH), 3.71 (s, 6H; CH3), 6.12 (dt, J� 15.8, 7.2 Hz, 1H;
CH�CHCH2), 6.46 (d, J� 15.8 Hz, 1H; CH�CHCH2), 7.31 ppm (m, 5H;
C6H5).


(E)-5-Phenyl-2-nitropent-4-enoic acid methyl ester 6 :[18] 1H NMR
(250 MHz, CDCl3, 25 �C, TMS): �� 3.12 (m, 2H; CH2), 3.85 (s, 3H;
CH3), 5.22 (dd, J� 8.9, 5.8, Hz, 1H; CH), 6.08 (dt, J� 15.8, 7.2 Hz, 1H;
CH�CHCH2), 6.56 ppm (d, J� 15.8 Hz, 1H; CH�CHCH2).


Scheme 2. Isomerization of 9 and 10 by mechanistically distinct Pd0/PdII


catalysis.
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(E)/(Z�)-2-(4-hydroxy-3-methyl-but-2-enyl)-malonic acid dimethyl ester 8 :
1H NMR (200 MHz, CDCl3, 25 �C, TMS): �� 1.67 (br s, 3H; CH3), 1.79 (br
s, 3H; CH3�), 2.65 (br m, 4H; CH2CCH3, CH2CCH3�), 3.42 (m, 2H; CH�,
CH), 3.74 (s, 12H; OCH3, OCH3�), 3.96 (br s, 2H; CH2), 4.10 (br s, 2H;
CH2�), 5.19 (br t, J� 7.7 Hz, 1H; C�CH�), 5.35 ppm (br t, J� 7.2 Hz, 1H;
C�CH); 13C NMR (100 MHz, CDCl3): �� 13.9, 21.8, 27.4, 27.4, 51.9, 52.0,
52.8, 52.9, 61.5, 68.3, 120.4, 122.9, 138.7, 138.8, 169.8, 169.9 ppm; MS (I.C./
NH3): m/z (%): 234 [M�NH4]� (80); elemental analysis calcd (%) for
C10H16O5: C 55.55, H 7.47; found: C 55.55, H 7.54. The E/Z ratio for 8 was 3/
2 for the reaction in [bmim][BF4] and in THF based on 1H NMR
integration.


Typical Pd0-catalyzed isomerization reaction in [bmim][BF4] as exempli-
fied for 9 : [Pd(dba)2] (28.7 mg, 5 mol%) and PPh3 (26.2 mg, 10 mol%)
were stirred in [bmim][BF4] (2 mL) at 80 �C for 20 min and then allowed to
cool to room temperature. 9 (114.2 mg, 1.0 mmol) was added and the
mixture stirred vigorously under an atmosphere of dry argon. 1H NMR
monitoring showed no formation of 10 after 20 h. The reaction was then
quenched with distilled water and the product extracted with Et2O. The
organic layer was washed with water and brine and dried over MgSO4 to
give 9 quantitatively. The same reaction in THF followed a reported
procedure,[29] with the ratio of 9 and 10 determined by 1H NMR
spectroscopy.


(E)-1-Acetoxy-but-2-ene (9):[36] 1H NMR (200 MHz, CDCl3, 25 �C, TMS):
�� 1.73 (dd, J� 6.1, 1.1 Hz, 3H; CH3), 2.05 (s, 3H; CH3CO2), 4.50 (d, J�
6.6 Hz, 2H; CH2), 5.59 (td, J� 15.4, 6.6, 1.1 Hz, 1H; CHCH2), 5.80 ppm (br
dq, J� 15.4, 6.1 Hz, 1H; CH3CH).


3-Acetoxy-but-1-ene (10):[36] 1H NMR (200 MHz, CDCl3, 25 �C, TMS): ��
1.31 (d, J� 6.6 Hz, 3H; CH3), 2.06 (s, 3H; CH3CO2), 5.15 (dd, J� 10.4,
1.1 Hz, 1H; CH�CH2), 5.25 (dd, J� 17.3, 1.1 Hz, 1H; CH�CH2), 5.35 (br
quintet, J� 6.6 Hz, 1H; CH3CH), 5.85 ppm (ddd, CH�CH2).
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Efficient Transport of Saccharides through a Liquid Membrane Mediated by a
Cyclodextrin Dimer


Hiroshi Ikeda,* Akiyuki Matsuhisa, and Akihiko Ueno[a]


Abstract: A new efficient system for transporting saccharides through a liquid
membrane has been constructed. The transport rates of saccharides were accelerated
greatly by the cyclodextrin dimer 2 ; by contrast, the corresponding cyclodextrin
monomer 1 was not effective at mediating saccharide transport. The transport rate of
�-ribose through a chloroform liquid membrane was 17 times faster when the
cyclodextrin dimer 2 was used as the transporter than when the cyclodextrin
monomer 1 was used. Similarly the transport rate of methyl �-galactopyranoside was
16 times faster by 2 than by 1.


Keywords: carbohydrates ¥
cyclodextrins ¥ host ± guest systems
¥ liquid membrane ¥ molecular
recognition


Introduction


Recently, much effort has been devoted to the construction of
systems for effectively transporting saccharides through a
liquid membrane containing of artificial transporters, because
such systems are useful not only for separating mixtures of
saccharides but also for elucidating the mechanism underlying
the transport of saccharides through a biomembrane.[1±4] The
separation of a mixture of saccharides is not easy, because
most saccharides are isomers that differ only in the config-
uration of specific hydroxyl groups. An effective method for
separating a mixture of saccharides is based on transport of
the saccharide through a selective membrane containing
transporters that bind only to specific saccharides. The most
successful transporters bind to saccharide through the selec-
tive formation of hydrogen bonds or covalent bonds. The
transport rate of a saccharide through a hydrophobic liquid
membrane is quite slow, because saccharides are hydrophilic.
However, the transport rate of the saccharide through the
liquid membrane would be increased, if the saccharide could
be covered by a hydrophobic shell that has functional groups
on its inside that interact with the hydroxyl groups of the
saccharide. Phenylboronic acid derivatives, reversed micelles,
and lipophilic alkaline earth metal complexes have been used
previously as saccharide transporters.[1±4] It is reported that a
ternary complex of saccharide, water and resorcinarene is


effective for the selective transport of saccharide.[5] Cyclo-
dextrins (CDs) are cyclic oligosaccharides composed of six,
seven, and eight glucose units joined by �-1,4-linkages named
as �-, �-, and �-CD, respectively.[6±8] Because CD has many
hydroxyl groups and, especially, the secondary hydroxyl
groups are aligned in the same plane, we thought that a CD
dimer would be a powerful transporter for saccharides if the
CD dimer could encompass the saccharide, with hydrogen
bonds formed between the hydroxyl groups of the saccharide
and the hydroxyl groups of CD at the secondary hydroxyl side,
and if the primary hydroxyl side of CD were chemically
modified with hydrophobic groups. In this paper, we report a
new highly efficient system for transporting saccharides
through a liquid membrane using a CD dimer.


Results and Discussion


A new transporter was prepared as shown in Scheme 1.
Saccharides are predicted to be caught effectively by the
second hydroxyl groups of the two �-CDs, which are
connected at the secondary hydroxyl side. All of the primary
hydroxyl groups have to be modified with hydrophobic
groups, because �-CD is insoluble in chloroform but soluble
in water; this solubility is not suitable for a saccharide
transporter. Thus, all of the primary hydroxyl groups of �-CD
were first protected with tert-butyldimethlylsilyl groups in
order to alter the primary hydroxyl side of �-CD to a
hydrophobic nature.[9±10] Because heptakis(6-O-tert-butyldi-
methylsilyl)-�-CD (1) was insoluble in water but was soluble
in chloroform, the silylated �-CD 1 was suitable for use as a
transporter in a chloroform liquid membrane. Two molecules
of silylated �-CD 1 were then linked with bis(2-bromoethyl)
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ether to obtain the CD dimer 2 with a yield of 10%. After the
reaction mixture was purified by column chromatography, the
product was identified by elemental analysis, different
1H NMR spectra, and mass spectrometry.
The transport experiments were performed in a U-tube


glass cell across a chloroform liquid membrane from an
aqueous source phase containing a saccharide to an aqueous
receiving phase (Figure 1). Three kinds of liquid membranes


Figure 1. U-type glass cell used for the transport experiments.


were examined for each saccharide: the chloroform liquid
membrane in the presence of ether 1 or 2, or in their absence.
Three kinds of methyl pyranosides (methyl �-�-glucopyrano-
side, methyl �-�-galactopyranoside, and methyl �-�-manno-
pyranoside), two kinds of pentoses (�-ribose, and �-2-
deoxyribose), and two kinds of disaccharides (�-maltose,
and �-lactose) were used as substrates of the transport
experiments (Figure 2).
At regular intervals, a small aliquot of the aqueous


receiving phase was sampled, suitably diluted, and assayed
by HPLC. The amount of saccharide transported to the
receiving phase increased linearly with time in the all cases
(Figure 3). The transport rate was determined by the slope of
the time course of the amount of the transported saccharide
(Table 1). The transport rates of methyl �-�-glucopyranoside


and methyl �-�-mannopyrano-
side were accelerated more
than fourfold by the addition
of the �-CD dimer 2, but was
accelerated less than twofold by
the addition of the �-CD mon-
omer 1. The transport rate of �-
ribose across the liquid mem-
brane in the presence of the �-
CD dimer 2 was 2.5 times faster
than that in its absence, by
contrast, the transport rate of
�-ribose across the liquid mem-
brane in the presence of the


Figure 2. Substrates used in the transport experiments.


Figure 3. Time course of the concentration of methyl �-�-glucopyranoside
in the receiving phase. Source phase (3 mLH2O, [Me-Glu]� 1.0�); organic
phase (12 mL CHCl3, [1]� [2]� 1.0m�); receiving phase (3 mL H2O),
25 �C.


�-CD monomer 1 was almost the same as in its absence.
Because �-deoxyribose is more hydrophobic than the other
saccharides and its transport rate in the absence of the
transporter is fast, the difference in transport rates among the
three kinds of membrane condition was small. Nevertheless,
the transport rate of �-deoxyribose was faster in the presence
of 2 than in the presence of 1.
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Scheme 1. a) tBuMe2SiCl, pyridine, 4 �C, 18 h, 85.5%; b) bis(2-bromoethyl) ether, NaH, THF/DMSO, 50 �C,
48 h, 10.9%.
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The transport rate in the absence of transporter was
subtracted from the transport rate in the presence of the
transporter to determine the transport rate of the complex of
the saccharide with the transporter (Figure 4). The transport
rate for the complex of methyl �-�-galactopyranoside with


Figure 4. Transport rates of complexes of monosaccharides with cyclo-
dextrin derivatives through the liquid membrane.


the �-CD dimer 2 was 16 times larger than that with the �-CD
monomer 1. The transport rate for the complex of �-ribose
with the �-CD dimer 2 was 17 times larger than that with the
�-CD monomer 1. The transport rates of the three types of
methyl pyranoside in complex with the �-CD dimer 2 were
almost same. The transport rates of the complex of ribose with
the �-CD dimer 2 are similar to that of deoxyribose with the �-
CD dimer 2. These results can lead to an estimated
mechanism that the saccharides are completely covered by
the �-CD dimer 2 and that the hydrophobicities of these
complexes are almost same, although the structure of the
complex of the saccharide with the �-CD dimer 2 is not
identified.
Because we could not detect a complex of the �-CD dimer


and the saccharide in chloroform by a 1H NMR spectroscopy,
the concentration of this complex in chloroform is not high.
However, the complex is quite effective for transporting
saccharides, even at this low concentration. A successful
transporter has not only to trap a saccharide effectively at the
interface between the aqueous source phase and the chloro-
form liquid membrane, but also to release the saccharide
rapidly at the interface between the aqueous receiving phase
and the chloroform liquid membrane. Therefore, a good
transporter should have a moderate binding affinity for a
saccharide rather than a high binding affinity.


Unfortunately, the �-CD dimer 2 was not effective for
transporting disaccharides. Because disaccharides are them-
selves insoluble in chloroform and it is impossible to transport
disaccharides through the chloroform membrane in the
absence of an effective transporter, it is necessary to wrap
the disaccharide completely by the transporter for passage
through the chloroform layer. If the binding constant of a
transporter for a disaccharide is not large, the disaccharide
will be released in the chloroform layer during the transport
and will subsequently precipitate in this layer. The binding
affinity of the �-CD dimer 2 is sufficient for transporting a
monosaccharide but not a disaccharide. It will be therefore
necessary to introduce effective functional groups to the �-CD
dimer 2 in order to improve the binding ability for disacchar-
ides.
Although the �-CD dimer 2 is not effective for transporting


disaccharides, our experimental results indicate that it func-
tions quite effectively in the liquid membrane as the trans-
porter for the monosaccharides. Whereas the �-CD dimer 2
can almost completely encompass the monosaccharides, the
�-CD monomer 1 is not enough to cover up the monosac-
charides. Although in theory two �-CD monomers could
make a complex with a saccharide in which the saccharide is
covered in a similar manner to that achieved by the �-CD
dimer, the concentration of this complex in the chloroform
layer would be quite small. Therefore, the �-CD dimer is more
effective than the �-CD monomer for the transporting the
saccharide through the liquid membrane. If functional groups
that could interact selectively with the hydroxyl groups of the
saccharide were introduced into the secondary hydroxyl side
of �-CD, then a more efficient transporter might be con-
structed.


Conclusion


A new and effective system for transporting saccharides
through a liquid membrane has been constructed using a �-
CD dimer as a transporter. This system is more successful for
transporting saccharides through a liquid membrane than is a
system using a �-CD monomer as a transporter.


Experimental Section


General : Mass spectra were obtained on a Shimadzu MALDI-III (TOF-
MS). 1H NMR spectra were recorded on a Varian VXR-500S FT NMR
spectrometer. Chloroform (CHCl3, �� 7.26) was used as an internal
standard, and tetramethylsilane (TMS, �� 0) was used as an external
standard. Elemental analyses were performed by the Analytical Division in
Research Laboratory of Resources Utilization of Tokyo Institute of
Technology. �-Cyclodextrin was a kind gift from Nihon Shokuhin Kako
Ltd. Other reagents were purchased from Tokyo Kasei. CDCl3 with an
isotopic purity of 99.95%, was purchased from Merck.


Heptakis(6-O-tert-butyldimethylsilyl)-�-CD (1): A solution of tert-butyl-
dimethylchlorosilane (14.5 g) in pyridine (150 mL) was added to a solution
of �-CD (9 g) in pyridine (100 mL) for 3.5 h at 0 �C under nitrogen. The
reaction mixture was stirred for 18 h at room temperature under nitrogen.
After the solvent was removed, the residue was dissolved in chloroform,
washed with 1� hydrochloric acid aqueous solution, saturated aqueous
solution of sodium hydrogen carbonate, and saturated brine, and dried over
magnesium sulfate. The crude product was purified by column chromatog-
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Table 1. Transport rates of saccharides through the liquid membrane
mediated by 1 or 2.


Substrate Transport rate [10�2 m�h�1]
non 1 2


Me-Glu 2.9 5.0 12.0
Me-Gal 5.8 6.3 13.7
Me-Man 3.7 5.5 14.9
Ri 3.4 3.7 8.4
De 33.0 36.0 39.0
Mal 0 0 0
Lac 0 0 0
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raphy on silica gel (chloroform/ethyl acetate 7:0.1) and by recrystallization
from methanol/chloroform (95:5) to yield 13.1 g, 85.5%. 1H NMR
(500 MHz, CDCl3): �� 0.03 (s, 21H; Si-CH3), 0.04 (s, 21H; Si-CH3), 0.87
(s, 63H; C-(CH3)3), 3.56 (t, J� 9.2 Hz, 7H; H-4), 3.61 (m, 7H; H-5), 3.64
(dd, J� 3.3, 9.2 Hz, 7H; H-2), 3.71 (brd, J� 10.0 Hz, 7H; H-6), 3.90 (dd,
J� 3.1, 11.4 Hz, 7H; H-6�), 4.04 (t, J� 9.2 Hz, 7H; H-3), 4.89 (d, J� 3.4 Hz,
7H; H-1); MALDI-TOFMS: m/z : calcd for C84H168O35Si7Na: 1956; found:
1956 [M��Na]; elemental analysis calcd (%) for C84H168O35Si7 ¥H2O ¥
1³3CHCl3: C 50.83, H 8.60, Cl 1.78; found: C 50.79, H 8.39, Cl 1.89.


�-CD dimer (2): NaH (18 mg) was added to a solution of 1 (1.0 g) in a
mixed solvent of THF (30 mL) and DMSO (3 mL) and stirred at room
temperature. A solution of bis(2-bromoethyl) ether (57 mg) in THF
(20 mL) was added to the reaction mixture for 10 h at 50 �C. After the
solvents were removed, the residue was dissolved in chloroform, washed
with saturated aqueous solution of ammonium chloride and dried over
magnesium sulfate. The crude product was purified by column chromatog-
raphy on silica gel (chloroform/methanol/water 5:1:0.1). The fractions
containing the desired product were concentrated under reduced pressure
to give a white powder (221.9 mg, 10.9%). 1H NMR (500 MHz, CDCl3):
�� 0.03 (br s, 42H; Si-CH3), 0.87 (s, 63H; C-(CH3)3), 3.22 (brd, 2H; H-2),
4.82 ± 5.02 (m, 14H, H-1); MALDI-TOFMS: m/z : calcd for C172H342O71-


Si14K: 3965; found: 3965 [M��K]; elemental analysis calcd (%) for
C172H342O71Si14 ¥ 3H2O ¥ 1³3CHCl3: C 51.32, H 8.70, Cl 0.88; found: C 51.35, H
8.68, Cl 0.90.


Transport experiments : Transport experiments were performed in a U-tube
glass cell across a chloroform liquid membrane from an aqueous source
phase (3 mL) containing a saccharide (1�) to an aqueous receiving phase
(3 mL) (Figure 1). Three kinds of liquid membranes were examined for
each saccharide: chloroform liquid membrane (12 mL) in the presence of
either 1 or 2 (1m�), or in their absence at 25 �C. At regular intervals, a small
aliquot of the aqueous receiving phase was sampled, suitably diluted, and
assayed by HPLC using Tosoh TSKgel Amide-80. Saccharides were
detected by a refractive index meter.
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The Hetero-Diels ±Alder Addition of Sulfur Dioxide: The Pseudo-Chair
Conformation of a 4,5-Dialkylsultine


DeanMarkovic,[a] Elena Roversi,[a] Rosario Scoppelliti,[a] Pierre Vogel,*[a] Rube¬nMeana,[b]
and Jose¬ A. Sordo*[b]


Abstract: Even unsubstituted butadiene adds to sulfur dioxide in the hetero-Diels ±
Alder mode more rapidly than in the chelotropic mode. The sultine can be observed
in equilibrium with the diene and the sulfur dioxide only at low temperature and in
the presence of CF3COOH. Crystals of 4,5-dialkyl-sultine resulting from the SO2


addition to 1,2-dimethylidenecyclohexane have been obtained at �100 �C and
analyzed by X-ray diffraction. Quantum chemical calculations have shown that
hyperconjugative interactions within the sulfinyl moiety are responsible for the
anomeric effects observed in sultines that prefer pseudo-chair conformations with
pseudo-axial S�O bonds.


Keywords: ab initio calculations ¥
conformation analysis ¥
cycloadditions ¥ heterocycles ¥
sulfur


Introduction


Mono- and 2,3-dialkylbuta-1,3-dienes, which can adopt a s-cis-
conformation, add to sulfur dioxide below �50 �C giving the
corresponding [1,2]oxathiin-3-oxides (sultines) that are un-
stable above �40 �C. The hetero-Diels ±Alder additions are
faster than expected chelotropic additions.[1±3] Except for 1,2-
dimethylidenecycloalkanes,[3, 4] the reaction requires promo-
tion by a protic or Lewis acid. With (Z)- and (E)-1-fluoro-
methylidene)-2-methylidene-3,4-dihydronaphthalene, the
corresponding 6-fluorosultines have been recrystallized at
�100 �C and X-ray crystallography has shown sofa confor-
mations with oxygen of the ring lying in average plane of the
four carbon atoms and the S�O bond being either in a pseudo-
equatorial[5] or a pseudo-axial position.[6] For simple non-
fluorinated sultines, quantum chemical calculations predicted
pseudo-chair conformations with the S�O bond preferring
pseudo-axial positions.[7] Structures and conformations of the


sultines in the solution were inferred from their NMR
data.[1, 3, 4, 7] For the first time we have been able to recrystal-
lize sultine 2 at �100 �C (Scheme 1). We report now the first


Scheme 1.


X-ray analysis of a non-fluorinated sultine. We also report a
detailed computational analysis of the conformations which
can be adopted by this sultine. The conformation observed for
the crystalline sultine 2was in fact found to be the most stable.
We have now established that:
1) the pseudo-chair is the more stable conformation of 1,2-


dialkylsultine 2,
2) the S�O bond prefers a pseudo-axial position,
3) pseudo-chair conformation of the sultine ™communicates∫


with the pseudo chair of the cyclohexene unit in 2,
4) anomeric effects are analyzed in terms of hyperconjugative


interactions.
We report also for the first time that
5) butadiene itself adds slowly to SO2 in the presence of


CF3COOH equilibrating with the parent sultine 3 at
�40 �C.


Theoretical Methods


The potential energy surface for the hetero-Diels ±Alder
addition of sulfur dioxide to 2,3-dialkylbuta-1,3-dienes was
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explored at the B3LYP/6-31G(d) level of theory,[8] which has
been shown to provide reliable results on this type of
systems.[3, 9]


The location of the minima on the potential energy surface
was performed by means of standard algorithms as imple-
mented in the GAUSSIAN 98 package of programs.[10] All
stationary points located were characterized by computing the
Hessian matrix and by checking the sign of the corresponding
eigenvalues. This allowed us to perform the thermochemistry
analysis using the ideal gas, rigid rotor, and harmonic
oscillator approximations.[11]


The solvation effects were estimated by performing single-
point B3LYP/6-31G(d) calculations with the self-consistent
reaction field (SCFR) Onsager model, in which the solvent is
represented by a dielectric constant.[12, 13] To obtain results
applicable at the experimental concentration,[14] we computed
the Gibbs free energies choosing the standard state in
accordance with the condensed phase experimental condi-
tions (p� 272).


In order to estimate the importance of hyperconjugative
interactions on the stabilization of structures, the natural bond
orbital (NBO)[15] analysis was used. In the NBO method, the
atomic orbital basis set is orthogonalized and the canonical
delocalized Hartree ±Fock (HF) molecular orbitals are trans-
formed into localized hybrids (NBOs). The filled NBOs
describe covalency effects in molecules while unoccupied
NBOs are used to describe noncovalency effects. Among the
latter, the most important are the antibonds. Small occupan-
cies of these antibonds correspond, in HF theory, to irredu-
cible departures from the idealized Lewis picture and thus to
small noncovalent corrections to the picture of localized
covalent bonds. The energy associated with the antibonds can
be numerically assessed by deleting these orbitals from the
basis set and recalculating the total energy to determine the
associated variational energy lowering. For a X-Y-Z system,
the NBO deletion procedure allows one to compute the
energy (EXYZ) after zeroing the off-diagonal Fock matrix
elements connecting the lone pairs n on X with the Y�Z �*
antibonds. The difference Etotal�EXYZ is the energy corre-
sponding to the n� �* interactions.[15]


Results and Discussion


Homochiral crystals of 2 ¥ SO2 were obtained by reaction of
diene 1[16] in a 1:3.3 mixture of SO2/MeOH at �78 �C and
cooling to �100 �C.[17] X-ray diffraction at 140 K (Figure 1)
showed that 2 exhibits a pseudo-chair conformation for the


Figure 1. Ball and stick representation of (S)-1,4,5,6,7,8-hexahydro-
benzo[d][1,2]oxathiin-3-oxide in 2 ¥ SO2.


cyclohexane and the sultine units. Both pseudo-chairs have
the pseudo P chirality with respect to the pseudo C2 axis.
Importantly, the S�O bond resides in a pseudo-axial position.
Bond lengths involving sulfur atom are S�C 1.847(5) ä, S�O
1.520(4) ä and S�O 1.655(4) ä. Typical distorsion from
tetrahedral geometry may be reflected by the O1�S�C4 bond
angle of 98.1(2)�. The distances reflect an electronic delocal-
isation occurring in the O�S�O system. The crystal packing
shows C�H ¥ ¥ ¥O hydrogen bonds (C ¥ ¥ ¥O 3.486(7) ä, C�H ¥ ¥ ¥
O 157�). An important feature of the crystal packing is the
weak interaction between the exocyclic S�O group and the
SO2 molecules. Each oxygen atom interacts with two sulfur
atoms (O ¥ ¥ ¥S 2.841(4), 2.850(4) ä). These interactions are
below the sum of the van der Waals radii for these two atoms
(3.32 ä)[18] and form an infinite one-dimensional chain along
the base vector [100] (see Supporting Information).


The six minima conformations of 1,2-dialkylsultine 2
located on the potential energy hypersurface are collected
in Figure 2. Such structures correspond to the three con-
formers C2, B2, S2 and their ™diastereomeric species∫ C2�,
B2�, S2�, in which the sultine adopts a pseudo-chair (C)
conformation with pseudo-axial S�O bond, a boat conforma-
tion (B) with pseudo-axial S�O bond, and another pseudo-
chair conformation (S) with pseudo-equatorial S�O bond (see
further details of the calculations in the Supporting Informa-
tion).


In all these conformers the cyclohexene moiety adopts
pseudo-chair conformations. Table 1 gives the most represen-
tative geometrical parameters for C2 as computed at the
B3LYP/6-31G(d) level. Comparison with the corresponding
experimental values shows the reliability of the level of theory
employed. The calculated relative (to reactants) enthalpies
for the reaction 1�SO2 � 2 are given in Table 2. They show
that conformer C2, which corresponds to that found in the
crystalline state with 2 ¥ SO2, is the most stable. The calcu-
lations predict that C2� is 0.6 kcalmol�1 less stable than C2,


Abstract in French : Pour la premiõre fois on montre que le
dioxyde de soufre et le butadiõne s×ÿquilibrent avec le 2-oxyde
de [1,2]oxathiine (sultine 3 non-substituÿe) en prÿsence de
CF3COOH. Les calculs quantiques B3LYP/6-31G(d) prÿ-
voient qu×une sultine non-fluorÿe adopte une conformation
pseudo-chaise avec la liaison exocyclique S�O en position
pseudo-axiale. Ce conformõre est estimÿ e√tre plus stable que les
conformõres bateaux ou pseudo-chaises avec la liaison S�O
pseudo-equatioriale. Les interactions n(S)� �*(O-C) et
n(O)� �*(S�O) jouent un ro√le dÿcisif dans la stabilitÿ du
conformõre pseudo-chaise avec S�O exocyclique en position
pseudo-axiale. Ces prÿdictions sont verifiÿes par la structure
crystalline ‡ �100 �C du 3-oxyde de (S)-1,4,5,6,7,8-hexahydro-
benzo[d]-[1,2]oxathiine (sultine 2 rÿsultant de l×addition
hetero-Diels ±Alder du 1,2-dimethylidenecyclohexane) ‡ basse
tempÿrature. C×est la premiõre fois qu×une sultine non-fluorÿe a
ÿtÿ crystallisÿe et caractÿrisÿe par diffraction des rayons X.
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indicating that the pseudo-chairs of the sultine and cyclo-
hexene moiety ™communicate∫ with each other.


Contrary to what has been found for 6-fluorosultines[5, 6]


sofa conformers of the sultines with intra-ring oxygen atom
lying in the plane of four carbon atoms of the sultine are not
energy minima. Conformers S2 and S2� with pseudo-equato-
rial S�O bonds are calculated to be about 2 ± 3 kcalmol�1 less


stable than the pseudo-chair
conformers C2 and C2� with
pseudo-axial S�O bonds. Inter-
estingly, the boat conformers
B2 and B2� with pseudo-axial
S�O bond are only 1 ± 2
kcalmol�1 less stable than C2
and C2�. Applying the natural
bond orbital (NBO)[15] analysis
we obtain the different hyper-
conjugative contributions
shown in Table 3.


Interestingly, the total contri-
bution (n � �*) is higher in the
boat conformers B2 and B2�
than in the pseudo-chair con-
formers C2 and C2�; this sug-
gests that the latter result from
competition between stabiliz-
ing anomeric effects and avoid-
ed eclipsing interactions (steric
effect). The calculations show
that pseudo-chairs S2 and S2�
cannot enjoy hyperconjugative
interactions as much as C2 and
C2�. The n(S1)� �*(O1-C1) in-
teraction as well as the
n(O1)� �*(S�O) are playing
decisive roles.


Butadiene is much less reac-
tive than 2,3-dialkylbuta-1,3-di-
enes toward SO2 (Figure 3) and
up to now the parent sultine 3
had never been observed.


When a 2.5 mol�1 dm�3 solution of butadiene in SO2/CD2Cl2/
CF3COOH was left at �40 �C, equilibrium with 3 was
observed after a week (K(butadiene�SO2 � 3)� 4.4�
10�3mol�1dm�3 at �40 �C (CH3CN as internal reference).


Using an entropy of reaction of �42 calK�1mol�1 for this
cycloaddition,[7] one estimates K(butadiene�SO2 � 3)�
0.02 dm3mol�1 at �60 �C to be compared with K(isopre-
ne�SO2 � 4-methylsultine)� 0.03 dm3mol�1 at the same
temperature.[7] The 1H NMR spectrum of 3 is consistent with a
pseudo-chair conformation as for 2 (Figure 4).


Figure 2. Different conformations of 2 as computed at the B3LYP/6-31G(d) level.


Table 1. Some representative bond lengths [ä] and angles [�] for
1,4,5,6,7,8-hexahydro-2,3-benzoxathiin-3-oxide (2).


Parameter B3LYP/6-31G(d) Exptl


S1�O2 1.492 1.520(4)
S1�O1 1.687 1.655(4)
S1�C4 1.844 1.847(5)
O1�C1 1.439 1.461(6)
O2-S1-O1 110.1 107.6(2)
O2-S1-C4 106.6 105.9(2)
O1-S1-C4 94.0 98.1(2)
C1-O1-S1 114.2 114.9(3)
O1-C1-C2 115.1 115.5(4)
O2-S1-O1-C1 43.7 48.2(4)
C4-S1-O1-C1 � 65.7 � 61.4(4)
S1-O1-C1-C2 55.6 52.5(5)
O1-C1-C2-C3 � 15.4 � 14.0(7)
O2-S1-C4-C3 � 65.0 � 68.8(4)
O1-S1-C4-C3 47.4 42.1(4)


Table 2. Thermodynamic data[a] (relative to reactants) as computed at
213.15 K for the different conformers of the 1,4,5,6,7,8-hexahydro-2,3-
benzoxathiin-3-oxide. �E, �H and �G in kcalmol�1, �S in calmol�1K�1.


Structure �E �H �S �G [b]


C2 � 8.5 � 9.4 � 45.2 � 2.1
C2� � 7.5 � 8.8 � 44.6 � 1.7
B2 � 6.5 � 7.3 � 43.5 � 0.4
B2� � 6.3 � 7.1 � 43.5 � 0.2
S2 � 5.0 � 5.8 � 44.9 1.4
S2� � 5.6 � 6.5 � 45.2 0.8


[a] Solvation energy as estimated by means of the Onsager model is
included. [b] �G includes the correction factor for changing the standard
state function from 1 atm to 272 atm [passing from gas phase to condensed
phase; see R. L. Martin, P. J. Hay, L. R. Pratt, J. Phys. Chem. A 1998, 102,
3565].
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Figure 3.


Figure 4.


Conclusion


Butadiene and alkylsubstituted derivatives undergo hetero-
Diels ±Alder additions with SO2 activated with protic or
Lewis acid below �40 �C, a reaction that is faster than the
well-known chelotropic addition of SO2.[19] X-ray diffraction
data confirm predictions of quantum chemical calculations
that the non-fluorinated sultine prefer pseudo-chair confor-
mations with pseudo-axial S�O bonds. The sulfinate moiety of
the non-fluorinated sultine manifests a conformational
anomeric effect that our computational approach shows is
due to hyperconjugative interactions.


Experimental Section


For general methods, see ref. [6].


1,4,5,6,7,8-Hexahydro-2,3-benzoxathiin-3-oxide (2): On the vacuum line,
dry SO2 (1.4 mL) was transferred to a frozen (liq. N2) solution of 1,2-
dimethylidenecyclohexane (1)[16] (436 mg, 4.03 mmol) in anhydrous meth-
anol (5 mL). Dry SO2 was obtained by degassing SO2 and filtering (gas)
through a column of alkaline aluminium oxide 90 (act. I, Merck). It was
then mixed with quinoline and iodine and distilled from that mixture on the
vacuum line. The mixture of 1�SO2 and MeOH was allowed to warm
slowly to�78 �C and was kept at this temperature for 5 d. The crystals of 2 ¥
SO2 were collected at this temperature and measured at �100 �C. Data for
2 : 1H NMR (400 MHz, CD2Cl2/SO2/CFCl3, 193 K): �� 1.56 (m, 2H), 1.79
(m, 2H), 1.86 (m, 2H), 1.91 (m, 2H), 2.75/3.39 (2d, 2J� 17.3, 2H, H2C(5)),
4.14/4.25 (2d, 2J� 15.9 Hz, 2H, H2C(2)); 13C NMR (100.6 MHz, CD2Cl2/
SO2/CFCl3, 193 K): �� 21.3 (t, 1J(C,H)� 129 Hz), 22.1 (t, 1J(C,H)�
131 Hz), 24.7 (t, 1J(C,H)� 126 Hz), 29.0 (t, 1J(C,H)� 128 Hz), 49.3 (t,
1J(C,H)� 138 Hz, C(5)), 60.0 (t, 1J(C,H)� 150 Hz, C(2)), 117.8 (s, C(6)),
125.9 (s, C(1)).


The same mixture allowed to stand at �40 �C for 5 d gave crystalline
1,3,4,5,6,7-hexahydrobenzo[c]thiophene 2,2-dioxide, white solid. 1H NMR
(400 MHz, CD2Cl2/SO2, 294 K): �� 1.78 (m, 4H), 2.10 (m, 4H), 3.68 (m,


4H); 13C NMR (100.6 MHz, CD2Cl2/SO2,
294 K): �� 22.7 (t, 1J(C,H)� 129 Hz), 26.4
(t, 1J(C,H)� 127 Hz), 60.3 (t, 1J(C,H)�
142 Hz), 128.9 (s, C(1), C(5)).


Crystal of 2 ¥SO2: orthorhombic,
a� 8.294(2), b� 8.4181(2), c� 16.066(4) ä,
�� 90, �� 90, �� 90�, V� 12121.7(5) ä3,
�� 1.399 Mgm�3, data/restraints/parame-
ter� 1945/0/127, ab 140(2) K.


CCDC-198362 (2 ¥ SO2) and -198363
(1,3,4,5,6,7-hexahydrobenzo[c]thiophene
2,2-dioxide) contain the supplementary
crystallographic data for this paper. These
data can be obtained free of charge via


www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).


3,6-Dihydro-1,2-oxathiin 2-oxide (3): A 1:1 mixture of butadiene and
CF3COOH (80 mg) in CDCl3 (0.15 mL) containing 2% CH3CN (internal
reference) was placed in a 5 mm pyrex NMR tube and degassed (freeze/
thaw cycles) on the vacuum line. Sulfur dioxide (0.3 mL) dried as above was
transferred to this mixture (liq. N2). The NMR tube was sealed off from the
vacuum line and immersed in a EtOH bath maintained at �40 �C for 7 d
until equilibrium was reached (control by 1H NMR). An equilibrium
constant K � 4.4� 10�3 mol�3dm3 was evaluated at �40 �C for butadie-
ne�SO2 � sultine 3. 1H NMR (400 MHz, CD2Cl2/SO2/CF3COOH,
CH3CN, 233 K): �� 5.88 (dm, 3J(H-4,H-5)� 11.6 Hz, H-5), 5.66 (ddddd,
3J(H-4,H-5)� 11.6, 3J(He-3,H-4)� 6.4, 3J(Ha-3,H-4)� 2.2, 4J(H-4,He-6)�
4J(Ha-6,H-4)� 2.2 Hz, H-4), 4.53 (ddddd, 2J� 16.7, 3J(H-5,Ha-6)� 4J(H-
4,Ha-6)� 2.2, 5J(Ha-3,Ha-6)� 4.6, 5J(He-3,Ha-6)� 2.9 Hz, Ha-6), 4.38 (dddd,
2J� 16.7, 3J(H-5,He-6)� 2.7, 4J(H-4,He-6)� 2.2, 5J(Ha-3,He-6)� 2.7 Hz, He-
6), 3.43 (dm, 2J� 17.1 Hz, Ha-3), 3.07 (ddd, 2J� 17.1, 3J(He-3,H-4)� 6.4,
5J(He-3,Ha-6)� 2.9 Hz, He-3); 13C NMR (100.6 MHz, CD2Cl2/SO2/
CF3COOH, CH3CN, 233 K): �� 124.3 ((d, 1J(C,H)� 163 Hz, C-5), 113.8
(d, 1J(C,H)� 170 Hz, C-4) 59.1 (t, 1J(C,H)� 153 Hz, C-6), 45.3 (t,
1J(C,H)� 141 Hz, C-3).
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A New Family of Insulin-Mimetic Vanadium Complexes Derived from
5-Carboalkoxypicolinates


Jessica G‰tjens,[a] Beate Meier,[b] Tama¬s Kiss,[c] Eszter M. Nagy,[c] Peter Buglyo¬ ,[d]
Hiromu Sakurai,[e] Kenji Kawabe,[e] and Dieter Rehder*[a]


Abstract: The reaction of 5-carboalkox-
ypicolinic acid (5ROpicH, R�Me, Et,
iPr, sBu; 1a ±d) with vanadyl sulfate
yielded the complexes [VO(H2O)(5R-
Opic)2], 2a ± d, with H2O and one of the
picolinato ligands in the equatorial po-
sitions, and the second picolinate occu-
pying equatorial (N) and axial (O)
positions. Reaction of 1a with
[NH4][VO3] yielded [NH4][VO2(5 -
MeOpic)2], [NH4]-3, in which the N
functions of the picolinates are trans to
the doubly bonded, cis-positioned oxo
groups. Complexes 1a ¥ H2O, 1b, 1c, 2a ¥
3.5H2O and [NH4]-3 ¥ 4H2O have been
structurally characterised. A detailed


pH-potentiometric solution speciation
analysis of the system VO2�-1a revealed
a dominance of VO(5OMepic)2 be-
tween pH 2 and 6, with the same coor-
dination pattern, evidenced by EPR
spectroscopy, as in the crystalline solid
state. In ternary systems containing
physiological concentrations of the low
molecular mass biogenic binders (B)
lactate, oxalate, citrate or phosphate,
ternary species of general composition


VO(5MeOpic)B dominate at physiolog-
ical pH, with citrate being the most
effective competitor for picolinate. All
of the complexes trigger glucose uptake
and degradation by simian virus modi-
fied mice fibroblasts at non-toxic con-
centrations (�100 ��), with 2a,
[VO2(pic)2]� and [VO2(dipic)]� being at
least as effective as insulin. Vanadium
uptake by the cells is most effective in
the case of 2a. 2a also effectively
inhibits free fatty acid release by rat
adipocytes treated with epinephrine,
thus mimicking the inhibition of lipolysis
by insulin.


Keywords: bioinorganic chemistry ¥
diabetes ¥ picolinates ¥ solution
speciation ¥ vanadium


Introduction


The use of sodium metavanadate in the treatment of human
diabetes mellitus had already been reported as early as 1899,[1]


but interest in pharmaceutically available insulin substitutes
containing vanadium has revived only during the last
25 years.[2±4] Efforts have been made to design coordination
compounds of vanadium in the oxidation states � �� and ��[5]


(and, more recently, also � ���[6]) that exhibit insulin-mimetic
activities and, concomitantly, low toxicity. Vanadate itself is
toxic due to its inhibitory effect towards various phosphate-
metabolising enzymes.[7] The main advantage of vanadium
compounds, as compared to insulin, lies in the possibility of
oral administration. Furthermore, vanadium compounds are
active in type 1 diabetes (which is due to insufficient or
lacking insulin supply) and type 2 diabetes (non-insulin-
dependent diabetes mellitus, due to insulin resistance).


The insulin-like activities exhibited by vanadium com-
pounds encompass the ability to lower elevated blood glucose
levels in vivo. Vanadium stimulates glucose uptake and
subsequent oxidation in glucose-metabolising cells as well as
glycogen synthesis in vitro. In addition, it promotes the
inhibition of glycolysis and glyconeogenesis, and inhibits
lipolysis (activates lipogenesis).


To be therapeutically effective, a compound should exhibit
a balanced lipophilicity and hydrophilicity, which can be
achieved by an appropriate design of the periphery of the
coordination compound, thereby providing facile uptake by
and transport in the bloodstream. The complexes should
further be stable with respect to ligand exchange in order to
survive the acidic conditions in the stomach and the transport
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by body fluids. To facilitate efficient transport across hydro-
phobic membranes into the target cell, the ligand sphere
should also contain a site for recognition by a membrane
receptor. Finally, non-toxic metabolites are advantageous.
This latter requirement is fulfilled with picolinic acid (pyr-
idine-2-carboxylic acid), which is an intermediate in the
tryptophane degradation path way.


Promising results with regard to the aspects mentioned
above have thus been obtained with vanadium complexes
bearing ligands derived from picolinic acid, picH. These
ligands form vanadium compounds with theNO,OO orONO
coordination modes; for an early review by J. Selbin reference
[8]. Complexes with vanadium in oxidation state � �� and
picolinate as ligand, [VO(pic)2], were initially tested for their
insulin-like activity in 1995 by Sakurai and co-workers, who
demonstrated the ability of these complexes to normalise both
serum glucose and free fatty acid (FFA) levels in rats.[9]


Starting from these results, various VIV and VV compounds
with picH and derivatives of picH were the subject of research
activities in terms of their insulin-mimetic (normoglycemic)
activity. Examples are complexes with picolineamides,[10] and
picolinates with the substituents 5-I,[11] 6-Me, 6-COO� (dip-
ic),[10, 12, 13] 6-Et[14, 15] and 4-OH-dipic.[16, 17] It is noteworthy that
the oxidation state of vanadium does not seem to play a
crucial role in activity.[18] The complex anion
[VO2(dipic)(H2O)]� proved promising in the oral treatment
of diabetic cats.[19, 20] The peroxo complex K2[VO(O2)2pic] has
been shown to decrease blood glucose levels in streptozoto-
cin-induced diabetic rats.[21] Apart from the various picolinato
vanadium compounds, there also exist several examples for
picolinato complexes with metal centres other than vanadium,
such as zinc, cobalt and chromium, which have also been
shown to be insulin-mimetic.[3, 21]


Here, we present a novel variant of the picolinato scheme,
with regard to vanadium complexes of 5-carboalkoxypicolinic
acid, 5ROpicH (Scheme 1), with a site for modification, with
respect to the substituent R in the 5-position, which allows a
fine tuning of the properties of the respective vanadium
complexes in the periphery of the coordination sphere.


Results and Discussion


Synthesis, characterisation and structure description :
Scheme 1 provides an overview of the ligands and complexes
introduced here. For the syntheses of the 5-carboalkoxypico-
linic acids, 5ROpicH (1a ± d), the pyridine-2,5-dicarboxylic
acids were converted to the dialkylesters according to known
procedures.[14] Reaction with copper(��) nitrate yielded blue
copper complexes, from which the monoesters were liberated
with hydrogen sulphide.[15] In the case of 1a, 1b and 1c single
crystals were grown out of aqueous acetone. The acids
crystallise in the triclinic space group P1≈ (1a ¥ H2O, 1b) or in
the monoclinic space group P2(1)/c (1c). The molecular
structures and sections of the crystal structures showing the
H-bonding network are depicted in Figure 1. Bond lengths
and angles (Table 1) are in the expected range. In 1a ¥ H2O,
adjacent molecules of 1a are linked together through two
water molecules by hydrogen bridges; the water molecules act
as donors to the pyridine-N and as acceptors for the
carboxylic-OH, giving rise to chains consisting of H2O-
bridged dimers of 1a. These chains are interlinked by
hydrogen bonds between water and the carboxylic-O. In 1b,
trimeric subunits are formed by OH ¥¥¥N links, while in 1c, the
molecules are infinitely linked through OH ¥¥¥N hydrogen
bonds.


For the syntheses of the vanadium(��) complexes 2a ± d, an
aqueous solution of vanadyl sulfate was mixed with a solution
of 5ROpicH and sodium acetate in water/THF and heated to
50 �C for 2 h. The complexes precipitated in the form of green,
microcrystalline powders. Once generated, the complexes are
stable in air. Elemental analyses confirmed the expected
coordination of two molecules of the ligand to the metal
centre, with the sixth position occupied by a molecule of
water. In the case of [VO(H2O)(5MeOpic)2] (2a), green
single crystals of 2a ¥ 3.5H2O were obtained from a hot
aqueous solution by slow cooling. The yellow bis(oxo)vana-
dium(�) complex [NH4][VO2(5MeOpic)2], [NH4]-3, was ob-
tained by mixing a slurry of [NH4][VO3] in water with a
solution of the 5MeOpicH in acetone. Single crystals of


[NH4]-3 ¥ 4H2O suitable for an
X-ray diffraction analysis were
grown from the mother liquid.
The molecular structure of
[VO(H2O)(5MeOpic)2] (2a) is
displayed in Figure 2, with
bonding parameters in Table 2
and, for the ligand, in Table 1.
The asymmetric unit contains
two independent molecules and
seven waters of crystallisation.
The basic formula of the crys-
talline material thus is 2a ¥
3.5H2O and crystallises in the
triclinic space group P1≈, while
the bulk material, as evidenced
by the elemental analysis and
thermogravimetry (vide infra),
is free of water of crystallisa-
tion. In one of the independentScheme 1.
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molecules, the methoxy group is disordered over two posi-
tions (70:30%). Four of the waters of crystallisation are
disordered as well. See also Experimental Section for disorder
information. The ligands coordinate in the usual bidentate
manner, forming, together with an aqua ligand (O2) in the
equatorial and the doubly bonded oxygen (O1) in the apical
position, a complex of distorted octahedral geometry. The
second axial position is occupied by the carboxylate oxygen
O7 of one of the picolinates. The corresponding bond length
d(V1�O7), 2.122(3) ä, is rather long as a consequence of the
trans influence of O1. The angle O1-V-O7, 165.1(1)�, signifi-
cantly deviates from linearity, possibly as a result of the steric
hindrance imparted by one of the carbomethoxy groups.
Vanadium is displaced from the equatorial plane spanned by
N1, N2, O2 and O3 towards the apical O1 by 0.295 ä. Water
of crystallisation is hydrogen-bonded to the aqua ligand and
the coordinated carboxylate-oxygen atoms O3 and O7, and
further forms a weak bond to the methoxy group O5; Table 2.


The ligand bonding parameters (Table 1) are the same within
the limits of error as in the free acids, with the exception of the
bond length carboxylate-OH (C1�O1 in 1a, which is some-
what longer than for the deprotonated, coordinated carbox-
ylate-O (C1�O3 and C9�O7) in 2a.


[NH4][VO2(5MeOpic)2] ¥ 4H2O ([NH4]-3 ¥ 4H2O) (Figure 3
and Table 2) crystallises in the monoclinic space group C2/c.
Two of the water molecules are disordered, one to the extent
where it is displaced along the C2 axis across the space
between the facing VO2 moieties of two neighbouring anions;
Figure 3, right. The molecular structure is shown in Figure 3,
left. The oxo groups (O5, O5A) are cis standing, bisected by
the C2 axis which passes through the vanadium centre and the
octahedral edge formed by N1 and N1A. In contrast to 2a,
where a carboxylate-O is trans to the oxo group, the pyridine-
N are trans to the oxo groups in 3, giving rise to rather long
d(V�N1)� 2.310(2) ä. The molecular axis, defined by O5-V-
N1, is again tilted: the angle is 163.42(7)�. Vanadium is above


Figure 1. XSHELL plots (50% probability level) of 1a ¥ H2O, 1b and 1c.
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Figure 2. XSHELL plot (50% probability level) of 2a. Only one of the two
independent molecules is shown.


the plane spanned by O1, O1A, N1A and O5A by 0.296 ä.
The d(V�O5), 1.629(1) ä, are relatively long, possibly as a
consequence of the hydrogen bonding to water of crystalli-
sation, O10, and reflected in the rather low value �(V�O); see
Table 3. O10 is further hydrogen-bonded to the ammonium
cation, which in turn forms a hydrogen bond to the non-
coordinated carboxylate-O2. In addition, O3 of the ester
group forms hydrogen bonds with interstitial water. The


ligand parameters compare to those of the free picolinic acid,
except again for a shortening of d(C1�O1) in 3 as compared to
1a, Table 1.


Selected IR data are collated in Table 3. The C�O stretch is
somewhat strengthened in the complexes, reflected by a shift
to higher wavenumbers by approximately 15 cm�1 in the
complexes with respect to the free ligands. The difference


Table 1. Selected bond lengths [ä] and angles [�] for 1a ¥ H2O, 1b and 1c, and the ligand 1a(1� ) in the complexes 2a and 3.


1a ¥H2O 1a� in 2a ¥ 3.5H2O 1a� in [NH4]3 ¥ 4H2O 1b 1c


C1�C2 1.5058(18) 1.511/1.502(5) 1.504(3) C1�C2 1.5093(17) 1.5064(14)
C1�C2/C9�C10


C1�O1 1.3110(16) 1.304/1.279(5) 1.284(2) C1�O1 1.3066(15) 1.3188(13)
C1�O3/C9�O7


C1�O2 1.2148(16) 1.232/1.232(4) 1.226(2) C1�O2 1.2117(15) 1.2068(14)
C1�O4/C9�O8


C5�C7 1.4984(19) 1.498/1.481(5) 1.490(3) C5�C7 1.4928(17) 1.4920(14)
C5�C7/C13�C15


C7�O3 1.2009(17) 1.208/1.209(4) 1.195(3) C7�O3 1.2111(15) 1.2079(13)
C7�O5/C15�O9


C7�O4 1.3323(16) 1.327/1.324(5) 1.318(3) C7�O4 1.3292(15) 1.3336(13)
C7�O6/C15�O10


C8�O4 1.4543(17) 1.456/1.454(5) 1.464(3) C8�O4 1.4622(15) 1.4688(12)
C8�O6/C16�O10


O1-C1-O2 125.37(12) 126.6/124.9(4) 124.29(19) O1-C1-O2 125.93(11) 125.84(10)
O3-C1-O4/O7-C9-O8


O3-C7-O4 124.56(12) 124.7/124.9(4) 123.8(2) O3-C7-O4 124.45(11) 124.91(10)
O5-C7-O6/O9-C15-O10


C7-O4-C8 114.91(11) 115.3/115.7(3) 116.2(18) C7-O4-C8 114.27(10) 116.19(8)
C7-O6-C8/C15-O10-C16


O1 ¥¥¥O01 2.52
O01 ¥¥¥O2 2.77
O01 ¥¥¥ N1 2.83
O1 ¥¥¥ N1 2.70 2.72


Table 2. Selected bond lengths [ä] and angles [�] for 2a ¥ 3.5H2O and
[NH4]-3 ¥ 4H2O.[a]


2a ¥ 3.5H2O [NH4]-3 ¥ 4H2O


V1�O1 1.597(3) V1�O5 1.6287(14)
V1�O2 2.016(3)
V1�O3 1.989(3) V1�O1 1.9784(14)
V1�O7 2.122(3)
V1�N1 2.118(3) V1�N1 2.3098(16)
V1�N2 2.133(3)
O1-V1-O7 165.04(12) O5-V1-N1 163.42(7)
O2-V1-N1 161.37(13) O1-V1-O1A 150.13(8)
O3-V1-N2 163.31(12) O5-V1-O5A 105.68(11)
O3-V1-N1 78.71(11) O1-V1-N1 73.83(5)
O7-V1-N2 74.53(11)
O2 ¥¥¥O21 2.600(5) O10 ¥¥¥ O3 2.803(3)
O2 ¥¥¥O22 2.688(5) O10 ¥¥¥ O5 2.896(2)
O21 ¥¥¥ O7 2.832(5) N2 ¥¥¥O2 2.927(2)
O22 ¥¥¥ O3 2.886(5) N2 ¥¥¥O10 2.843(2)
O23 ¥¥¥ O5 3.065(6)


[a] O21, O22 and O10 correspond to water of crystallisation.


Table 3. Selected IR[a]data.


1a 1b 1c 1d 2a 2b 2c 2d 3


�(C�O) 1719, 1698 1717, 1697 sh 1717 1714 1733 1737 1730 1729 1732
�(CO2)as 1654 1651 1652 1650 1658
�(CO2)sym 1397 1402 1397 1403 1396
�(V�O) 971 978 967 967 903br


[a] KBr, in cm�1.
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between the antisymmetric and symmetric carboxylate bands
corresponds to what one expects for the monodentate
coordination of carboxylates. The V�O stretch is normal for
the VO2� complexes 2a ±d ; it is rather low for the VO2


�


complex 3, which may be due to the above-mentioned
intimate hydrogen bonding to water of crystallisation.


Thermogravimetry shows the loss of one H2O molecule
(4.1%) at 130 �C, which is typical for vanadyl complexes
containing an equatorially coordinated aqua ligand.[25] The
first ligand is degraded between 240 and 380 �C, the second
around 500 �C. The overall weight loss due to ligand degra-
dation amounts to 69.7%, that is, part of the picolinate ligands
(corresponding to 4H, 2O, and 1N) remains on vanadium,
which is recovered in the form of [NH4][VO3]. The third
oxygen necessary to generate metavanadate apparently stems
from external oxygen.


Solution speciation studies : To assess the stability of the
complexes under various pH conditions and in the presence of
competitive low molecular mass ligands present in the blood
serum (oxalate, lactate, citrate, phosphate), we have carried
out speciation studies for the systems containing 5-methyl-
carboxy-picolinic acid (1a ; abbreviated AH in the context of
the speciation studies) by pH potentiometry. Binding modes
of the complexes in solution were determined by EPR
spectroscopy.[26] The results are represented in Table 4, and
in Table 5 in more detail for the binary VO2�-AH system.
According to these findings, the species [VOA2], which
dominate over a wide pH range (vide infra), attain the same
ligand distribution as is found for the solid state structure; see
2a in Figure 2 and Scheme 1.


The protonation constants (logK) for 1a, and the stability
constants for the complexes (log�) are listed in Table 6,
together with those of picolinate and 6-methylpicolinate[27, 28]


for comparison (see Experimental Section for notation). The
presence of the carbomethoxy group in 1a significantly
decreases the basicity of both protonation sites, the pyri-
dine-N and the carboxylate, as a consequence of the electron-


withdrawing effect of the ester group. Compound 1a, similar
to picH and 6MepicH, forms mono- and bis(ligand) com-
plexes of different protonation states with VO2� (Table 6 and
Figure 4). The stability constants for the complexes formed
with 1a(1� ) are about the same as those for 6Mepic(1� ).


Table 4. EPR parameters and suggested binding sets for the complexes formed
in the binary system VO2�-5MeOpicH (AH) and the ternary systems VO2�-AH-
BHn, BHn� oxalic/lactic/citric/phosphoric acid.


Species[a] gz Az


(10�4 cm�1)
Ligand sets[b]


[VOA]� I 1.939 179 (N, CO2
�)


cis-[VOA2] II 1.947 168 (N, CO2
�); (N, CO2


�
ax); H2O


[VOAH�1]� III 1.947 171 (N, CO2
�); H2O; OH�


[VOAH�2]2� IV 1.948 167 (N, CO2
�); OH� ; OH�


oxalic acid
cis-[VOAB]� 1.943 170 (N, CO2


�); (CO2
�, CO2


�
ax); H2O


lactic acid
cis-[VOAB] 1.946 166 (N, CO2


�); (CO2
�, OHax); H2O


citric acid
[VOAB]2� 1.945 169 (N, CO2


�); (CO2
�, OH, CO2


�
ax)


[VOABH-1]3� 1.948 159 (N, CO2
�); (CO2


�, O�
, CO2


�
ax)


phosphoric acid
[VOABHx](2�x)�, x� 2,1,0 1.940 177 (N, CO2


�); HxPO4
(3�x)� ; H2O


[a] See also Table 5 for the species I ± IV; cis refers to the position of the aqua
ligand (cis with respect to the doubly bonded O). [b] Equatorial, if not indicated
otherwise.


Table 5. EPR parameters of the binary system VO2�-5MeOpicH (AH).


pH Species[a] (ratio[b]) g value A value (10�4 cm�1)
g0 gz gxy A0 Az Axy


1.85 I (90%) 1.968 1.939 1.982 96.7 179.8 55.1
II (10%) 1.968 1.947 1.978 96.7 168.0 61.0


4.05 I (60%) 1.970 1.939 1.986 91.9 179.1 48.2
II (40%) 1.970 1.946 1.983 91.9 168.4 53.6


6.00 III (100%) 1.972 1.947 1.985 93.9 171.0 55.4
7.42 IV (100%) 1.971 1.948 1.983 90.4 167.6 51.8
8.80 IV (100%) 1.972 1.948 1.985 89.5 166.7 50.9


[a] See Table 4. [b] Roughly estimated from peak height.


Figure 3. Molecular structure (left; 50% probability level) and section of the crystal structure (right) of [NH4]-3 ¥ 4H2O.
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However, the equilibrium constants for the proton displace-
ment reactions shown in the two last rows in Table 6 clearly
indicate that 1a(1� ) coordinates to VO2� significantly more
readily than 6Mepic(1� ). This should be mainly due to the
steric hindrance of the methyl group adjacent to the pyridine-
N in the latter.[27, 28] Figure 4 shows that the mono- and
bis(ligand) species form simultaneously, with [VOA2] domi-
nating the pH range 2 ± 6. In the pH range 5 ± 7, deprotonation
(of aqua ligands) is accompanied by an about 50% intensity
loss of the EPR signal. This can be interpreted by the
formation of the EPR silent, hydroxo-bridged dinuclear
[(VO)2H�2A2]2� species along with the mononuclear


[VOH�1A]� . On further increasing the pH, deprotonation
proceeds by formation of [VOH�2A]2� (species IV in Table 4),
until finally ligand-free and EPR-silent vanadylhydroxides of
higher nuclearity are generated.


Due to their high affinity for hard (oxophilic) metal ions,
citrate, oxalate, lactate and phosphate are competitive binders
for VO2� in blood serum. The serum concentrations of these
low molecular mass biogenic ligands amount to 0.01 m� for
oxalate, 0.1 m� for citrate, 1.5 m� for lactate and 1.1 m� for
phosphate.[29] The stability data for the ternary VO2�-A�-Bn�


systems (where A� is 5MeOpic and Bn� the competitive
ligand anion) are summarised in Table 7; for EPR data and
ligand sets derived thereof see Table 4. Speciation diagrams
are presented in Figure 5.


In the ternary system containing oxalate, the potentiomet-
ric titration curves could be fitted well by assuming the
formation of two new complexes, [VOAB]� and


Table 6. Protonation constants (logK), and stability constants for the com-
plexes (log�) formed between VO2� and A(H) at 25 �C and I� 0.2� (3� errors
in parentheses).


5MeOpicH, 1a picH[b] 6MepicH[b]


logK(HA)[a] 3.35(1) 5.19 5.82
log�[VOA]� 5.16(4) 6.66 5.13
log�[VOH�1A] 0.38(4) ± ±
log�[(VO)2H�2A2] 3.75(4) 6.15 3.25
log�[VOH�2A]� � 6.8(2) ± � 6.56
log�[VOA2] 9.52(4) 12.11 9.28
logK(VOA2) 4.36 5.45 4.15
logK(VOA/VOA2) 0.80 1.21 0.98
logK for VO2� � HA� [VOA]� � H� 1.81 1.47 � 0.69
logK for VO2� � 2HA� [VOA2] � 2H� 2.82 1.73 ±2.36


[a] Protonation site for the pyridine-N. The logK for the protonation of the
carboxylate is �1 for picH and 6MepicH, and �1 for 5MeOpicH. [b] From
ref. [27].


Figure 4. Speciation of the complexes formed in the VO2�-AH system (AH� 5MeOpicH, 1a) at a 1:4 metal-to-ligand ratio and c(V)� 1 m�.


Table 7. Stability constants of mixed ligand VO2� complexes at 25 �C and I�
0.2� ; VO2� :HA:HnB� 1:2:2; c(V)� 1 m� (3� errors in parentheses).


Complex Oxalate (B2�) Lactate (B�) Citrate (B3�) Phosphate (B3�)


[VOABH2] ± ± ± 26.3(1)
[VOABH] ± ± 15.43(3) 22.70(7)
[VOAB] 11.33(1) 8.16(4) 11.84(3) 16.51(8)
[VOABH�1] 3.89(5) 4.08(2) 7.38(2) 10.13(7)
fitting[a] 0.0092 0.0087 0.0102 0.0134
no. of points 296 314 316 248


[a] The average difference between the calculated and experimental titration
curves expressed in mL of the titrant.
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[VOH�1AB]2�, dominating the pH range 2 ± 8. The formation
of the mixed complexes according to the reactions VOA� �
B2� � [VOAB]� (logK� 6.17) and VOB � A� � [VOAB]�


(logK� 5.44) is clearly favoured over the formation of the
complexes [VOB2]2� (logK� 4.79[30]) and [VOA2] (logK�
4.36). The EPR data indicate the presence of a single species
(Table 4) over the pH range 2 ± 7. The apparent contradiction
with the speciation diagram (Figure 5), which indicates the
simultaneous presence of about 15% of the species [VOB2]2�,
can be explained with the very similar contributions of the
CO2


� and Naryl donor atom sets to the parallel (z) component
of the hyperfine coupling constant yielding basically the same
Az values for both the ternary species [VOAB]� and the binary
bis(oxalato) complex [VOB2]2�. The recorded set of EPR
parameters is in good agreement with those for the ternary
complexes of pic (gz� 1.941; Az� 167� 10�4 cm�1) or 6Mepic
(gz� 1.941;Az� 166� 10�4 cm�1), in both of which there is a cis
arrangement of the ligand functions.[27, 28] This strongly suggests
that [VOAB]� in the VO2�-5MeOpicH system also features an
equatorial {Naryl, CO2


�, CO2
�, H2O} donor set.


Lactate forms the ternary complexes [VOAB] and
[VOABH�1]� , which are the major species in the pH range
4.5 ± 7.5. The overall situation compares to that of the
corresponding pic and 6Mepic systems, for which deprotona-
tion of the alcoholic group of lactate was suggested for
[VOABH�1]� .[31] Since the EPR parameters do not change
significantly on deprotonation, the alcoholic group is suppos-
edly in the axial position. The equatorial ligand set for both


species is thus {Naryl , CO2
�, CO2


�, H2O}. The formation of
ternary systems is also favoured with citrate. In this system,
the curves can be fitted with the species [VOABH]� ,
[VOAB]2� and [VOABH�1]3�. Based on the similarity of the
EPR parameters in this system with those of the pic and
6Mepic systems,[27, 28] an equatorial ligand set {Naryl , CO2


�,
CO2


�, OH} is suggested for [VOAB]2� below pH� 4, and
{Naryl , CO2


�, CO2
�, O�} for [VOABH�1]3� above pH� 4, that


is deprotonation and coordination of the alcoholic group. The
significantly lower value of pK(VOAB) for 5MeOpic (4.42)
compared to pic (5.76) or 6Mepic (5.66) indicates the more
favoured formation of this complex in the VO2�-5MeOpicH
system. The decrease of Az on going from [VOAB]2� (169) to
[VOABH-1]3� (159� 10�4 cm�1) confirms the presence of a
stronger donor set for the latter. Ternary complexes
[VOAHB] and [VOAH-1B] dominate with phosphate in the
pH range 5 ± 9. The practically constant EPR parameters
suggest the same environment around the metal ion (only the
protonation state of the phosphate is different) as was found
for the corresponding complexes with pic.[28] Comparison of
the pK(VOABHx) (x� 2, 1) values for 5MeOpic (3.55 and
6.17) with those in the pic system (4.24 and 7.21) shows that
the stepwise deprotonation of the mono-coordinated phos-
phate takes place at lower pH values for 5MeOpic, indicating
somewhat stronger interaction between the metal ion and the
ligand.


The speciation results indicate that, after absorption and
transport into the blood, [VO(5MeOpic)2(H2O)] (2a) under-


Figure 5. Speciation of the complexes formed in the VO2�-AH-BHn systems [A�� 5MeOpic, 1a, Bn� (from top left to bottom right)� oxalate, lactate,
citrate, phosphate] at a 1:2:2 (VO2� :A� :Bn�) ratio and c(V)� 1 m�.
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goes considerable transformations when it meets the more
important low molecular mass bio-ligands of the blood serum.
This is illustrated by the data in Table 8, which provides the
distribution of VO2� among picolinate and the four serum


ligands. The modelling calculations were performed at
c(VO2�)� 10 �� (this is a concentration level at which 2a
still shows a marked insulin-mimetic effect; see below), while
the genuine serum concentrations were used for the bio-
ligands. These findings indicate that both picolinato ligands
are partly or completely displaced from the coordination
sphere of VO2�, mostly so by citrate, which binds 70 ± 90% of
the total VO2� in binary or ternary complexes. Phosphate and
lactate play a secondary role, and oxalate cannot compete.
Preliminary calculations of the species distribution including
the transport protein transferrin (Tf), using the VO2�-Tf
binding constants logK1� 13.2� 0.8[32] and logK2� 12.2� 0.8
(where K1 was derived from the linear correlation between
the first Tf binding constant and the first hydroxide binding
constant of the metal ion,[33] and K2 is based on the fact that
the second Tf binding constant is usually smaller than the first
one by one order of magnitude) show that about 65% of the
vanadyl forms a binary complex with Tf, while the remaining
approximately 35% are distributed between ternary vanadyl-
5MeOpic-citrate and -phosphate species.


Insulin-mimetic and cytotoxici-
ty tests : The biological tests for
the determination of the insu-
lin-mimetic abilities and the
short term cell toxicity of 2a ±
d were carried out on mice
fibroblasts, transformed so as
to exhibit a metabolism compa-
rable to that of adipocytes.[4]


K[VO2(pic)2] and K[VO2(dip-
ic)], the insulinmimetic behav-
iour of which has been estab-
lished earlier (see Introduc-
tion), were included in these
investigations.


For cytotoxicity tests, the fi-
broblasts were incubated with
solutions of the vanadium com-
plexes at different concentra-
tions for 3 h. Trypan blue was


then added, which stains living cells only. At concentrations of
about 1 m�, the VIV complexes caused morphological changes
up to total lysis, while at concentrations of 0.1 m� and below,
the compounds were non-toxic. The VV picolinates were non-
toxic even at 1 m� concentrations.


The insulin-mimetic tests on 2a ± c, K[VO2(pic)2] and
K[VO2(dipic)] with respect to uptake and degradation of
glucose were performed by the MTTreduction essay. Soluble,
yellow MTT is reduced in the last part of the mitochondrial
electron transfer chain in living cells in to insoluble fomazan
blue. Cells were incubated in an insulin-free medium for 24 h,
followed by 3 h incubation with solutions of the vanadium
compound. The amount of farmazan blue formed, determined
photometrically, is proportional to the amount of glucose
taken into and degraded within the cells. The results are
represented in Figure 6. All of the compounds are effective at
subtoxic concentrations; 1a, K[VO2(pic)2] and K[VO2(dipic)]
are comparable to insulin itself.


The insulin-mimetic activity of ligand 1a and complex 2a
was also studied with respect to the in vitro inhibition of the
release of free fatty acids (FFA) from isolated rat adipocytes
treated with epinephrine (adrenalin). Epinephrine activates
lipases; the action of lipases in turn is counteracted by insulin.
The results, presented in Figure 7, are compared with those of
VOSO4 ([VO(OH)(H2O)4]�), VS, which is commonly used as
a positive control and standard in these tests,[34] and [VO(-
H2O)(pic)2]. The inhibition was measured by the IC50 values,
that is 50% inhibition concentration of a compound for the
FFA release from adipocytes. Figure 7 shows the effect of 1a,
2a, VS and [VO(pic)2]. Since 2a exhibited a dose-dependent
inhibitory effect as is the case with VS and [VO(pic)2], while
the ligand 1a alone showed no such effect, the apparent IC50


values (Table 9) were rated by comparison with VS (IC50�
1.0 m�). On the basis of IC50 values, complex 2a has a
substantially higher insulin-mimetic activity than VS. The
difference in activities of 2a and [VO(pic)2] was within the
experimental error range, and also compares to that of the
iodo derivative [VO(5Ipic)2(H2O)].[11] The ligand 1a itself is
inactive.


Table 8. Species distribution of insulin-mimicking VO2� picolinato complexes;
calculated for c(V)� 10 �M, phosphate 1.10 m�, citrate 99.0 ��, lactate
1.51 m�, and oxalate 9.20 �� ; at pH 7.4.


VO2� in % VO2� bound
[VO(5MeOpic)2] [VO(6Mepic)2] [VO(pic)2]


intact [VO(picolinate)2] 0 0 0
ternary complexes with
citrate 27 30 42
phosphate 14 0 0
binary complexes with
citrate 50 61 50
lactate 9 9 8


Figure 6. Glucose uptake stimulated by vanadium-picolinates. The absorbance is a measure of the efficacy of
the compounds. The diagram also contains the data for a control group (neither insulin nor vanadium
compound added), and for a group where insulin was employed instead of vanadium.
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Uptake of vanadium by fibroblasts : To assess the biological
efficacy of a compound, its uptake by cells is an important
feature. We have incubated SVT fibroblasts with 1� and 0.1�
solutions of the compounds employed in the insulin-mimetic
glucose uptake tests (2a ± c, K[VO2(pic)2], K[VO2(dipic)],
including vanadate which is usually considered to penetrate
cell walls easily through phosphate channels) and determined
the cell vanadium contents by AAS after removal of the
supernatant solutions and thorough washing of the cells. The
results, collated in Table 10, have also been related to the cell
mass as quantified by protein, determined by the BCA
method (see Experimental Section). The data show that 3 ±
15% of the vanadium in the original solution gets in the cells.
The concentrations, in the micromolar range, are, however,
still on a level relevant for physiological action. Interestingly,


compound 2a, which is clearly
more effective than 2b and 2c
in triggering intracellular glu-
cose degradation (Figure 6), is
also the one which is most
effectively absorbed. The ab-
sorption is also better by a
factor of two than for the
anionic picolinato complexes
and vanadate.


Conclusion


Two of the major functions of
insulin are the activation of
glucose uptake by glucose-me-
tabolising cells from the blood


serum, and the inhibition of lipolysis. Lacking insulin supply
(diabetes 1) or insulin resistance (diabetes 2) leads to intol-
erable blood glucose levels and the formation of ketonic
bodies which cause a variety of symptoms such as a
malfunction of the peripheral blood circulation. Here we
introduce a novel family of picolinatovanadium compounds
for potential oral treatment of both types of diabetes mellitus.
These compounds contain 5-carboalkoxypicolinates, which
allow for a fine-tuning of the stability of the complexes and
their lipophilicity/hydrophilicity. The complexes retain their
identity under the acidic conditions encountered in the
stomach. Under pH conditions pertinent to the blood (7.35),
mainly vanadyl hydroxides form. However, in the presence of
the biogenic blood constituents citrate and phosphate (and, to
a certain extent, also oxalate and lactate), stable ternary
complexes form that still contain the specifically designed
picolinate derivative and should be considered the active
forms of the vanadium complexes in insulin mimesis. In
particular, the complex of the methyl ester, [VO(H2O)(5 -
MeOpic)2] (2a)–or essentially [VO(5MeOpic)citrate]n� un-
der physiological conditions–effectively mimics insulin in
vitro with respect to glucose uptake by mice fibroblasts and
inhibition of lipolysis (release of free fatty acids) by rat
adipocytes. 2a is more effectively taken up by fibroblasts than
the more lipophilic ethyl and isopropyl ester compounds (2b
and 2c), and the more hydrophilic anionic picolinato com-
plexes. 2a is thus expected to exhibit in vivo normoglycemic
activity.


Experimental Section


Instrumentation : Infrared spectra were recorded as KBr pellets on a Perkin
Elmer 1720 FTIR spectrometer and NMR spectra were recorded on a
Varian Gemini 200 BB spectrometer at room temperature, relative to TMS
for 1H (200 MHz) and 13C (50 MHz), and relative to external VOCl3 for 51V
(53 MHz). EPR spectra were run in the X-band mode (9.75 MHz) on a
BrukerESP 300E spectrometer. Simulations were carried out with the
program system SimFonia. Mass spectrometry was carried out with the
usual spectrometer settings (70 eV, EI/FAB) on a Varian MAT 311A
(70 eV, EI) or a VG Analytical 70-250S (FAB) instrument. The thermog-
ravimetric analysis of 2a was carried out with an STA 409 instrument
(Netzsch), coupled to a quadrupole mass spectrometer QMG 421 (Balzers)


Figure 7. Inhibitory effect of vanadium complexes on fatty acid release from rat adipocytes treated with
epinephrine (10�5� ; 3 h). Data are expressed as the mean �SDs for three experiments. The blank corresponds to
adipocytes without any treatment, the control to adipocytes pre-incubated with saline for 30 min. * and **:
significance at p � 0.05 and 0.01, respectively.


Table 9. IC50 values


Compound IC50 (m�) SD


VOSO4 1.00 0.16
1a none
2a 0.56 0.11
[VO(pic)2] 0.48 0.08


Table 10. Vanadium uptake by SVT mice fibroblasts.[a]


Compound �g Vanadium per L
(concentration, �M)


ng V�g�1 protein[b]


2a, 1 m� 757 (14.8) 1.67
2a, 0.1 m� 73 (1.4) 0.12
2b, 0.1 m� 135 (2.6) 0.28
2b, 0.1 m� 21 (0.4) 0.03
2c, 0.1 m� 362 (7.1) 0.73
2c, 0.1 m� 37 (0.7) 0.06
K[VO2(pic)2], 1 m� 431 (8.5) 0.79
K[VO2(pic)2], 0.1 m� 42 (0.8) 0.07
K[VO2(dipic)], 1 m� 373 (7.3) 0.76
K[VO2(dipic)], 0.1 m� 68 (1.3) 0.14
K[VO3][c], 1 m� 373 (7.3) 0.76
K[VO3][c], 0.1 m� 68(1.3) 0.14


[a] Control �10 �gVL�1. [b] The average value of cell protein is 554 �gml.
[c] Present in solution as an equilibrium mixture mainly of H2VO4


�,
H2V2O7


2� and V4O10
4�.
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with a heating program of 5 Kmin�1 between 30 and 850 �C. pH-
Potentiometric measurements were performed with a radiometer
pHM 84 equipped with a Metrohm combined electrode (type
6.0234.110), calibrated for hydrogen ion concentration according to
Irving.[36]


X-ray structure analyses were carried out at 153(2) K using MoK� radiation
(�� 0.71073 ä, graphite monochromator) on a Smart Apex CCD diffrac-
tometer at 153(2) K. Hydrogen atoms were usually found and refined
anisotropically, and otherwise calculated into idealised positions and
included in the last cycles of refinement. Absorption corrections were
carried out by SADABS. Disorder information: 2a ¥ 3.5H2O: In one of the
two independent molecules, the carbomethoxy group (C32O19) disordered
over two positions was treated with a 0.7:0.3 model. Four of the seven water
molecules of crystallisation showed partial occupancy/were disordered and
were dealt with by employing the following REM: O24 0.5, O25/O26 0.75/
0.25, O27/O28 0.65/0.35, O29/O30 0.3/0.2, O31/O32/O33/O35 0.35/0.30/
0.20/0.15. 3 : Disorder of 1H2O per 0.5 V; REM�O11 0.18, O12 0.12, O13
0.06, O14 0.15, O15 0.05, O16 0.10, O17 0.15, O18 0.07, O19 0.05, O20 0.07.
For crystal data and structure refinement see Table 11.
CCDC-207528(1b), CCDC-207529 (1a ¥ H2O), CCDC-207530 (1c),
CCDC-207531 ([NH4]3 ¥ 4H2O), CCDC-207532 (2a ¥ 3.5H2O) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or deposit@ccdc.cam.
ac.uk).


Potentiometric measurements : The stability constants of the proton and
VO2� complexes of the ligands were determined by pH-potentiometric
titration of 20.0 mL samples. The picolinic acid (5MeOpicH, A) concen-
tration was in the range 2 ± 6 m�, and the molar ratios in the VO2�-A
system were 0:1, 1:1, 1:2, 1:4. For the ternary systems containing lactate,
oxalate, phosphate or citrate, B, the VO2� :A:B ratios were 1:1:1, 1:1:2,
1:2:1, or 1:2:2. All of the titrations were performed over the pH range 2 ± 11,
or until precipitation occurred, with a carbonate-free KOH solution of
known concentration (�0.2��, under a purified argon atmosphere. The
reproducibility of the titration points included in the evaluation was within
0.005 pH units over the whole pH range. A pKw value of 13.76� 0.01 was
determined and used for the calculations. The concentration stability
constants �pqr� [MpHqAr]/[M]p[H]q[A]r for binary complexes and �pqrs�


[MpHqArBs]/[M]p[H]q[A]r[B]s for ternary species were calculated with the
PSEQUAD computer program.[37] The uncertainties (3� values) of the
stability constants are given in parentheses in the tables. During the
calculations the following VO2�-hydroxo complexes were assumed:
[VO(OH)]� (log1,�1,0��5.94), [{VO(OH)}2]2� (log2,�2,0��6.95), calculat-
ed from the data published by Henry et al. ,[38] the Davie×s equation being
used to take into consideration the different ionic strengths, [VO(OH)3]�


(log1,�3,0��18.0) and [(VO)2(OH)5]� (log2,�5,0� 22.5) taken from ref. [39].
The ionic strength was adjusted to 0.20�KCl in each solution studied. In all
cases, the temperature was maintained at 25.0� 0.1 �C.


Toxicity and insulin-mimetic tests : Cytotoxicity and glucose uptake tests
were performed on Simian virus modified Swiss 3T3 mice fibroblasts (cell
line SV 3T3), maintained as described elsewhere.[4] SV modified fibroblasts
attain metabolic properties closely related to adipocytes and are thus
particularly suited in studies of glucose uptake and metabolism. For the
tests, cells were grown to sub-confluency. For toxicity tests, the cells, kept in
Dulbecco×s modification of Eagle×s medium (DMEM, Sigma), were
incubated with solutions of the vanadium compounds for 3 h. The
supernatant medium was removed. Trypan blue (0.2% w/v) in phos-
phate-buffered saline solution was added, and the ratio of stained and non-
stained cells determined after 5 min. Tests for the glucose uptake activity
were based on the MTTreduction essay. We have shown previously that the
results obtained by the MTT test are compatible with direct measurements
of the uptake of tritium labelled glucose.[4] The cells were incubated in
insulin-free, supplemented[4] DMEM medium for 24 h. DMEM (without
phenol red) supplemented with MTT (Sigma; 0.5 gL�1) and the solution of
the vanadium complex were added to the cells and incubated for 3 h at
37 �C in a 5% CO2 atmosphere. The reaction was then stopped by addition
of 0.05� HCl in 2-propanol. The dye was extracted with HCl/2-propanol,
and the amount of formazan blue formed by reduction of MTT was
measured at 570 nm in a multi-well reader (SLT 340 ATC).


For determination of the vanadium uptake by the fibroblasts, the cells were
pre-treated accordingly (3 h of incubation with the solutions of the
vanadium complexes) on micro-well plates. The supernatant was discarded,
the cells washed twice with buffer, treated with 1 mL of 0.5� NaOH per
well and stirred over night to ascertain complete digestion. Half of each
sample was then subjected to AAS (graphite tube) on a PE 4100ZL
instrument. For the analyses, 20 �L sample volumes were employed,
acidified with HNO3 and 5 �g Pd � 3 �g MgNO3 added as modifier.


Table 11. Crystal data and structure refinement for 1a ¥ H2O, 1b, 1c, 2a ¥ 3.5H2O and [NH4]-3 ¥ 4H2O.


1a ¥ H2O 1b 1c 2a ¥ 3.5H2O [NH4]-3 ¥ 4H2O


empirical formula C8H9NO5 C9H9NO4 C10H11NO4 C16H24N3O14V
M [gmol�1] 199.16 195.17 209.20 533.32
crystal system triclinic triclinic monoclinic triclinic monoclinic
space group P1≈ P1≈ P2(1)/c P1≈ C2/c
cell dimensions
a [ä] 7.1533(12) 9.4412(3) 12.3015(4) 13.0348(8) 18.121(3)
b [ä] 7.2375(12) 10.8428(4) 9.2940(3) 13.3654(8) 15.169(2)
c [ä] 9.5728(16) 13.4610(5) 8.9091(3) 15.1968(10) 10.0449(15)
� [�] 81.499(3) 102.5600(10) 90 104.607(1)
� [�] 76.958(2) 97.8760(10) 95.4080(10) 100.850(1) 119.233(2)
� [�] 65.886(2) 97.5560(10) 90 116.090(1)
V [[ä]3/Z] 439.82(13)/2 1313.65(8)/6 1014.04(6)/4 2156.4(2)/4 2409.5(6)/4
�calcd [gcm�3] 1.504 1.480 1.370 1.568 1.470
� [mm�1] 0.127 0.118 0.107 0.534 0.484
F(000) 208 612 440 1043 1104
crystal size [mm] 0.75� 0.20� 0.05 0.80� 0.70� 0.30 0.65� 0.53� 0.34 0.05� 0.05� 0.15 0.43� 0.31� 0.17
� range [�] 2.19 ± 27.53 2.19 ± 32.00 2.75 ± 31.99 1.48 ± 25.02 2.44 ± 27.49
index ranges � 9�h� 9 �14� h� 14 � 13�h� 18 � 15� h� 15 � 23� h� 23


� 9�k� 9 � 16�k� 16 � 11� k� 13 � 15� k� 15 � 19�k� 19
� 12� l� 12 � 20� l� 20 � 13� l� 13 � 18� l� 18 � 13� l� 13
reflections collected 5058 34668 14255 21985 14245
independent reflections (Rint) 1973 (0.0268) 8881 (0.0550) 3457 (0.0274) 7577 (0.0881) 2750 (0.0302)
restraints/parameters 0/140 0/388 0/140 1/599 4/190
GooF on F 2 1.019 1.020 1.089 0.840 1.038
final R (I� 2�I0), R1/wR2 0.0417/0.1116 0.0600/0.1524 0.0491/0.1445 0.0561/0.1325 0.0445/0.1275
R indices (all data), R1/wR2 0.0488/0.1154 0.0770/0.1619 0.0555/0.1481 0.1348/0.1814 0.0533/0.1317
largest diff. peak and hole [eä�3] 0.236/� 0.0229 0.680/� 0.429 0.490/� 0.202 0.624/� 0.482 0.516/� 0.264
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Calibration was carried out against a 0.5� NaOH solution containing
100 �g V and 500 mg BSA (bovine serum albumin) per L. The second half
of each sample of the digested cell material was subjected to protein
determination by the BCA (bicinechoninic acid) method on 10 �L samples.
Calibration was carried out against 10 �L samples of a BSA dilution
sequence.


Tests for the inhibition of free fatty acid (FFA) release were performed on
rat adipocytes. Male Wistar rats were killed by bleeding under anaesthesia
with ether (animal experiments were approved by the Experimental
Animal Research Committee of Kyoto Pharmaceutical University and
performed according to the guidelines), and adipose tissues were removed,
chopped, and digested with collagenase for 1 h at 37 �C in Krebs-Ringer
bicarbonate buffer, pH 7.4, containing 2% bovine serum albumin. The
adipocytes thus obtained were separated from undigested tissue by
filtration through nylon mesh, and washed three times with collagenase
free buffer. 15 �L of saline glucose solution and 30 �L of the vanadium
complexes dissolved in saline/DMSOwere added to 240 �L (106 cellsmL�1)
of isolated adipocytes, and the resulting suspensions pre-incubated at 37 �C
for 30 min. After addition of 15 �L of 0.2 m� epinephrine dissolved in
saline, the resulting mixture was incubated (37 �C, 3 h). The reaction was
stopped by cooling with ice-water. The FFA concentration in the outer
solution of the cells was determined by an NEFA kit (Wako Pure
Chemicals). Final concentrations were as follows: glucose 5 m� ; vanadium
compounds 0.1, 0.5 and 1 m� ; ligand 1a 0.2, 1 and 2 m� ; epinephrine
0.01 m� ; DMSO 2% v/v.


Reagents and general : Vanadylsulfate VOSO4 ¥ 5H2O, [NH4][VO3] and
pyridin-2,5-dicarboxylic acid were obtained from Merck and Fluka and
used without further purification. K[VO2(dipic)] was prepared as descri-
bed,[40] , and K[VO2(pic)2] was obtained in analogy to the respective
ammonium salt.[18] Oxalate, lactate, citrate and phosphate were Aldrich
products of puriss. quality (�98.5%) and used as received. Their purities
were checked and the exact concentrations of the prepared stock solutions
were determined by the Gran method.[41] VO2� stock solution was prepared
according to Nagypa¬ l and Fa¬bia¬n[42] and standardised for metal ion
concentration by permanganate titration and for hydrogen ion concen-
tration by pH-potentiometry, using the appropriate Gran function.


All syntheses with vanadium in oxidation state � ��were carried out under
an atmosphere of nitrogen using Schlenk techniques. Tetrahydrofuran
(THF) was dried and deoxygenated by refluxing for 3 h over LiALH4, and
distilled in an N2 stream. Deionised water was degassed before use.


Syntheses of compounds


General procedure for the 5-carboalkoxypicolinates 1a ± d (see also
Scheme 1): The syntheses of the dialkylesters from dipicolinic acid via
the acid dichloride followed literature procedures.[13] Synthesis of the
monoesters was carried out according to Ooi and Magee,[14] with the
modification that a molar ratio diester to copper(��)nitrate of 1:1 was chosen
and the reaction mixture kept at reflux for 3 h to yield the blue copper
complexes [Cu(5ROpic)2], from which the ligands were liberated with H2S.
The ligands were isolated as white or slightly yellow solids in yields of 44 to
72%.


5-Carbomethoxypyridine-2-carboxylic acid, 5MeOpicH (1a): IR (KBr):
	
 � 3089, 3011 (ar. C�H); 2967 (CH3); 1719 (C�O); 1698 (C�O); 1594,
1570, 1484 (C�C), (C�N); 1421, 1383 (CH3), (OH); 1309, 1289, 1255 (C�C),
(C�N); 1115, 1020 (O�CH3); 746 cm�1 (ar. C�H); 1H NMR ([D6]DMSO,
TMS): �� 9.22 (dd, 4J6,4� 1.89 Hz, 5J6,3� 0.85 Hz, 1H; H-6), 8.56 (dd,
4J4,6� 1.89 Hz, 3J4,3� 8.13 Hz, 1H; H-4), 8.32 (dd, 5J3,6� 0.85 Hz, 3J3,4�
8.13 Hz, 1H; H-3), 4.02 ppm (s, 3H; CH3); 13C NMR ([D6]DMSO, TMS):
�� 165.40 (C-2�), 164.52 (C-5�), 151.62 (C-2), 149.70 (C-6), 138.24 (C-4),
127.82 (C-5), 124.54 (C-3), 52.68 ppm (OCH3); elemental analysis calcd
(%) for C8H7NO4 ¥H2O (199.16): C 48.25, H 4.55, N 7.03; found: C 48.21, H
4.35, N 7.02; MS (70 eV, EI):m/z (%): 181 (2) [M� .], 150 (49) [M�CH3O],
137 (100) [M�CO2], 122 (30) [M�C2H3O2], 106 (16) [M�C2H3O3], 78
(17) [C5H4N].


5-Carboethoxypyridine-2-carboxylic acid, 5EtOpicH (1b): IR (KBr): 	
 �
3131 (ar. C�H); 2984, 2943, 2821 (CH); 1718 (C�O); 1601, 1577 (C�C),
(C�N); 1476, 1440, 1383, 1371 (CH), (OH); 1302, 1279, 1247 (C�C),
(C�N); 1118, 1028 (C�O); 748 cm�1 (ar. C�H); 1H NMR ([D6]DMSO):
�� 9.15 (d, 5J6,3� 1.28 Hz, 1H; H-6), 8.44 (dd, 4J4,6� 2.01 Hz, 3J4,3�
8.06 Hz, 1H; H-4), 8.15 (d, 3J3,4� 8.06 Hz, 1H; H-3), 4.37 (q, 3J� 7.11 Hz,
2H; CH2CH3), 1.34 ppm (t, 3J� 7.11 Hz, 3H; CH2CH3); 13C NMR


([D6]DMSO): �� 165.48 (C-2�), 164.07 (C-5�), 151.66 (C-2), 149.75 (C-6),
138.24 (C-4), 128.10 (C-5), 124.62 (C-3), 61.65 (CH2CH3), 14.16 ppm
(CH2CH3); elemental analysis calcd (%) for C9H9NO4 (195.17): C 55.39, H
7.18, N 4.65; found: C 55.27, H 7.16, N 4.55; MS (70 eV, EI):m/z (%): 195 (2)
[M� .], 151 (100) [M�CO2], 150 (79) [M�C2H5O], 123 (37) [M�C3H4O2],
106 (12) [M�C3H5O3], 78 (14) [C5H4N].


5-Carboisopropoxypyridine-2-carboxylic acid, 5 iPrOpicH (1c): IR (KBr):
	
 � 3053 (ar. C�H); 2980, 2875, 2767 (CH); 1718 (C�O); 1600, 1583, 1498
(C�C), (C�N); 1459, 1471, 1377 (CH), (OH); 1301, 1269 (C�C), (C�N);
1108, 1036 (C�O); 750 cm�1 (ar. C�H); 1H NMR ([D6]DMSO): �� 9.12
(dd, 4J6,4� 2.17 Hz, 5J6,3� 0.82 Hz, 1H; H-6), 8.40 (dd, 4J4,6� 2.17 Hz, 3J4,3�
8.10 Hz, 1H; H-4), 8.13 (dd, 5J3,6� 0.82 Hz, 3J3,4� 8.10 Hz, 1H; H-3), 5.16
(e, 3J� 6.23 Hz, 1H; CH(CH3)2), 1.32 ppm (d, 3J� 6.23, 6H; CH(CH3)2);
13C NMR ([D6]DMSO): �� 166.17 (C-2�), 164.21 (C-5�), 152.32 (C-2),
150.39 (C-6), 138.82 (C-4), 128.98 (C-5), 125.24 (C-3), 69.95 (CH(CH3)2),
22.21 ppm (CH(CH3)2); elemental analysis calcd (%) for C10H11NO4


(209.20): C 57.41, H 5.30, N 6.70; found: C 57.34, H 5.31, N 6.67; MS
(70 eV, EI): m/z (%): 209 (5) [M� .], 168 (42) [M�C3H5] , 165 (34) [M�
CO2], 150 (100) [M�C3H7O], 123 (41) [M�C4H6O2], 43 (21).


5-Carbo(R,S)-secbutylmethoxypyridine-2-carboxylic acid, 5 sBuOpicH
(1d): IR (KBr): 	
 � 3047 (ar. C�H); 2976, 2935, 2878, 2768 (CH); 1715
(C�O); 1599, 1581 (C�C), (C�N); 1457, 1419, 1372 (CH), (OH); 1297, 1267
(C�C), (C�N); 1119, 1109, 1035 (C�O); 749 cm�1 (ar. C�H); 1H NMR
([D6]DMSO, TMS): �� 9.17 (br, 1H; H-6), 8.46 (d, 3J4,3� 8.06 Hz, 1H;
H-4), 8.19 (br, 1H; H-3), 5.06 (ps, J� 6.23 Hz, 1H; CH(CH3)CH2CH3),
1.78 ± 1.64 (m, 2H; CH(CH3)CH2CH3), 1.33 (d, J� 6.23 Hz, 3H;
CH(CH3)CH2CH3), 0.94 ppm (t, 3J� 7.42 Hz, 3H; CH(CH3)CH2CH3);
13C NMR ([D6]DMSO/TMS): �� 165.87 (C-2�), 163.84 (C-5�), 151.9 (C-2),
148.88 (C-6), 138.26 (C-4), 128.26 (C-5), 124.75 (C-3), 73.63
(CH(CH3)CH2CH3), 28.26 (CH(CH3)CH2CH3), 19.21 (CH(CH3)CH2CH3),
9.53 ppm (CH(CH3)CH2CH3); elemental analysis calcd (%) for C11H13NO4


(223.23): C 59.19, H 5.87, N 6.27; found: C 58.88, H 5.91, N 6.31; MS (70 eV,
EI): m/z (%): 223 (1) [M� .], 168 (60) [M�C4H7], 150 (100) [M�C4H9O],
122 (25) [M�C5H9O2].


General procedure for the preparation of the vanadium compounds
[VO(H2O)(5ROpic)2] (2a ± d): A solution of VOSO4 ¥ 5H2O (127 mg,
0.5 mmol) in H2O (2 mL) was added to a solution of 5ROpicH (1.0 mmol)
and NaO2CCH3 ¥ 3H2O (136 mg, 1.0 mmol) in water (10 mL) plus THF
(1 mL). After 2 h of stirring at 50 �C, a green precipitate was formed which
was isolated by filtration and dried in vacuo. Yields ranged from 60 to 85%.


[VO(H2O)(5MeOpic)2] (2a): IR (KBr): 	
 � 3115, 3070 (ar. C�H); 2958
(CH3); 1733 (C�O); 1654 (CO2


�); 1578 (C�C), (C�N); 1439, 1397 (CH3),
(CO2


�); 1303, 1286 (C�C), (C�N); 1124, 1045 (O�CH3); 971 (V�O); 833
(ar. C�H), (C�CO2); 750 cm�1 (ar. C�H); elemental analysis calcd (%) for
C16H14N2O10V (445.23): C 43.16, H 3.17, N 6.29 V 11.68; found: C 42.50, H
3.30, N 6.27, V 11.44; MS (FAB): m/z (%): 428.


[VO(H2O)(5EtOpic)2] (2b): IR (KBr): 	
 � 3120, 3059 (ar. C�H); 2980,
2936, 2919 (C�H); 1737 (C�O); 1651 (CO2


�); 1610, 1574 (C�C), (C�N);
1489, 1402, 1364 (CH), (CO2


�); 1294 (C�C), (C�N); 1121, 1045 (C�O); 978
(V�O); 849 (ar. C�H), (C�CO2); 753 cm�1 (ar. C�H); elemental analysis
calcd (%) for C18H18N2O10V ¥ 0.5H2O (482.29): C 44.83, H 3.97, N 5.81;
found: C 45.03, H 3.98, N 5.53; MS (FAB): m/z (%): 456.


[VO(H2O)(5 iPrOpic)2] (2c): IR (KBr): 	
 � 3114, 3058 (ar. C�H); 2983,
2873 (C�H); 1730 (C�O); 1687, 1652 (CO2


�); 1609 (C�C), (C�N); 1484,
1397, 1353 (CH), (CO2


�); 1289 (C�C), (C�N); 1108, 1051 (C�O); 967
(V�O); 848 (ar. C�H), (C�CO2); 750 cm�1 (ar. C�H); elemental analysis
calcd (%) for C20H22N2O10V (501.34): C 47.91, H 4.42, N 5.59; found: C
47.56, H 4.45, N 5.08; MS (FAB): m/z (%): 484.


[VO(H2O)(5 sBuOpic)2] (2d): IR (KBr): 	
 � 3118, 3058 (ar. C�H); 2975,
2927 (C�H); 1729 (C�O); 1650 (CO2


�); 1576 (C�C), (C�N); 1485, 1458,
1403, 1358 (CH), (CO2


�); 1293 (C�C), (C�N); 1125, 1049 (C�O); 967
(V�O); 851 (ar. C�H), (C�CO2); 750 cm�1 (ar. C�H); elemental analysis
calcd (%) for C22H26N2O10V (529.40): C 49.91, H 4.95, N 5.29; found: C
49.64, H 5.10, N 5.29; MS (FAB): m/z (%): 512.


[NH4][VO2(5MeOpic)2] (3): A solution of 5MeOpicH (182 mg, 1.0 mmol)
in acetone (1 mL) was added to a slurry of [NH4][VO3] (59 mg, 0.5 mmol)
in water (0.5 mL). The resulting yellow solution was stirred overnight and
kept at 4 �C for two days. Yellow single crystals of [NH4]-3 ¥ 4H2O were
obtained from the reaction solution by further cooling. Elemental analyses
were not carried out due to very low yields of pure, crystalline material. IR
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(KBr): 	
 � 3114, 3081 (ar. C�H); 2963 (CH3); 1732 (C�O); 1658 (CO2
�);


1580 (C�C), (C�N); 1439, 1396 (CH3), (CO2
�); 1348, 1304, 1283 (C�C),


(C�N); 1125, 1037 (O�CH3); 903 (V�O); 836 (ar. C�H), (C�CO2);
751 cm�1 (ar. C�H); 1H NMR (D2O): �� 9.05 ± 7.95 (m, 3H; H-6, H-4,
H-3), 3.95 ppm (s, 3H; CH3); 51V NMR (D2O): ���575 ppm.
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Structure and Reactivity of Homoleptic Samarium(��) and Thulium(��)
Phospholyl Complexes


Daniela Turcitu, FranÁois Nief,* and Louis Ricard[a]


Abstract: Potassium 2,5-di-tert-butyl-
3,4-dimethylphospholide K(dtp) (9)
was synthesised in 45% yield from
commercially available starting materi-
als by using zirconacyclopentadiene
chemistry. Reaction of the K salt of this
bulky anion and of the previously de-
scribed potassium 2,5-bis(trimethylsil-
yl)-3,4-dimethylphospholide K(dsp) (8)
with SmI2 in diethyl ether afforded the
homoleptic samarium(��) complexes 7
and 6, respectively, whose solid-state
structures, [{Sm(dtp)2}2] (7a) and
[{Sm(dsp)2}2] (6a), are dimeric owing
to coordination of the phosphorus lone
pairs to samarium, as shown by X-ray
crystallography. Reaction of 8 with TmI2
in diethyl ether afforded [Tm(dsp)2-


(Et2O)], which could not be desolvated
without decomposition. In contrast, the
coordinated ether group of the solvate
[Tm(dtp)2(Et2O)], obtained from 9 and
TmI2, could easily be removed by evap-
oration of the solvent and extraction
with pentane at room temperature, and
the monomer [Tm(dtp)2] (5) could be
isolated and was characterised by X-ray
crystallography. Presumably, steric
crowding in 5 is too high for dimerisa-
tion to occur. Compound 5, the first TmII


homoleptic sandwich complex, is re-


markably stable at room temperature in
solution and did not noticeably
react with nitrogen, in sharp contrast
with other thulium(��) species. As
expected, 5, 6 and 7 all reacted
with azobenzene to give the tri-
valent complexes [Tm(dtp)2(N2Ph2)]
(13), [Sm(dsp)2(N2Ph2)], (14) and
[Sm(dtp)2(N2Ph2)] (15), respectively; 13
and 14 were characterised by X-ray
crystallography. Complex 5 immediately
reacted with triphenylphosphane sulfide
at room temperature to give
[{Tm(dtp)2}2(�-S)] (16), which was char-
acterised by X-ray crystallography,
whereas samarium(��) complexes 6 and
7 did not noticeably react with Ph3PS
over 24 h under the same conditions.


Keywords: low-valent compounds ¥
metallocenes ¥ P ligands ¥ samarium
¥ thulium


Introduction


The molecular chemistry of low-valent lanthanide (Ln)
complexes has long been restricted to europium, ytterbium
and samarium, that is, to the elements of the lanthanide series
that have an accessible � �� oxidation state and for which
precursors such as LnI2 are easily available by solution
chemistry near room temperature.[1] Although other lantha-
nide(��) diiodides,[2] namely, NdI2, DyI2 and TmI2, were first
described some time ago, their chemistry has not been much
developed, probably because their synthesis involved high-
temperature, solid-state techniques.[3, 4]


However, this situation recently changed when Evans and
Bochkarev et al.[5, 6] described the solution synthesis and
isolation of TmI2 solvated with dimethoxyethane (DME) or
THF by the direct reaction of thulium metal with iodine.


Shortly afterwards, Bochkarev and Fagin[7] and Evans et al.[8, 9]


showed that unsolvated NdI2, DyI2 and TmI2 could be made
by a method that, while still using a high-temperature reaction
of the lanthanide elements with iodine, could nevertheless be
conducted in the laboratory in ordinary glassware or silica
apparatus. Solvated NdI2[10] and DyI2[8] (with DME or THF)
are highly reactive complexes that are only stable below room
temperature.


As far as organometallic and coordination chemistry is
concerned, other complexes of neodymium(��), dysprosium(��)
and thulium(��) are generally too reactive to be isolated. For
instance, they react with nitrogen to give interesting �-N2


2�


complexes,[11±13] undergo oxidative cleavage of the coordinat-
ed solvent[11, 14] or ligand[15] to give lanthanide(���) complexes,
and can reduce aromatic hydrocarbons[8, 16] and acetonitrile.[17]


Nevertheless, Evans et al. were able to isolate the first
structurally characterised organometallic complex of thu-
lium(��), [Cp ��


2Tm(thf)] (1; Cp���C5H3(SiMe3)2), which has
limited stability at room temperature, and thus showed that,
by careful selection of the ligand and reaction conditions,
™nonclassical∫ lanthanide(��) complexes can be obtained.[11] In
another approach, Lappert et al. recently characterised the
unusual lanthanum(��) anionic complex [K([18]crown-6)(�-
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Laboratoire He¬te¬roe¬ le¬ments et Coordination, CNRS UMR 7653
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C6H6)2][(LaCptt
2 �2(�-C6H6)] (Cptt�C5H3(tBu)2) by reduction


of the trivalent precursor [(LaCptt
2 �3] .[18]


The phospholyl (phosphacyclopentadienyl) ligand has been
successfully used in organolanthanide and organoactinide
chemistry.[19] It appears particularly well suited for the
stabilisation of low-valent complexes because of its reduced
�-donor capability; thus, we described in a previous commu-
nication three new complexes of thulium(��) with bulky
phospholyl and arsolyl ligands: [Tm(dsp)2(thf)] (2 (dsp�
PC4Me2(SiMe3)2), [(dsas)2Tm(thf)] (3, dsas�AsC4Me2-
(SiMe3)2), and [Tm(dtp)2(thf)] (4 ; dtp�PC4Me2tBu2), and
we found that the stability of these compounds in solution was
improved with respect to that of 1[20] (Scheme 1).


We now report the synthesis of a new unsolvated metal-
locene-like thulium(��) sandwich complex: [Tm(dtp)2] (5).
Since we thought that a comparison of 5 with homologous


samarium(��) complexes would be useful, we also describe the
syntheses of the homoleptic complexes [Sm(dsp)2] (6) and
[Sm(dtp)2] (7). Finally, the reactivity of 5 is compared to those
of 6 and 7.


Results and Discussion


Ligands : A general method for constructing symmetrical
phospholes uses zirconium chemistry: zirconacyclopenta-
dienes, which are readily available by oxidative coupling of
two equivalents of an alkyne around a transient zirconocene,
can directly afford phospholes by metathesis with phosphorus


dihalides.[21] Large substituents
G in the alkyne regiospecifically
end up in the position � to
zirconium, and thus phospholes
bearing bulky groups in the 2,5-
positions are obtained;[22, 23] the
corresponding phospholides,
equivalents of cyclopentadie-
nide, are then obtained by treat-
ment with an alkali metal
(Scheme 2). Using this method,
we successfully isolated K(dsp)
(8).[24]


Potassium 2,5-bis(tert-butyl)-
3,4-dimethylphospholide K(dtp)
(9) was obtained by a similar
route. Iodinolysis[25] of the
known [Cp2Zr{C4Me2tBu2}]
(10)[26] gave diiodide 11, which
could be transformed into a


dilithium salt by standard halogen/lithium exchange; treat-
ment of this salt in situ with PhPCl2 afforded the correspond-
ing 1-phenyl-2,5-di-tert-butyl-3,4-dimethylphosphole 12,
which could be converted to 9 by treatment with an excess
of potassium in DME. (Scheme 3)


Compound 9 can thus be satisfactorily obtained in about
45% yield from commercially available [Cp2ZrCl2] and
tBuC�CMe (yield of isolated 10 is ca. 90%).


Homoleptic complexes of samarium(��): We described some
time ago the synthesis of samarium(��) and ytterbium(��)
complexes of the tetramethylphospholyl (tmp�C4Me4P)
ligand: [Sm(tmp)2(thf)2] and [Yb(tmp)2(thf)2], and found that
the coordinated THF in these complexes was labile and could
be removed by evaporation of toluene solutions of the
compounds. However, the resulting [Sm(tmp)2] and
[Yb(tmp)2] were amorphous insoluble solids for which no
solution NMR spectra could be obtained.[27] We suspected
that this insolubility was due to intermolecular contacts in the
solid state, maybe involving coordination of the phosphorus
lone pair to the lanthanide(��) ions. Interestingly, it has been
shown that, in the three-dimensional crystal structure of the
highly insoluble [Yb(C5Me4H)2], the C5Me4H ligand of which
is sterically very similar to tmp, short intermolecular contacts
are present between a CH unit of one molecule and the
ytterbium atom of another.[28]


Chem. Eur. J. 2003, 9, 4916 ± 4923 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4917


Abstract in Romanian: Anionul fosfolil K(dtp) (9) a fost
obtinut pe baza chimiei zirconiului din materii prime comer-
ciale cu un randament total de 45%. Reactia acestuia cat si cea
a anionului K(dsp) (8), descris anterior, cu SmI2 in Et2O au
condus la izolarea a doi complecsi homoleptici dimeri ai SmII


(raze X) prin coordinarea perechii libere a fosforului de Sm.
Complexul solvatat [Tm(dtp)2(Et2O)], obtinut din (9) in
aceleasi conditii, pierde usor solventul coordinat prin extractie
cu hexan, rezultand un complex monomer [Tm(dtp)2] (5)
(raze X). Probabil ca acest compus nu se prezinta sub forma
unui dimer din cauza impiedicarii sterice. (5), primul complex
sandwich homoleptic al TmII, prezinta stabilitate termica in
solutie si este inert fata de N2, contrar altor specii ale TmII.
Compusii homoleptici ai Sm si Tm divalenti reactioneaza cu
azobenzenul, obtinandu-se speciile trivalente corespunzatoare,
[Tm(dtp)2(N2Ph2)] (13) si [Sm(dsp)2(N2Ph2)] (14) (raze X).
Compusul (5) reactioneaza instantaneu cu Ph3P� S, la
temperatura camerei, formand [Tm(dtp)2(�-S)] (16), a carui
structura a fost determinata, in timp ce complecsii SmII nu au
dat nici un rezultat dupa 24 h in aceleasi conditii.


Scheme 1. Ligands and complexes in thulium(��) chemistry.







FULL PAPER F. Nief et al.


Scheme 3. a) I2, THF, 0 �C, 2 h, 75%; b) 2nBuLi, Et2O, �78 �C to RT, 1 h,
then PhPCl2, �78 �C to RT, 30 min, 79%; c) K (4 equiv), DME, 70 �C, 2 h,
89%.


We thought that dtp or dsp, which have bulky substituents �
to phosphorus, would offer a better better chance of obtaining
more soluble material, and that using diethyl ether as solvent
instead of the more basic THFwould make desolvation easier.
Reaction of 8 or 9 with unsolvated SmI2 in diethyl ether
afforded solutions which, after stripping of the solvent and
treatment with pentane, yielded green solids of respective
compositions [Sm(dsp)2] (6) and [Sm(dtp)2] (7) (Scheme 4).


Scheme 4. Synthesis of 6 and 7.


Compounds 6 and 7 are moderately soluble in toluene and
could be recrystallised from this solvent. 1H NMR spectra in
C6D6 gave very broad signals both for 6 and 7, and no
phosphorus signals were observed; however 31P spectra could
be recorded in THF. X-ray crystal structures were obtained (a
summary of the X-ray data is presented in Table 1).


Complexes 6 and 7 are centrosymmetric dimers in the solid
state: [{Sm(dsp)2}2] (6a) and [{Sm(dtp)2}2] (7a), composed of


two metallocene-like moieties
linked by additional P�Sm da-
tive bonds (Figure 1). Thus, the
bulky substituents � to phos-
phorus in the dsp and dtp
ligands do not prevent coordi-
nation of the lone pair of the
phosphorus atom in the similar


dimeric structures of 6a and 7a. Furthermore, although the
Sm�P dative bonds are long, they fall in the range of those
already found for samarium(��) complexes.[29] In both com-
pounds, there is an additional short contact between the
samarium atom of one metallocene moiety and a methyl
group of an SiMe3 substituent (C17 2 in 6a) or a tBu group
(C20 2 in 7a) of the other, thus approaching the optimum
coordination number of eight for samarium(��). Compound 7a
looks slightly more crowded than 6a, as evidenced by the fact
that all bond lengths involving Sm are longer. Finally, the
singlet 1HNMR signals of the phospholyl substituents in 6 and
7 suggest that these compounds are monomeric in C6D6


solution.


Sandwich complex of thulium(��): Having successfully isolated
homoleptic complexes of samarium(��), we treated unsolvated
TmI2 with two equivalents of 8 or 9 in Et2O. After 24 h at
room temperature, 31P NMR spectra of the reaction mixtures
displayed broad high-field signals at ���273 (for 8) and
�310 ppm (for 9), chemical shifts which are respectively
similar to those of the previously reported THF solvates 2
(���266 ppm) and 4 (���338 ppm).[20] Consequently,
complexes such as [TmIIL2(Et2O)] (L� phospholyl) are
probably present in solution at that point. After evaporation
to dryness and extraction of the residue with pentane, dark
green solids were obtained in both cases. With the dsp ligand,
the 1H and 31P data of the isolated thulium(��) complex are
very similar to those of 2 ; the presence of coordinated solvent
was revealed by 1H NMR spectroscopy. By contrast, with the
dtp ligand, the 31P signal had experienced a substantial shift
after the pentane extraction step (from ���310 to
�257 ppm). In the 1H spectrum in C6D6 solution, no signals
that could correspond to coordinated solvent were apparent,
and the ligand signals were significantly shifted with respect to
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Scheme 2. The zirconacyclopentadiene synthesis of phospholes and phospholides.


Figure 1. ORTEP plots of 6a and 7a (50% ellipsoids, H atoms omitted). Selected distances [ä] and angles [�]: 6a : Sm1�P1 3.023(1), Sm1�P2 3.113(1),
Sm1�Cring (av) 2.95(2), Sm1�P1 2 3.168(1), Sm1-C17 2 3.25; Cnt-Sm1-Cnt 138. 7a : Sm1�P1 3.045(1), Sm1�P2 3.148(1), Sm1�Cring (av) 2.97(3), Sm1-P1 2
3.197(1), Sm1-C20 2 3.25, Cnt-Sm1-Cnt 143.
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those of 4. This suggested that the isolated product was a
thulium(��) dtp complex of composition [Tm(dtp)2] (5 ;
Scheme 5).


An X-ray crystal structure of 5 (Table 1) confirmed that it is
indeed an unsolvated complex, but, unlike 6a and 7a, 5 is
monomeric in the solid state and is thus the first homoleptic
sandwich complex of thulium(��). There are three independent
molecules in the unit cell, which are not significantly different
from one another, so only molecule 1 is shown (Figure 2)


In 5, the thulium atom is sandwiched between two
phospholyl planes that are not rigorously parallel, but the
dihedral angles are small (molecule 1: 6.1�, molecule 2: 2.8�,
molecule 3: 5.5�). Lanthanide(��) metallocenes are generally
more bent than 5,[28, 30±34] although the rings of [(C5iPr5)2Eu]
are parallel.[34]


It is interesting to compare the structure of 5 with that of
the monomeric [Cptt


2Yb],[28] because Cptt and dtp both have
two tert-butyl substituents and the ionic radii of ytterbium(��)
and thulium(��) are similar. Both compounds are free of short
intermolecular contacts, yet they display intramolecular


contacts between the lanthanide(��) ion and two methyl
carbon atoms of tert-butyl groups. In [Cptt


2Yb] these methyl
groups belong to the tert-butyl groups of one Cptt ligand, while


in 5 they are located on two
different dtp ligands (C13 and
C21 in Figure 2).


As expected, the average
Tm�C and Tm�P bonds are
shorter than the Sm�C and
Sm�P bonds in the Sm ana-
logue 7a. Presumably, the more
compact 5 remains a monomer
because coordination of another
phosphorus lone pair to thu-


lium is prevented for steric reasons.
The ease of desolvation of the intermediate [Tm(dtp)2-


(Et2O)] to give 5 (by simple evaporation of the ether solvent
and extraction with pentane at room temperature) is quite
remarkable. By contrast, [Tm(dsp)2(Et2O)] under the same
conditions is not desolvated, and attempts to use more forcing
conditions (evaporation of warm toluene solutions or heating
the solid at 50 �C under vacuum) led to decomposition. We
already noted that the Tm�O bond in [Tm(dtp)2(thf)] (4) is
significantly longer than that in 1[11] or 3,[20] and this suggests a
relative weakness of this bond in [Tm(dtp)2(Et2O)], too.


Reactivity of the thulium(��) and samarium(��) complexes :
Complex 5 is quite stable; pentane solutions of this compound
appear unchanged for days at room temperature under dry
argon. However, since 1 is known to react with dinitrogen,[11]
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Table 1. Crystal data and data collection parameters.


Compound 5 6a 7a 13 14 16


molecular formula C28H48P2Tm C48H96P4Si8Sm2 ¥ 2C7H8 C56H96P4Sm2 ¥ 3C7H8 C40H58N2P2Tm C36H58N2P2Si4Sm C56H60P4STm2


molecular weight 615.53 1506.82 1470.31 797.75 843.52 1226.84
crystal habit block plate cube plate plate plate
crystal colour dark green emerald green dark green emerald green dark green pale yellow
crystal dimensions [mm] 0.16� 0.16� 0.16 0.22� 0.22� 0.03 0.16� 0.16� 0.16 0.18� 0.18� 0.08 0.20� 0.20� 0.14 0.22� 0.22� 0.08
crystal system monoclinic triclinic triclinic monoclinic orthorhombic monoclinic
space group P21/c (no. 14) P1≈ (no. 2) P1≈ (no. 2) C2/c (no. 15) Pbcn (no. 60) P21/c (no. 14)
a [ä] 25.0660(10) 11.843(5) 12.195(5) 16.5740(10) 14.9990(10) 12.9980(10)
b [ä] 14.4460(10) 12.994(5) 13.418(5) 13.1900(10) 13.6930(10) 14.9560(10)
c [ä] 24.0510(10) 14.366(5) 13.659(5) 18.3560(10) 20.2920(10) 30.0730(10)
� [�] 90 109.140(5) 106.410(5) 90 90 90
� [�] 95.4150(10) 97.680(5) 106.540(5) 112.0000(10) 90 92.839(4)
� [�] 90 110.240(5) 110.620(5) 90 90 90
V [ä3] 8670.1(8) 1881.9(13) 1813.7(12) 3720.6(4) 4167.6(5) 5839.0(7)
Z 12 1 1 4 4 4
� [gcm�3] 1.415 1.330 1.346 1.424 1.344 1.437
F(000) 3780 780 766 1644 1744 2584
� [cm�1] 3.193 1.791 1.731 2.500 1.627 3.198
max. � 25.00 30.03 30.03 30.02 30.03 26.37
refl. measured 59267 15674 14895 8791 20244 11141
unique data 15194 10976 10545 5402 6094 7881
Rint 0.0812 0.0332 0.0256 0.0269 0.0242 0.0315
refl. used (I� 2	(I)) 10095 9161 9091 4489 4531 6091
wR2 (all data) 0.1415 0.0873 0.0775 0.0933 0.0989 0.1842
R1 0.0530 0.0368 0.0328 0.0375 0.0327 0.0704
GoF 1.005 1.028 1.038 1.009 1.033 1.086


Scheme 5. Synthesis of 5.
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Figure 2. Structure of 5 (ORTEP plot; molecule 1, 50% ellipsoids, H
atoms omitted). Selected distances [ä] and angles [�]: Tm1�P1 2.875(2),
Tm1�P2 2.867(2), Tm1�Cring (av) 2.73(3); Cnt-Tm1-Cnt 170, Tm1-C13
3.29, Tm1-C21 3.43.


we exposed pentane solutions of 5 and THF solutions of 2 and
4 to 1 atm of dinitrogen gas. After 8 h, no apparent change
occurred in the colours of the reaction mixtures, which
remained dark green, and the 31P NMR spectra of the
solutions were unchanged and still indicated the presence of
the starting materials. Thus, under these conditions, no
noticeable reaction of our thulium(��) complexes with nitrogen
took place.


Another possibility to test the reactivity of thulium(��)
complex 5 is reaction with an aromatic hydrocarbon such as
anthracene, which is known to oxidise [(C5Me5)2Sm].[35] Thus,
this hydrocarbon was added to toluene solutions of 5, and of
the samarium complexes 6 and 7, and again no reaction took
place after 8 h at room temperature.


Thus, it seems that the dsp and dtp ligands impart
considerable stability to the lanthanide(��) centres. We thought
that our samarium(��) and thulium(��) complexes should react


with azobenzene, which is known to oxidise even ytterbiu-
m(��).[36] Addition of one equivalent of azobenzene to toluene
solutions of 5, 6 and 7 at room temperature resulted in the
immediate formation of dark blue solutions from which we
could respectively isolate [Tm(dtp)2(N2Ph2)] (13),
[Sm(dsp)2(N2Ph2)] (14) and [Sm(dtp)2(N2Ph2)] (15)
(Scheme 6). Complexes 13 and 14 were characterised by
X-ray crystallography (Figure 3 and Table 1)


Scheme 6. Synthesis of azobenzene complexes.


The overall structure of these two complexes is similar to
that of [(C5Me5)2Sm(N2Ph2)(THF)][36] in the sense that they
all show �2 coordination of the N2Ph2 ligand, and the C(Ph)-N-
N�-C�(Ph) dihedral angle, which indicates the degree of
bending of the ligand, is similar in 13 (41�), 14 (39�), and
[(C5Me5)2Sm(N2Ph2)(THF)] (36�). In these three complexes,
the N�N bond is substantially elongated relative to free
azobenzene (13 and 14 : 1.35 ä; [(C5Me5)2Sm(N2Ph2)(THF)]:
1.32 and 1.39 ä), and thus indicates reduction of the ligand, so
that the metal is in the trivalent state. This was confirmed by
magnetic susceptibility measurements (Evans method), which
gave the expected value for thulium(���) in 13 (�eff� 7.6 �B) and
for samarium(���) in 14 (�eff� 1.9 �B) and 15 (�eff� 2.1 �B).
Finally, the Sm�C and Sm�N bonds in 14 and
[(C5Me5)2Sm(N2Ph2)(THF)] are similar, while these bonds
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Figure 3. Structures of 13 and 14 (ORTEP plots; 50% ellipsoids, H atoms omitted). Selected distances [ä] and angles [�]: 13 : Tm1�P1 2.869(1), Tm1�Cring


(av) 2.75(1), Tm1�N1 2.292(3), N1�N1 2 1.351(5); N1-Tm1-N1 2 34.3(1), Cnt-Tm1-Cnt 143, C15-N1-N1 2-C13 2 41. 14 : Sm1�P1 2.9484(6), Sm1�Cring (av)
2.80(1), Sm1�N1 2.364(2), N1�N1 4 1.351(4); N1-Sm1-N1 4 33.3(1), Cnt-Sm1-Cnt 140, C13-N1-N1 4-C13 4 39.
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are shorter in 13, a normal consequence of the lanthanide
contraction.


Triphenylphosphane sulfide reacts with [(C5Me5)2Yb-
(Et2O)] and [(C5Me5)2Sm(thf)2] to give [{(C5Me5)2Yb}2(�-
S)][37] and [{(C5Me5)2Sm(THF)}2(�-S)].[38] When we added
Ph3PS to toluene solutions of 13 at room temperature (Tm/
Ph3PS 2/1), an immediate colour change to yellow occurred,
accompanied by the disappearance of the 31P NMR signal of
13 and the appearance of a signal corresponding to Ph3P. From
this mixture, yellow crystals of [{Tm(dtp)2}2(�-S)] (16) could
be isolated (Scheme 7).


Scheme 7. Synthesis of the thulium sulfide complex.


By contrast, no noticeable change after 24 h at room
temperature occurred when Ph3PS was added to toluene or
diethyl ether solutions of 14 and 15. Thus, we have been able
to find a system in which, in comparable environments,
phospholylthulium(��) complexes are more reactive that their
phospholylsamarium(��) homologues, as they indeed should
be.


The X-ray crystal structure of 16was determined (Figure 4).
The overall structure of 16 is similar to those of
[{(C5Me5)2Yb}2(�-Se)][37] and [{(C5Me5)2Sm(thf)}2(�-S)].[38]


The Tm-S-Tm angle (165.3(2)�) is similar to the Sm-S-Sm


Figure 4. Structure of 16 (ORTEP plot; 50% ellipsoids, H atoms omitted).
Selected distances [ä] and angles [�]: Tm1�S1 2.575(4), Tm2�S1 2.582(4),
Tm�P(av) 2.875(7); S1-Tm1-S2, 165.3(2) Cnt-Tm-Cnt (av) 139


angle (170.0(1)�). The Tm�S bonds (2.575(4) ä and
2.582(4) ä), are, as expected, slightly shorter than the Sm�S
bonds in [{(C5Me5)2Sm(THF)}2(�-S)] (2.663(1) ä and


2.665(1) ä). The observed magnetic moment of 16 corre-
sponds to two noninteracting thulium(���) centers.


Conclusion


We have isolated and characterised [Tm(dsp)2], a sandwich
compound which is the first homoleptic complex of thu-
lium(��). By contrast, [{Sm(dsp)2}2] and [{Sm(dtp)2}2] are dimers,
probably because of the larger ionic radius of samarium(��).
Our reactivity study revealed high stability of thulium(��)
bound to the dtp ligand and low reactivity of samarium(��) and
thulium(��) when coordinated by the dtp and dsp ligands. Our
next goal will be to try to stabilise dysprosium(II) and
neodymium(II) by interaction with phospholyl ligands, an
objective that will certainly prove challenging.


Experimental Section


All manipulations involving lanthanide complexes were performed on a
vacuum line or in a drybox under argon with dry, oxygen-free solvents. All
other reactions were performed in Schlenk glassware under nitrogen.
SmI2,[37] complex 10[26] and phospholide 8[24] were prepared as previously
described. TmI2[7] was prepared by heating thulium metal and iodine in a
silica apparatus similar to that described by Evans et al. for the synthesis of
DyI2.[8] For the synthesis of 5, a small excess of TmI2 was used to take into
account possible contamination of this material by small amounts of
residual thulium metal. All other reagents were commercial and used as
received from the suppliers. Magnetic susceptibility data were obtained by
the Evans NMR method. Elemental analyses were performed at the
Service central d×analyses du CNRS, Vernaison, France and at the Service
de microanalyse de l×universite¬ de Dijon, Dijon, France.


Diiodide 11: Solid iodine (27.26 g, 107 mmol) was added in small portions
to an orange solution of zirconacyclopentadiene 10 (22.16 g, 54 mmol) in
THF (300 mL) at 0 �C. The solution gradually turned brown. After the
addition, the reaction mixture was stirred at room temperature for 1 h. The
solution was filtered and evaporated to dryness, and the residue was taken
up in hexane and purified by chromatography on silica gel (hexane). 11 was
obtained as white crystals (17.94 g, 40 mmol, 74%). 1H NMR (300 MHz,
CDCl3): �� 1.32 (s, 18H), 1.99 ppm (s, 6H); 13C NMR (75.5 MHz, CDCl3):
�� 18.82 (CH3), 33.08 (CH3), 40.41 (C) 119.07 (C), 150.19 ppm (C); MS
(70 eV): m/z (%): 318 [M� I]� (8), 136 (10).


Phosphole 12 : A solution of 11 (17.94 g, 40 mmol) in Et2O (200 mL) was
cooled to �78 �C and a 1.6� solution of nBuLi (50 mL, 80 mmol) was
added dropwise. After 1 h of stirring, the yellow solution was warmed to
room temperature, stirred for 15 min, and cooled again to �78 �C. PhPCl2
(9.4 mL, 7.16 g, 40 mmol) was then added dropwise. The reaction mixture
was warmed to room temperature and evaporated to dryness, and the
residue purified by chromatography on silica gel (hexane). 12 was obtained
as white crystals (9.57 g, 32 mmol, 79%). 1H NMR (300 MHz, CDCl3): ��
1.05 (s, 18H), 1.99 (d, J(H,P)� 2.5 Hz, 6H), 7.2 ppm (m, 5H); 13C NMR
(75.5 MHz, CDCl3): �� 16.80 (d, J(C,P)� 3 Hz, CH3), 32.22 (d, J(C,P)�
7 Hz, CH3), 34.43 (d, J(C,P)� 16.5 Hz, C), 128.00 (d, J(C,P)� 8 Hz, C),
128.66 (d, J(C,P)� 1.5 Hz, C), 134.14 (C) 135.12 (d, J(C,P)� 12 Hz, C),
143.26 (d, J(C,P)� 11.5 Hz, C), 149.95 ppm (d, J(C,P)� 2.5 Hz, C); 31P
NMR (122 MHz, CDCl3) �� 4.6. MS (70eV): m/z (%): 299 [M�H]� (22),
188 (100); elemental analysis (%) calcd for C20H29P (300.42): C 79.96, H
9.73; found: C 80.02, H 9.83.


Phospholide 9 : A solution of 12 (4.0 g, 13.3 mmol) in DME (150 mL) and
potassium metal (2.08 g, 53.3 mmol) were heated at 70 �C for 1.5 h, during
which the potassium melted and the reaction mixture turned dark yellow.
The cooled reaction mixture was then filtered by using a positive pressure
of argon gas. The filtrate was evaporated to dryness and recrystallised from
THF. 9 was obtained as an air-sensitive white powder (3.12 g, 11.9 mmol,
89%). 1H NMR (300 MHz, [D8]THF): �� 1.36 (d, J(H,P)� 1.5 Hz, 18H),
2.17 ppm (s, 6H); 13C NMR (75.5 MHz, [D8]THF): �� 17.09 (CH3), 33.86
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(d, J(C,P)� 17 Hz, CH3), 35.47 (d, J(C,P)� 19 Hz, C), 123.72 (C),
151.51 ppm (d, J(C,P)� 41 Hz, C); 31P NMR (122 MHz, [D8]THF): ��
58.8 ppm.


General method for the synthesis of the SmII complexes : Dry diethyl ether
was condensed at�78 �C onto a mixture of SmI2 (1 equiv) and phospholide
8 or 9 (2 equiv). The reaction mixture was stirred at room temperature for
1 h, filtered and evaporated to dryness. The residue was taken up in
pentane, whereupon 6 and 7 precipitated as green powders, which were
filtered, rinsed with pentane and dried under vacuum.


SmII complex 6 : From SmI2 (0.137 g, 0.34 mmol) and 8 (0.200 g, 0.68 mmol):
the diethyl ether solution was dark green, and 0.143 g of 8 was obtained
(0.22 mmol, 64%). 1H NMR (300 MHz, C6D6): �� 1.3 (br s, 6H), 10.6 ppm
(br s, 18H); 31P NMR (122 MHz, THF): ���383 ppm (br s); �eff� 3.6 �B;
elemental analysis (%) calcd for C24H48P2Si4Sm (661.29): C 43.59, H 7.32;
found, C 43.52, H 7.31.


SmII complex 7: From SmI2 (0.232 g, 0.57 mmol) and 9 (0.300 g, 1.14 mmol),
the diethyl ether solution was purple, and 0.230 g of 8 was obtained
(0.39 mmol, 67%). 1H NMR (300 MHz, C6D6): ���2.2 (br s, 6H),
14.2 ppm (br s, 18H); 31P NMR (122 MHz, THF): ���519 ppm (br s);
�eff� 3.6 �B; elemental analysis (%) calcd for C28H48P2Sm (596.99): C 56.33,
H 8.10; found: C 56.27, H 8.02.


TmII complex 5 : A solution of phospholide 9 (0.330 g, 1.26 mmol) and TmI2
(0.300 g, 0.71 mmol) in diethyl ether (10 mL) was stirred for 24 h at room
temperature. The dark green reaction mixture was filtered and evaporated
to dryness. The resulting foam was taken up in pentane and concentrated,
whereupon 5 precipitated as dark bluish green crystals, which were
collected by filtration and dried under vacuum (0.240 g, 0.39 mmol, 62%).
1H NMR (300 MHz, C6D6): �� 2.0 (br s, 6H), 32.1 ppm (br s, 18H); 31P
NMR (122 MHz, C6D6): ���257 ppm (br s); �eff� 4.7 �B. A correct
elemental analysis could not be obtained for this compound.


General method for the synthesis of the azobenzene complexes 13, 14 and
15 : A toluene (1 mL) solution of azobenzene (1 equiv) was added dropwise
to a toluene (3 mL) solution of the LnII complex 5, 6 or 7 (1 equiv). The
solution immediately turned dark blue in all cases. The solution was
evaporated to dryness, the residue taken up in pentane and the azobenzene
complexes precipitated as dark bluish green powders, which were collected
by filtration, rinsed with cold pentane, and dried under vacuum.


TmIII complex 13 : From 5 (0.075g, 0.12 mmol) and azobenzene (0.022 g,
0,12 mmol), 60 mg of 13 was obtained (0.07 mmol, 65%). �eff� 7.6 �B;
elemental analysis (%) calcd for C40H58N2P2Tm (797.78): C 60.22, H 7.33, N
3.51; found: C 60.55, H 7.43, N 3.61.


SmIII complex 14 : From 6 (0.050 g, 0.075 mmol) and azobenzene (0.014 g,
0,076 mmol), 54 mg of 14 was obtained (0.064 mmol, 84%). 1H NMR
(300 MHz, C6D6): ���1.24 (s, 36H), 3.70 (s, 12H), 71.9 ppm (br s, 4H).
The other phenyl protons were not detected. 31P NMR (122 MHz, C6D6):
�� 148 ppm; �eff� 1.9 �B; elemental analysis (%) calcd for
C36H58N2P2Si4Sm (843.51): C 51.26, H 6.93, N 3.32; found: C 51.28, H
6.93, N 3.20.
SmIII complex 15 : From 7 (0.075g, 0.12 mmol) and azobenzene (0.023g,
0,12 mmol), 76 mg of 15 was obtained (0.097 mmol, 78%). 1H NMR
(300 MHz, C6D6): ���1.02 (s, 36H), 2.70 (s, 12H), 72.0 ppm (br s, 4H).
The other phenyl protons were not detected. 31P NMR (122 MHz, C6D6)
�� 46 ppm; �eff� 2.1 �B; elemental analysis (%) calcd for C40H58N2P2Sm
(779.21): C 61.66, H 7.50, N 3.60; found: C 61.67, H 7.28, N 3.82.


TmIII complex 16 : A toluene (1 mL) solution of triphenylphosphane sulfide
(0.012 g, 0.040 mmol) was added dropwise to a toluene (3 mL) solution of 5
(0.049 g, 0.079 mmol). The reaction mixture immediately turned yellow.
After 2 h at room temperature, the reaction mixture was evaporated to
dryness and taken up in pentane (2 mL), and the precipitate was
centrifuged. The solution was evaporated to dryness and yellow crystals
of 16 were obtained by crystallisation from pentane at �30 �C (0.020 g,
0.016 mmol, 38%). �eff� 10.5 �B. A correct elemental analysis could not be
obtained for this compound.


X-ray crystallography : Suitable single crystals of 5, 13 and 14 were obtained
from saturated pentane solutions at �30 �C, and of 6 and 7 by slow cooling
of hot toluene solutions to room temperature. 16 was crystallised by slow
evaporation of a pentane solution at room temperature. X-ray intensities
were measured with a Nonius KappaCCD diffractometer at 150(1) K with
MoK� radiation (
� 0.71073 ä) and a graphite monochromator. A
summary of the crystal structure determinations is presented in Table 1.


CCDC-209835 ±CCDC-209840 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.uk).
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Characterisation of Four New Two-Dimensional Lithium
Beryllofluoro-Layered Compounds


Lee A. Gerrard* and Mark T. Weller[a]


Abstract: Four new amine-templated
materials, containing two-dimensional
lithium beryllofluoride sheets of the
stoichiometry [LiBeF4]� , have been syn-
thesised under hydrothermal and ambi-
ent pressure conditions. [LiBeF4]-
[C6H4(CH3)CH2NH3] (1), [LiBeF4]-
[C6H4CH2NH3Cl] (2), [LiBeF4]2-
[NH3CH2CH2CH2NH3] (3), and [Li-
BeF4][C6H5CH2CH2CH2NH3] (4) all
contain well-separated anionic sheets
containing two different topologies with


the �inter-layer� regions comprising of
organoamine templating species. Use of
the different organoamine templating
agents results in compounds possessing
very different relative arrangements of
the lithium beryllofluoride sheets. The
materials crystallise in P-centred ortho-


rhombic and monoclinic cells; for 1
(templating agent: 3-methylbenzyla-
mine) Pca21; for 2 (4-chlorobenzyla-
mine) Pbca ; for 3 (1,3-diamminopro-
pane) Pccn, and for 4 (3-phenyl-1-pro-
pylamine) P21/c. Hydrogen bonding
exists between ions situated on the
protonated amine groups on the tem-
plating species and electronegative fluo-
ride ions, on MF4 tetrahedra (where
M�Li and Be).


Keywords: beryllium ¥ hydrother-
mal synthesis ¥ layered compounds
¥ lithium ¥ template synthesis


Introduction


Materials assembled from tetrahedral units are presently of
interest due to the variety of properties the resultant frame-
works can exhibit, including porosity, ion-exchange selectivity
and electronic/magnetic behaviours. The majority of materials
in this class are metal-oxide frameworks, as in zeolites[1, 2]


(aluminosilicates), aluminophosphates[3, 4] and some transi-
tion-metal phosphates.[5, 6] Formation of these frameworks
usually requires the presence of a specific templating species
to direct the adoption of a particular structural topology.
Materials with varying dimensionality, such as 1D chains,[7] 2D
sheets[8] and 3D networks,[9] have been synthesised through
variation of the shape and functionality of the templating
agent. Many of these oxide-based materials have been
synthesised by using a vast array of organoamine templating
species.[10±12]


Very few one-, two- and three-dimensional framework
compounds constructed from MF4 tetrahedral building units
are known. Formulation of these fluoride-based analogues
requires lower charged metallic species, such as M2� and M�,
to counterbalance the decreased negative charge from the


fluoride ions, that is �1 compared to �2 from oxide ions. A
prerequisite for materials to preserve the tetrahedral topology
is to prevent the cation expansion to five or six; therefore,
metals with small cations such as lithium, beryllium and boron
are ideal candidates for fluoride-based frameworks.


The previously reported 1D[13] and 2D[14] amine-templated
materials, formally possessing linked BeF4 and LiF4 tetrahe-
dra, have been synthesised by using hydrothermal methods.
The use of these conditions is prevalent for the construction of
zeotype materials because it not only encourages the synthesis
of condensed frameworks but also the formation of good
quality single crystals. The 1D material [LiBe2F7][C4N2H12]-
[H2O]1.5 has a connectivity of two linked strands of BeF4 and
LiF4 tetrahedra, which produces a corner-sharing �double�
chain with each metal bonded through doubly bridging
fluoride ions. The chains run parallel to each other and are
encircled by organoamine and solvent water molecules. In
addition we have described previously the 2D sheet materials,
[Li2Be2F8][C2N2H10] and [Li2Be2F8][CH3NH3]2[H2O]2, that
were synthesised by using ethylenediamine[14] and methyl-
amine,[14] respectively. The topology is based on parallel rows
of T4 and T3 �ladders�, with the T4 rings edge-sharing in a
�double-diamond� motif.[15] The sheets pack parallel to each
other and are hydrogen-bonded to templating species that line
the inter-layer regions.


Herein we describe four new fluoro-tetrahedral com-
pounds; two that contain a 2D architecture with a layered
structure and two that have the same 2D inorganic sheet
topology as those in reference [14]. Compounds [Li-
BeF4][C6H4(CH3)CH2NH3] (1), [LiBeF4][C6H4CH2NH3Cl]
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(2) and [LiBeF4][C6H5CH2CH2CH2NH3] (4) were synthesised
by using hydrothermal conditions, whereas compound [Li-
BeF4]2[NH3CH2CH2CH2NH3] (3) was synthesised by a two-
step hydrothermal and slow evaporation process.


Results and Discussion


Single-crystal X-ray analysis (Figure 1a and b) shows that
compounds [LiBeF4][C6H4(CH3)CH2NH3] (1) and [Li-
BeF4][C6H4CH2NH3Cl] (2) both consist of a novel 2D lithium
beryllofluoride sheet with bulky amine-templating agents
lying in the inter-layer spacing. In the basic unit of 1 and 2, the
LiI and BeII centres occupy distorted tetrahedral geometries,
both coordinated to terminal, doubly and triply bridging
fluoride ions. Each beryllium atom is bonded to a single
terminal fluoride ion F1, two doubly bridged fluoride ions F2
and F3, and a triply bridging fluoride ion F4. The Be�F bond
lengths range from 1.533(3) to 1.549(3) ä in 1 and from
1.516(7) to 1.560(8) ä in 2, and the F-Be-F angles vary from
105.7(2) to 111.1(2) � in 1 and from 104.6(5) to 111.2(5) � in 2.
Each lithium atom is bonded to two doubly (F2 and F3) and
two triply bridging fluoride ions (both F4). The Li�F bond
lengths range from 1.863(4) to 1.947(4) ä for 1 and from
1.876(10) to 1.945(10) ä for 2; the F-Li-F angles are slightly
distorted from the ideal values expected for tetrahedra
(97.4(2) ± 123.3(2) � for 1; 96.2(4) and 127.0(5) � for 2). These
are again in good agreement with geometries for this type of


species described previously,[17] (Tables 1 and 2). The triply
bridging fluoride has two �longer� bonds, both to lithium
atoms. These can be seen to connect a �pseudo� chain of
lithium atoms together, running parallel to the c (b) axis
(value in parentheses is for compound 2). The triply bridging
mode of the fluoride ligand has longer bonds than the
terminal and doubly bridged species to the metal ions.


Every BeF4 tetrahedra is bridged to four LiF4 units through
two doubly bridging and one triply bridging fluoride ion,
leaving a terminal fluoride ion which is directed, perpendic-
ular to the sheet, into the inter-layer region. The LiF4, on the
other hand, is connected to two identical LiF4 units and two
BeF4 moieties through the triply bridging, F4, and also to two


Figure 1. Small segment of the 2D sheet and organoamine templating moiety of compounds 1 ± 4 (thermal ellipsoid plot, 50% probability). Templating
moiety: a) 3-methylbenzylamine, b) 4-chlorobenzylamine, c) 1,3-diaminopropane, and d) 3-phenyl-1-propylamine.


Table 1. Important bond lengths [ä] for 1 ± 4 (esds are given in parentheses).[a]


1 2 3 4


Li�F2i 1.863(4) Li�F23 1.876(10) Li�F1 1.866(4) Li�F11 1.877(7)
Li�F3ii 1.881(4) Li�F3 1.880(11) Li�F1c 1.873(4) Li�F1 1.854(7)
Li�F4 1.893(4) Li�F44 1.885(9) Li�F2a 1.828(4) Li�F2 1.831(7)
Li�F4iii 1.947(4) Li�F45 1.945(10) Li�F4b 1.829(4) Li�F4 1.877(7)
Be�F1 1.533(3) Be�F1 1.516(7) Be�F1 1.571(3) Be�F1 1.586(6)
Be�F2 1.547(3) Be�F2 1.559(9) Be�F2 1.521(3) Be�F25 1.536(6)
Be�F3 1.538(3) Be�F3 1.537(9) Be�F3 1.550(3) Be�F3 1.546(6)
Be�F4 1.549(3) Be�F4 1.560(8) Be�F4 1.553(3) Be�F42 1.545(6)


[a] Symmetry transformations used to generate equivalent atoms: For 1 : i : 2�
x, 1� y, 1/2� z ; ii : x� 1/2, 1� y, z ; iii : 3/2� x, y, 1/2 �z. For 2 : 3: �x� 1/2, y�
1/2, z ; 4: x� 1/2, y, �z� 1/2; 5: �x, y� 1/2, �z� 1/2. For 3 : a: �x� 1, �y, �z ;
b: x, y� 1, z ; c: �x� 1, y� 1/2, �z� 1/2. For 4 :1 : �x, y� 1/2, �z� 3/2; 2 : �x,
�y� 1, �z� 2; 5 : x, y� 1, z.
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more BeF4 tetrahedra through the doubly bridging fluoride
ions. This connectivity forms a 2D sheet topology with chains
of corner-sharing LiF4 tetrahedra, running perpendicular to
the b (c) axis.


The 1D chains are interlaced above and below with BeF4


�bridging� blocks, which alternate by pointing above and below
the plane of the sheet, to form a layer composed of both T3
and T4 rings (Figure 2a and c). This layer undulates with
solely BeF4 moieties positioned at the peaks and troughs, and
LiF4 units lying, between the peaks and troughs, on the same
plane running perpendicular to the b (c) axis. The sheet can be
viewed in two ways; firstly as parallel edge-sharing �ladders� of


T4 and T3 nets running diagonally across the layer or secondly
as a chain of �diamond� corner-sharing 4-nets, running parallel
to the c (b) axis, linked to adjacent chains by a -F-Li-F-Li-F-
connected sequence.


The topology adopted by the anionic sheet is presumably a
response to the structure-directing effect of the position of the
terminal -NH3 group on the templating agents. In compounds
1 and 2 the protonated amine group, which lies perpendicular
to the layer, is positioned at the centre of four adjacent BeF4


�peaks� on the sheet, and therefore lies almost directly above a
�trough� (see schematic representation in Figure 3 a and b). All
the hydrogen atoms on the -NH3 unit are involved in


Table 2. Important bond angles [�] for 1 ± 4 (esds are given in parentheses).[a]


1 2 3 4


F2i-Li-F3ii 97.38(16) F23-Li-F3 96.2(4) F1-Li-F1c 103.2(2) F1-Li-F11 104.1(3)
F2i-Li-F4 105.10(20) F23-Li-F44 103.3(5) F2a-Li-F1 110.3(2) F2-Li-F1 108.3(3)
F2i-Li-F4iii 101.10(19) F23-Li-F45 99.1(5) F2a-Li-F4b 120.5(2) F2-Li-F4 118.6(4)
F3ii-Li-F4 104.30(20) F3-Li-F44 104.5(5) F2a-Li-F1c 108.0(2) F2-Li-F11 105.3(3)
F3ii-Li-F4iii 123.30(20) F3-Li-F45 127.0(5) F4b-Li-F1 106.6(2) F4-Li-F1 109.8(3)
F4-Li-F4iii 121.19(17) F44-Li-F45 120.5(5) F4b-Li-F1c 106.8(2) F4-Li-F11 109.6(3)
F1-Be-F2 109.40(20) F1-Be-F2 109.8(5) F1-Be-F2 110.0(2) F1-Be-F25 107.3(3)
F1-Be-F3 110.23(18) F1-Be-F3 110.9(5) F1-Be-F3 108.6(2) F1-Be-F3 108.4(4)
F1-Be-F4 110.15(15) F1-Be-F4 110.1(5) F1-Be-F4 107.5(2) F1-Be-F42 109.7(3)
F2-Be-F4 105.68(18) F2-Be-F4 104.6(5) F2-Be-F4 108.6(2) F25-Be-F42 108.4(4)
F3-Be-F2 110.15(15) F3-Be-F2 110.1(5) F3-Be-F2 113.9(2) F3-Be-F25 109.5(3)
F3-Be-F4 111.10(20) F3-Be-F4 111.2(5) F3-Be-F4 108.0(2) F3-Be-F42 113.3(3)


[a] Symmetry transformations used to generate equivalent atoms: For 1 : i : 2�x, 1�y, 1/2�z ; ii : x�1/2, 1�y, z ; iii : 3/2�x, y, 1/2 �z. For 2 : 3: �x�1/2,
y�1/2, z ; 4: x�1/2, y, �z�1/2; 5: �x, y�1/2, �z�1/2. For 3 : a: �x�1, �y, �z ; b: x, y�1, z ; c : �x�1, y�1/2, �z�1/2. For 4 : 1 : �x, y�1/2, �z�3/2;
2 : �x, �y�1, �z�2; 5 : x, y�1, z.


Figure 2. Schematic representations of the two anionic 2D layers; a) Polyhedral representation of 1 and 2. b) Polyhedral representation of 3 and 4. Code:
light hatched tetrahedra: LiF4; dark tetrahedra: BeF4. c) T-F-T connectivity representation of 1 and 2. d) T-F-T connectivity representation of 3 and 4. Code:
large light spheres: lithium atoms; large dark spheres: beryllium atoms; small light grey spheres: fluorine atoms.
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hydrogen bonding, one to a terminal and two to doubly
bridged fluoride ions. These hydrogen bonds are relatively
short (2.711(2), 2.713(3) and 2.722(3) ä for 1; 2.715(5),
2.722(5) and 2.722(5) ä for 2, for N�H ¥¥¥ F, Table 3). Each
�face� of the tetrahedral sheet, parallel to the bc plane, is
hydrogen bonded.


In the two compounds the templating agents lie in the
�corrugated� interlayer spacing, which has an average separa-
tion of about 21 ä for 1 and about 20 ä for 2. In both 1 and 2
adjacent inorganic layers, along the b and c axis, respectively,
line up with �peaks� on one sheet lying opposite troughs on the
next layer, producing an AAAAA-type stacking sequence. If
viewed down the a axis (in both) compound 1 displays an
AAAAA packing sequence with all the layers lining up,
whereas in 2 alternate layers shift slightly, along the b axis,
resulting in an ABABA sequence.


In both compounds the interlayer region consists of two
columns of the organic moieties, running parallel to the
anionic layers. In 1 these two columns are separated by about


2.8 ä, due to the inherent non-polar interactions of the
terminal methyl groups in the 3-position on the benzyl ring
(Figure 3a). Figure 3a also shows the full hydrogen bonding
schematic through the terminal NH3 groups to the anionic
layers. In 2 these two columns are again separated by roughly
3.0 ä, due to the repulsive interactions of adjacent chloride
ions in the 4-position. The change in both the position, from
the 3- to the 4-position on the benzyl ring, and in the
functional group forces adjacent layers, in 2, to stack in a
slightly different topology (Figure 3b).


The structure of compounds 3 and 4 (Figure 1c, d) although
having the same LiBeF4 sheet as compounds 1 and 2, displays
a slightly different layer topology. Again, as in 1 and 2, the
sheet is composed of vertex-sharing BeF4 and LiF4 tetrahedra
with both triply, doubly and terminal fluoride bridging ions.
The connectivity of both beryllium and lithium tetrahedra is
exactly the same; each BeF4 unit shares vertices with four LiF4


moieties through two doubly bridged and one triply bridged
fluoride ion, and each LiF4 tetrahedra bonds to two BeF4 units
through doubly bridged fluoride ions and links to two BeF4


and two other LiF4 units each through a triply shared vertex.
The Be�F bond lengths range from 1.521(3) to 1.571(3) ä


for 3 and from 1.536(6) to 1.586(6) ä for 4, and the F-Be-F
angles vary from 108.0(2) to 113.9(2) � for 3 and from 107.3(3)
to 113.3(3) � for 4. The Li�F bond lengths range from 1.828(4)
to 1.873(4) ä for 3 and from 1.831(7) to 1.877(7) ä for 4, and
the F-Li-F angles are slightly distorted from the ideal values
expected for tetrahedra, with values between 103.2(2) and
120.5(2) � for 3 and between 104.1(3) and 118.6(4) for 4. These
are in good agreement with other distances and angles
described in the literature[17] (Table 1 and Table 2, and
Figure 1 c) and d).


The connectivity of the tetrahedral units in 3 and 4 produce
a 2D array that can be illustrated as an infinite sheet of chains


Table 3. Hydrogen bonds for compounds 1 and 2 [ä and �].[a]


D�H ¥¥¥A d(D�H) d(H ¥¥¥A) d(D ¥¥¥A) �DHA


1
N1�H9 ¥¥¥ F3 0.84(3) 1.90(3) 2.722(3) 164(3)
N1�H10 ¥¥¥ F2a 0.92(3) 1.81(3) 2.713(3) 168(3)
N1�H11 ¥¥¥ F1b 0.94(3) 1.81(3) 2.711(2) 161(3)


2
N1�H1A ¥¥¥ F37 0.89(5) 1.92(7) 2.722(5) 148.7(5)
N1�H1B ¥¥¥ F2 0.89(5) 1.86(7) 2.722(5) 162.9(6)
N1�H1C ¥¥¥ F18 0.89(5) 1.87(7) 2.715(5) 158.0(5)


[a] Symmetry transformations used to generate equivalent atoms: a: x, y,
z� 1; b: �x� 3/2, y, z� 1/2; 7: x, y� 1, z ; 8: �x� 1/2, y� 1/2, z.


Figure 3. Packing diagram showing the 2D anionic layers interspersed with the columns of the organoamine templates. Both the non-polar and the hydrogen
bonding is clearly shown. a) 1; b) 2 ; c) 3 ; d) 4. Code: light polyhedra: LiF4; dark polyhedra: BeF4; dark spheres: carbon; light spheres: nitrogen; small hollow
spheres: hydrogen. Hydrogen bonding is shown as dashed lines.
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forming parallel ladders of T4 and T3 rings, respectively. The
T4 rings edge-share and alternate in a �double-diamond�
motif,[18] and are interspersed, above and below, with
rows of triangular cavities, 3-nets, which point in opposing
directions (Figure 2 b and d). The 2D sheet again has a
corrugated effect with the BeF4 units at the peaks and troughs
and the LiF4 tetrahedra lying on the same plane bisecting the a
axis.


The templating agents, 1,3-diaminopropane in 3 and
3-phenyl-1-propylamine in 4, again influence the structural
relationship between the corrugated sheets (Figure 3 c). As
before the functional groups on the template nestle in the
troughs but in 3 the doubly protonated amine requires two
LiBeF4 units, each �1, to balance the overall charge. This
smaller diamine with two terminal -NH3 functional groups
produces a contraction of the interlayer spacing (average
separation of a/2� 10.528 ä; almost half that observed for 1
and 2), whereas the inter-layer spacing in 4 is about 21 ä
which is again on a par with that of 1 and 2.


Compound 4 has two columns of organoamine templates in
between the anionic sheets, just as 1 and 2, whereas 3 has just a
single row. This is due to the number of NH3 groups present on
the amine. The amine functional groups form hydrogen bonds
to the sheets, and therefore the diamine has two separate
layers hydrogen-bonded to each (Figure 3d).


Even though the hydrogen bonding is again through NH3


groups, as in 1 and 2, the number of hydrogen bonds is
increased by one for 3 and by two for 4. In compound 3 the
two normal hydrogen bonds are 2.799(3) and 2.913(2) ä in
length, whereas the bifurcated hydrogen bond (2.880(3) and
3.014(3) ä) is slightly longer, and therefore weaker. Com-
pound 4 has five unique hydrogen bonds for N�H ¥¥¥ F
distances, two bifurcated to F3 (2.806(5) and 3.097(4) ä)
and to F2 (2.906(4) and 2.972(5) ä) and a single very weak
normal hydrogen bond to F1 (3.263(5) ä). In compound 3
only two of the four fluoride ions are involved with the
hydrogen-bonding interactions, namely the terminal F3 and
one of the doubly bridged fluoride ions F4. In contrast, in
compound 4, three fluorides are involved, namely, the
terminal F3, the doubly bridged F2 and in addition the very
weak hydrogen bonding interaction to the triply bridged
fluoride ion F1. All the hydrogen bonding distances for 3 and
4 are given in Table 4.


A comparison of the two structural types shows a couple of
major differences. Firstly, when viewed down on the sheet, a
triply bridging fluoride connecting two lithium centres in 1
and 2 aligns almost parallel to the c (b) axis producing the -
[Li-F-Li-F-Li]- linear chain, whereas in 3 and 4 the same
bridge lies perpendicular forming a zigzag effect running
parallel to the a axis (Figure 3 c and d). Secondly, compounds
1 and 2, when viewed down the c axis, display corner-sharing
4-nets, whereas in compounds 3 and 4 edge-sharing 4-nets are
prevalent.


Conclusion


In general the layered-based 2D families of aluminophos-
phate[19, 20, 21] and zincophosphate,[22, 23] as well as the fluoride-
based layered compounds reported in this paper, are very
similar in nature because they all contain arrays of corner-
sharing tetrahedra. A vast number of tetrahedral-based layers
have been published and even more have been hypothesised
to exist.


The aluminophosphate-based materials resemble the ma-
terials reported here with regard to the style of stacking which
is manipulated by the presence of templating agents in the
inter-layer regions that interact with the inorganic framework
through extensive hydrogen bonds. Larger ring sizes are much
more common in silicate and phosphate compounds such as in
[C5N2H9]2[NH4] ¥Al3P4O16 (4- and 6-nets),[24] [NH3CHMeCH2-


NH3]3 ¥ [Al3P4O16]2 ¥ H2O (4-, 6- and 8-nets)[25] and even 12-
rings are found in the same anionic network templated by
[BuNH3]2�.[26] The largest ring size observed so far in the
compact LiBeFn layers are 4-rings, only when 3D materials
are synthesised do larger ring sizes emerge, such as 6- and
8-rings.[27]


The presence of bridging and terminal M�O, M�OH and
M�OH2 groups complicate the picture somewhat from truly
oxide-based materials. The aluminophosphates, mainly the
[Al3P4O16]3� layered family, show similar packing arrange-
ments, to the fluoride-based materials, due to terminal P�O
motifs (i.e. terminal Be�F bond in compounds 1 ± 4) that lie
above and below the plane of the sheets, as observed in
references [24 ± 26]. These compounds form strong hydrogen
bonds to the organoamine structure-directing templates in
a similar fashion to the fluoride-based sheets discussed
herein.


We have now reported several new 2D sheet structures built
from linked LiF4 and BeF4 tetrahedra templated with organo-
amines. These materials show that by changing the size and
shape of templating agents, compounds that display different
topologies, with the same connectivity, can be synthesised.
There are many theoretical tetrahedral-based structural top-
ologies with edge- and, or, vertex-sharing triply bridging
anionic species. Only a few oxygen-based materials formed
from tetrahedral units and containing a triply bridging species
are known; one is hemimorphite, Zn4(OH)2Si2O7 ¥H2O,[28]


which consists of puckered hexagonal nets of directly bonded
Zn, Si and O atoms. The triply bridging oxide unit bridges two
zinc and one silicon atom forming a 2D layered topology. The


Table 4. Hydrogen bonds for compounds 3 and 4 [ä and �].[a]


D�H ¥¥¥A d(D�H) d(H ¥¥¥A) d(D ¥¥¥A) �DHA


3
N1-H1 ¥¥¥ F3a 0.91(3) 1.90(3) 2.799(3) 173(3)
N1�H2 ¥ ¥¥ F4b 0.93(3) 2.05(3) 2.880(3) 147(2)
N1�H3 ¥¥¥ F3c 0.95(3) 2.08(3) 3.014(3) 169(2)
N1�H3 ¥¥¥ F4c 0.95(3) 2.31(3) 2.913(2) 120(2)


4
N1�H1A ¥¥¥ F33 1.14(8) 1.99(8) 3.097(4) 162(6)
N1�H1A ¥¥¥ F2 1.14(8) 2.14(7) 2.906(4) 121(5)
N1�H1B ¥¥¥ F3 0.86(5) 1.95(6) 2.806(5) 169(4)
N1�H1C ¥¥¥ F26 0.91(5) 2.33(6) 2.972(5) 128(4)
N1�H1C ¥¥¥ F11 0.91(5) 2.52(5) 3.263(5) 139(4)


[a] Symmetry transformations used to generate equivalent atoms: a: x,
�y� 1/2, z� 1/2; b: x, y, z� 1; c: x, �y� 3/2, z� 1/2; 1: �x, y� 1/2, �z�
3/2; 3: x, y� 1, z ; 6: x, �y� 1/2, z� 1/2.
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three bond lengths to the triply bridging oxide are �1.95 ä,
for both Zn�O, and �1.62 ä, for Si�O.


In comparison with metal ± oxygen bonds (e.g. Si4��O2�,
Zn2��O2�) the monovalent fluoride ion interaction to M2�


and particularly M� metallo-centres is relatively weak. Hence
in the compounds studied the presence of the triply bridging
fluoride with two Li�F and one Be�F interaction is prevalent.
The inclusion of triply bridging fluoride ions is unique to these
types of materials reported herein; a thorough literature
search has showed up no other materials of this type.
However, a number of fluoride-based systems have been
synthesised by O�Hare et al. but these materials are based on
the chemistry of the actinides, and therefore higher metallic
coordination geometry is observed. A few examples include,
[C5N2H14][ThF6] ¥ 0.5H2O,[29] a thorium/fluoride-based chain
that has a 2-methylpyrazine organoamine template and is
composed of face-sharing nine-coordinate tricapped trigonal-
prismatic [ThF9] units. A second example, [C4N2H12]2[U2F12] ¥
H2O,[30] has a 1D structure built up from edge-sharing
polyhedra with the chains separated by piperazinium cations
and solvent water molecules.


Altering the geometry of the organoamine template may
afford higher dimensional materials with topologies resem-
bling those of zeolites. To increase dimensionality it will be
necessary to connect the sheets together through the terminal
fluoride ions. Possible methods of achieving this aim would be
i) the use of a higher ratio of metal in the reaction, ii) further
reaction of the product with extra metal salts or iii) using
templates with a greater number of amine functional groups.


Experimental Section


[LiBeF4][C6H4(CH3)CH2NH3] (1), [LiBeF4][C6H4CH2NH3Cl] (2) and
[LiBeF4][C6H5CH2CH2CH2NH3] (4): Beryllium fluoride (0.1 g,
0.002 mol), 30% hydrofluoric acid (0.085 mL, 0.002 mol) and lithium
carbonate (0.035 g, 0.002 mol) were dissolved in distilled water (1 mL).
3-Methylbenzylamine (for 1; 0.27 mL, 0.002 mol), 4-chlorobenzylamine
(for 2 ; 0.26 mL, 0.002 mol), or 3-phenyl-1-propylamine (for 4 ; 0.3 mL,
0.002 mol) was added to give an overall molar ratio of 1:1:1:1 for
BeF2:HF:Li2CO3:[A] where A� 3-methylbenzylamine, 4-chlorobenzyla-
mine and 3-phenyl-1-propylamine, respectively. The mixture was sealed in
a 23 mL Teflon-lined Parr autoclave and heated at 180 �C for seven days.
After the mixture was cooled, the title compound crystallised to form
colourless block crystals for 1, or colourless plates for both 2 and 4, that
were recovered by filtration and air-dried. 1: Elemental analysis calcd (%)


for LiBeF4C8NH12: C 44.87, H 5.65, N 6.54; found C 44.51, H 5.55, N 6.64;
selected IR absorption bands (KBr disc 4000 ± 400 cm�1): (N�H)/(C�H)/
(C�C)/(C�C)/(C�N): �� � 3024 s, 2774 w, 2678 w, 1642 m, 1629 s, 1592 s, 1563
m. 2 : Elemental analysis calcd (%) for LiBeF4C7NH9Cl: C 47.10, H 6.18, N
6.14; found C 47.34, H 6.22, N 6.14; selected IR absorption bands (KBr disc
4000 ± 400 cm�1): (N�H)/(C�H)/(C�C)/(C�C)/(C�N): �� � 3027 s br, 2785
w, 2664 w, 1648 m br, 1596 m, 1563 m, 1533 m, 1492 m, 1448 m, 1412 m, 1374
m. 4 : Elemental analysis calcd (%) for LiBeF4C9NH14: C 47.10, H 6.18, N
6.14; found C 47.11, H 5.98, N 6.22; selected IR absorption bands (KBr disc
4000 ± 400 cm�1): (N�H)/(C�H)/(C�C)/(C�C)/(C�N): �� � 3510 m, 3442 m,
2999 s br, 2728 w, 2587 w, 2434 w, 2311 w, 2018 w, 1593 m, 1482 s, 1454 s, 1397
m, 1145 m.


[LiBeF4]2[C3N2H12] (3): Beryllium fluoride (0.1 g, 0.002 mol), 30% hydro-
fluoric acid (0.17 mL, 0.004 mol) and 1,3-diaminopropane (0.17 mL,
0.002 mol) were dissolved in distilled water (1 mL) to give an overall
molar ratio of 1:2:1 for BeF2:HF:[A] where A� 1,3-diaminopropane. The
mixture was sealed in a 23 mL Teflon-lined Parr autoclave and heated at
150 �C for 2 h. After the mixture had been cooled, lithium carbonate
(0.035 g, 0.002 mol) was dissolved into the solution and the mixture left to
slowly evaporate. The title compound crystallised to form small colourless
block crystals that were recovered by filtration and air-dried. 3 : Elemental
analysis calcd (%) for Li2Be2F8C3N2H12: C 13.86, H 4.65, N 10.08; found C
13.88, H 4.96, N 9.96; selected IR absorption bands (KBr disc 4000 ±
400 cm�1): (N�H)/(C�H)/(C�C)/(C�N): �� � 3071 m br, 3007 m br, 2771,
2688, 2560, 2404, 1610 m, 1599 w, 1478 w, 1463 w, 1408 w, 1216 w, 1188 w,
1102 w.


X-ray crystallographic study : The crystal structures were determined from
single-crystal X-ray diffraction data. Data were collected on a Nonius
Kappa CCD Area detector diffractometer by using MoK� radiation (��
0.71073 ä) � and � scans to fill the Ewald sphere at 120(2) K. The crystal
structure parameters are described in Table 5. The structures were solved
by direct methods using SHELXS-97[15] and structure refinement by least-
squares method SHELXL-97.[15] All the calculations were performed by
using the WINGX[16] system (Ver 1.64.03). All the non-hydrogen atoms
were refined anisotropically. Selected bond lengths and angles are listed in
Table 1 and Table 2.


Thermal analysis : The thermal stability of compounds 1, 2, 3 and 4 were
investigated by using TGA/DTA in air between 25 �C and 500 �C.
Compound 1 showed a total mass loss of 55%, that is assigned to a
possible loss of just the amine template and HF in two stages, around 200 ±
400 �C. Compound 2 showed a total mass loss of 67%, that is assigned to a
loss of the amine template and HF in three stages, again around 200 ±
400 �C. Compound 3 showed a total mass loss of 52%, that is assigned to a
loss of the amine template and HFand water, around 100 ± 400 �C. Note this
compound is slightly hydrophillic and picks up surface water. Compound 4
showed a total mass loss of 68%, that is assigned to a loss of the amine
template and HF in three stages, around 150 ± 400 �C.


CCDC-206718 ± 206721 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.ca-
m.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-
336-033; or deposit@ccdc.cam.ac.uk).


Table 5. Crystal data for 1 ± 4.


Empirical formula LiBeF4C8NH12 (1) LiBeF4C7NH9Cl (2) Li2Be2F8C3N2H12 (3) LiBeF4C9NH14 (4)


Fw 214.14 234.55 168.10 228.16
space group Pca2(1) Pbca Pccn P2(1)/c
Z 4 8 4 4
T [K] 120(2) 120(2) 120(2) 120(2)
a [ä] 7.2491(2) 7.1613(7) 21.057(2) 21.557(3)
b [ä] 21.0877(7) 6.5965(5) 4.8117(4) 4.8469(7)
c [ä] 6.6169(2) 41.372(4) 9.8727(8) 10.0565(18)
V [ä3] 1011.50(5) 1954.4(3) 1000.3(1) 1050.4(3)
� [mm�1] 0.131 0.408 0.117 0.131
�calcd [Mgm�3] 1.406 1.594 1.116 1.443
Rint 0.0522 0.1120 0.1004 0.0896
R1 [I� 2�(I)] 0.0420 0.0663 0.0453 0.0661
wR2 [I� 2�(I)] 0.1001 0.1282 0.0889 0.1572
data/restraints/parameters 2314/1/172 1599/0/155 1050/0/103 1502/0/201
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Unexpected Reaction Pathways in the Reaction of Alkoxyalkynyl-
chromium(0) Carbenes with Aromatic Dinucleophiles**


Miguel A. Sierra,* MarÌa J. Manchenƒo, Juan C. del Amo, Israel Ferna¬ndez, and
Mar Go¬mez-Gallego[a]


Abstract: Thermal- or SiO2-induced re-
actions of the Michael adducts of 1,2-
aromatic dinucleophiles and alkynyl-
chromium(0) carbene complexes, com-
pounds 7 ± 10, form different products in
good yields depending on the nature of
the aromatic dinucleophile used. Thus,
1,2-diaminobenzene derivatives 7 and 8
rearrange to pentacarbonylchromium(0)
isocyanide complexes 11, 12, 14, and 15
in a process that occurs through bicyclic
intermediates 24. Adducts 9 derived
from o-aminophenol give 2,3-dihydro-
1,5-benzoxazepine derivatives 17 by in-
tramolecular 1,2-addition, followed by


protonation at the chromium center and
reductive elimination. In contrast, base-
promoted addition of the phenolic hy-
droxy group in compound 9a affords
3-ethoxy-5-phenyl-5,6-dihydro-2H-1,6-
benzoxazocin-2-one (18), together with
the expected adduct 17a. Compound 18
is formed by a nucleophilic addition to a
CO ligand in a preformed carbene com-


plex. This is a new example of the rare
attack of a nucleophile on a CO ligand in
a Fischer carbene complex. Adducts 10
form seven-membered-ring carbene
complexes 19 and 20 by intramolecular
aminolysis. In contrast, reaction of al-
kynyl carbene complexes with 1,8-dia-
minonaphthalene under very mild con-
ditions leads to 2-substituted perimi-
dines 33 together with the
corresponding ethoxymethylmetal car-
bene complex 32 through an unprece-
dented fragmentation process in a for-
mal retro-Aumann reaction.


Keywords: addition reactions ¥ car-
bene complexes ¥ dinucleophiles ¥
isocyanide complexes ¥ perimidines
¥ rearrangements


Introduction


Many reactions of �,�-unsaturated Group 6 Fischer carbene
complexes and nucleophiles are analogous to those experi-
enced by organic esters and amides.[2] However, in many cases,
the presence of the metal fragment resulted in the formation
of more sophisticated products than those expected from the
standard 1,4- or 1,2-addition of the nucleophile.[3] The
chemistry developed therefrom has resulted in an impressive
array of synthetically useful processes.[4] Recently, we and
others have demonstrated that the metal fragment of �,�-
unsaturated chromium(0) carbene complexes also participates
in the addition reactions of simple nucleophiles.[5] Simple
amines may also produce other processes than the expected
Michael additions in their reactions with �,�-unsaturated
Group 6 (Fischer) carbenes. For example, Ricart recently
reported the formation of cyclic diaminocarbene 2 in low


yields by the reaction of complex 1a and 1,2-diaminopropane
(Reaction (1) of Scheme 1).[6] Additionally, the reaction of
catechol with tungsten complex 1b formed the bicyclic ketal 3
in a process claimed to be a double 1,4-addition process
(Reaction (2) of Scheme 1).[7]


Scheme 1.


In spite of the number of reactions reported for �,�-
unsaturated Fischer carbene complexes,[8] reactions in which a
fragmentation of the carbon skeleton is involved are rare. At
the beginning of this work, only one example of this kind of
process had been described.[9a] Thus, Dˆtz and co-workers
reported the spontaneous retro-Fischer fragmentation of
complex 4 to form enyne 5 (Scheme 2). While this work was


[a] Prof. Dr. M. A. Sierra, Dr. M. J. Manchenƒo, J. C. del Amo,
I. Ferna¬ndez, Prof. Dr. M. Go¬mez-Gallego
Departamento de QuÌmica Orga¬nica
Facultad de QuÌmica
Universidad Complutense, 28040-Madrid (Spain)
Fax: (�34)913944103
E-mail : sierraor@quim.ucm.es
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Scheme 2.


in progress, Aumann and co-workers described one more
example of this type of fragmentation in the reaction of
tungsten complexes 6 with 2-chloro-1,4-azadiene (Sche-
me 3).[9b]


Scheme 3.


These precedents make it probable that even the well-
known addition of amines and phenols to �,�-unsaturated
chromium(0) carbenes may, under some conditions, occur with
the participation of the metal center to afford products other
than the Michael or 1,2-adducts.[10] In our ongoing project
directed towards the synthesis of polymetallic structures,[11] as
well as in the development of methods for the addition of
radicals to �,�-unsaturated complexes,[12] we obtained some
anomalous results for the addition of aromatic 1,2-dinucleo-
philes to alkynylchromium(0) carbene complexes. Different
addition processes were observed as a function of the
dinucleophile employed and led to 2,3-dihydro-1,5-benzox-
azepine derivatives, unprecedented rearrangement of alk-
oxychromium(0) carbene complexes to pentacarbonylisocya-
nide chromium complexes, as well as novel fragmentation
processes. Reported herein is a detailed account of these
processes.


Results and Discussion


The substrates used in our study (complexes 7 ± 10) were
prepared by 1,4-addition of 1,2-diaminobenzene (compounds
7 and 8), o-aminophenol (compounds 9 and 10c), catechol
(compound 10a), and o-aminothiophenol (compound 10b) to
the corresponding alkynylchromium(0) carbene complexes,
following the standard reported method.[6, 13]


Complexes 7a ± c, which contain a 1,2-diaminobenzene
moiety, smoothly react to give new chromium complexes on
gentle heating in THF (Scheme 4). These new products lack
the carbene ligand and their outstanding NMR characteristics
were the presence of a signal attributable to a methyl group
(�� 1.76 ± 2.27 and 16.1 ± 20.4 ppm for 1H and 13C NMR,
respectively), as well as a signal assignable to a quaternary
carbon between �� 214.2 ± 214.5 ppm in their 13C NMR
spectra. Additionally, when complex 7b was heated in THF
containing CD3OD, the signal attributable to the CH3 group
disappeared, indicating the complete incorporation of deute-
rium in this group. A single monocrystal of the product
derived from complex 7b was analyzed by X-ray diffraction.[1]


The structure of isocyanide complex 11b was thus established
for this compound (Scheme 4), and hence for compounds 11a


Abstract in Spanish: Las reacciones, inducidas te¬rmicamente o
por tratamiento con SiO2, de los aductos de tipo Michael
derivados de la adicio¬n de 1,2-dinucleo¬filos aroma¬ticos a
alquinilcromo carbenos dan lugar a distintos productos con
buenos rendimientos en funcio¬n de la naturaleza del dinu-
cleo¬filo aroma¬tico empleado. AsÌ, los derivados de 1,2-
diaminobenceno, 7 y 8, sufren un reordenamiento del esqueleto
para formar los complejos de isonitrilo coordinados a cromo
11, 12, 14 y 15 en un proceso que ocurre a trave¬s de los
intermedios bicÌclicos 24. Los aductos 9 provenientes de
o-aminofenol forman los derivados 2,3-dihidro-1,5-benzoxa-
cepina 17 mediante adicio¬n 1,2-intramolecular, seguida de
protonacio¬n en el centro meta¬lico y eliminacio¬n reductora. En
cambio, la adicio¬n promovida por base del grupo feno¬lico en el
compuesto 9a proporciona 3-etoxi-5-fenil-5,6-dihidro-2H-1,6-
benzoxazocin-2-ona, 18, junto con el aducto esperado 17a. El
compuesto 18 se forma mediante adicio¬n nucleo¬fila a un
ligando CO en un complejo carbe¬nico preformado. Este
proceso constituye un nuevo ejemplo de la poco estudiada
reactividad derivada del ataque de un nucleo¬filo a un ligando
CO en un complejo de Fischer. Por otro lado, los aductos 10
forman los complejos cÌclicos de siete eslabones 17 y 20
mediante aminolisis intramolecular. Esto contrasta con la
reactividad de los complejos alquinilcarbenoides 1 con 1,8-
diaminonaftaleno que conducen en condiciones de reaccio¬n
muy suaves a las perimidinas 2-sustituidas 33 junto con el
correspondiente etoximetilmetalcarbeno 34, a trave¬s de un
proceso de fragmentacio¬n sin precedentes que puede conside-
rarse como una reaccio¬n de tipo ™retro-Aumann∫.
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Scheme 4.


and 11c obtained from complexes 7a and 7c, respectively.[14]


The rearrangement alkoxychromium(0) carbene�pentacar-
bonylchromium(0) isocyanide also occurred in the presence of
silica gel, and compounds 11 could be obtained from
compounds 7 either by column chromatography or by stirring
a solution of complexes 7 in THF in the presence of SiO2.
Under these conditions compound 7c produced complex 12 as
a result of the hydrolysis of the imine group of the initially
formed isocyanide complex 11c. This is an expected result
because aliphatic imines are considerably more prone to
hydrolysis than aromatic imines.


A different reaction outcome was obtained when complex
1c was reacted with 1,2-diaminobenzene in THF from �78 �C
to room temperature. Under these conditions, instead of the
expected isocyanide complex 11d or its hydrolysis product 12,
a new chromium complex was obtained. As representative
features, this compound retained the [(CO)5Cr] moiety (��
223.0 ppm (COtrans) and (�� 217.4 ppm (COcis)), a carbene
carbon (�� 285.1 ppm), and two diastereotopic methylene
groups, one of which corresponded to the OCH2 group (��
3.45 and 3.30 ppm). Additionally, the carbene signal at ��
285.1 ppm clearly correlated with the signals corresponding to
the additional CH2 group �� 4.21 and 2.52 ppm) in an HMBC
experiment. These and the additional data collected (see the
Experimental Section) allowed us to assign structure 13 to this
compound. Furthermore, while complex 13 remained un-
changed after prolonged heating in THF, it rapidly gave a
mixture of the isocyanide complexes 11d and 12 upon silica-
gel chromatography. Therefore, we can conclude that complex
13 is a product derived from the quenching of an intermediate
in the rearrangement of the nonisolated primary addition
product, 7d, to the isocyanide complex 11d (Scheme 5).


A double carbene� isocyanide rearrangement can also be
performed in one step with the bisadduct 8. Treatment of
compound 8 with SiO2 resulted in a mixture of complex 14,
that contained one rearranged carbene moiety and an
unaltered metal carbene fragment, together with the doubly
rearranged complex 15, and unreacted starting material. The
doubly rearranged product 15 was isolated in an acceptable
yield of 60% by heating complex 8 in THF. Thus, two
simultaneous rearrangements can be effected in a single
operation (Scheme 6). The 1,2-disposition of the diamino


Scheme 5.


groups is essential for the reaction to take place. Because
adduct 16, derived from the addition of the more basic
aliphatic amino group of o-aminobenzylamine to complex 1d,
remained unaltered under the usual reaction conditions and
only decomposed after prolonged heating. This behavior
differs dramatically compared to that experienced by adducts
7 derived from 1,2-diaminobenzene (Scheme 6).


Scheme 6.


Complexes 9 derived from o-aminophenol were studied
next. These compounds were stable on silica gel but also
reacted to give a new class of compounds upon heating in
THF. These new products did not retain the metallic moiety
and their spectroscopic data were fully compatible with the
2,3-dihydro-1,5-benzoxazepine structure 17 (Scheme 7). In
addition, the trideuterated compound [D3]-17b was obtained
when complex 9b was heated in THF containing CD3OD. In
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Scheme 7.


an attempt to induce the cyclization at a low temperature by
increasing the nucleophilicity of the phenol group, adduct 9a
was treated with NaH/THF at 0 �C. Upon warming to room
temperature, a mixture of 2,3-dihydro-1,5-benzoxazepine
(17a) and a new compound 18 were obtained in 38% and
36% yields, respectively. This new compound incorporated
one additional carbon in its structure which suggested the
incorporation of one CO ligand. Based on extensive 1D and
2D NMR studies and analytical data, the structure of
3-ethoxy-5-phenyl-5,6-dihydro-2H-1,6-benzoxazocin-2-one
(18) was assigned to this compound (Scheme 7).


To reverse the regiochemistry of the addition of o-amino-
phenol to the carbene triple bond, the phenol group was
deprotonated with tBuONa and the resulting phenolate
reacted with chromium complex 1a. Under these conditions,
1,4-addition takes place and the cyclic complex 19 arising from
the intramolecular aminolysis was obtained. No 1,4-adduct
10c was observed. The trend observed in the addition of the
phenoxide anion derived from o-aminophenol was main-
tained for adduct 10b derived from o-aminothiophenol and
complex 1a. In this case, carbene complex 20 together with its
oxidation product 21 were obtained in 11% and 51% yields,
respectively, by heating compound 10b in THF. Finally, 1,2-
dihydroxybenzene reacted with complexes 1a and 1c to form
the bicyclic dioxolane complexes 22. These results are
analogous to those reported for the tungsten derivative 1b
(R�Ph) (Scheme 8).[7]


The nature of the reaction products, in the processes
discussed above, depends on the additional nucleophile group
once an amino group has been added to the triple bond, and
on the structure of the 1,2-adducts formed by evolution of the
intermediates 23. Thus, the results obtained may be ration-
alized through two divergent reaction pathways (Scheme 9).
Compounds 7 and 8 would form intermediates 24 by intra-
molecular 1,2-addition and afford 26 through breakage of the
bond � to chromium center in their imine tautomers 25.
Finally, protonation of enolate 26 would give compounds 11.
Support for this proposal can be found in the isolation of
hemiaminal complex 13, which should be formed by EtOH
addition to intermediate 25 (R� tBu) and which produces
isonitrile complexes 11d and 12 by acid hydrolysis. Com-


Scheme 8.


pounds 9 also form the corresponding 1,2-adducts 27. In these
cases, the electron-donor ability of the heteroatom (O) joined
to the carbene is less than that observed for a nitrogen
derivative and �-bond breakage does not occur. Thus, the
intermediates 27 primarily formed by intramolecular 1,2-
addition are protonated at the metal center followed by
reductive elimination in 28 to yield benzoxazepines 17 after
imine ± enamine tautomerism of 29. In these cases, the
incorporation of the label occurs at the former carbene
carbon and at the methylene group. No label incorporation
was observed when compound 17b (R�Fc) was heated in the
presence of CD3OD. Therefore, the deuterium should be
incorporated in the enamine 29 to imine 17 tautomerism,
which explains the appearance of two additional labels in
compound [D3]-17b. In contrast, compound 18 is formed
through the competitive addition of o-aminophenolate to one
CO ligand to form intermediate 30 that gives the isolated
compound 18 by reductive elimination. This is one of the rare
examples of nucleophilic attack on a CO ligand in a
preformed Group 6 metal carbene complex.[15] Finally, the
reaction of deprotonated o-aminophenol leads to the initial
conjugated addition of phenolate, followed by base-catalyzed
1,2-addition of the amino group and ethoxide elimination to
form the cyclic carbene complexes 19. However, reaction of o-
aminothiophenol with carbene complex 1a allows the iso-
lation of adduct 10b that gives carbene complex 20 (11%) and
its oxidation product 21 (51%) on refluxing in THF.


From the above results it is clear that if the 1,2-addition
process can be inhibited, maybe, new processes could be
discovered. Therefore, the peri-interaction present in 1,8-
diaminonaphtalene 31 should inhibit the 1,2-addition. Reac-
tion of carbene complexes 1 with 31 in CH2Cl2 at room
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temperature produced a new complex identified as pentacar-
bonyl[(ethoxy)methylcarbene]metal(0) 32, together with a
new nonmetallic compound (Scheme 10). The spectroscopic
and analytical data for this compound were consistent with
the perimidine structure 33. The reaction is independent of
the nature of the substituent attached to the triple bond. Thus,
aryl, ferrocenyl, and alkyl substituents produce the hetero-
cyclic compounds 33 in excellent yields. The reaction is
general for cyclic systems having diamino groups in a relative
peri-position, as proved by the reaction of carbene complexes
1a and 1b with 5,6-diaminoacenaphthene 34[16] that forms
compounds 35. These products can be converted into the
heterocyclic compound 36 in 88% and 89% yields, respec-
tively, together with the corresponding metal ± carbene com-
plex 32 (55% and 67% yield) by silica-gel treatment
(Scheme 10).


More sophisticated structures can be obtained by this
procedure in a single step. A double rearrangement was
performed on biscarbene complex 37 with 1,8-diaminonaph-
thalene 31 (1:2 stoichiometric ratio) to give quantitative yields
of compound 38, which contains two 1,3-diazaphenalenyl
moieties. The metallic fragment was recovered again as
complex 32a (Scheme 11).


To establish the mechanism of this novel rearrangement,
the reaction of complex 1a (M�Cr, R�Ph) and diamine 31
was carried out in CD3OD. The deuterated perimidine [D1]-33
(R�Ph) was obtained together with the monodeuterated
carbene complex [D1]-32a. This result suggests the participa-
tion of a chromium carbene enolate as an intermediate in the


Scheme 9.


Scheme 10.
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Scheme 11.


formation of complex 32a. Deuterium could be incorporated
by deuteration of this enolate to yield the labeled compound
[D1]-32a. The isolation of compounds 35 in the reaction
implies that the observed rearrangement is initiated by the
Michael addition of diamine 31 to the alkynyl carbene
complex to form the intermediate complex 39. This inter-
mediate should afford complex 40 by conjugated addition.
Intermediate 40 should have a strong peri-interaction released
by cleavage to form perimidine 33 together with enolate 41,
that protonates to yield chromium carbene complex 32. This
transformation, which leads to the ethoxymethyl carbene
complex by the cleavage of the �-carbon bond of the carbene,
might be considered to be an unprecedented ™retro-Aumann
reaction∫ (Scheme 12).[17]


Conclusion


The thermal- or SiO2-induced reactions of the Michael
adducts of 1,2-aromatic dinucleophiles and alkynylchro-
mium(0)carbene complexes form different products in ex-
cellent yields, depending on the nature of the dinucleophile.
Thus, 1,2-diaminobenzene derivatives 7 and 8 rearranged to
pentacarbonylchromium(0) isocyanide complexes 11 and 15,
respectively, through bicyclic intermediates 25. The evidence
for intermediates 25 was obtained by the isolation of
compound 13 in the reaction of complex 1c and 1,2-
diaminobenzene. o-Aminophenol-derived adducts give 2,3-


dihydro-1,5-benzoxazepine derivatives 17 by intramolecular
1,2-addition, followed by protonation at the chromium center
and reductive elimination. When the intramolecular addition
was promoted by base-deprotonation of the phenol, 3-ethoxy-
5-phenyl-5,6-dihydro-2H-1,6-benzoxazocin-2-one (18) was
isolated together with the expected adduct 17a. Finally,
adducts 10b and 10c form seven-membered-ring carbene
complexes 20 and 19 by intramolecular aminolysis. In
contrast, the use of 1,8-diaminonaphthalene promotes a new
reaction pathway through a fragmentation process that might
be considered to be an unprecedented ™retro-Aumann∫
reaction. This novel cleavage allows the synthesis of perimi-
dines in good yields under mild reaction conditions.[18]


Experimental Section


General procedures : 1H NMR and 13C NMR spectra were recorded at 25 �C
as specified on a Varian XL-300S (300.1 and 75.4 MHz), Bruker Avance300
(300.1 and 75.4 MHz) and Bruker 200-AC (200.1 and 50 MHz) spectrom-
eters. Chemical shifts are given relative to TMS (�(1H)� 0.0 ppm) or
CDCl3 (�(13C)� 77.0 ppm). IR spectra were taken on a Perkin ±Elmer781
spectrometer. Mass spectra were carried out on a GC-MS HP-5989 (60 eV)
mass spectrometer with methanol as the solvent. Melting points were
determined on a Gallenkamp apparatus and are uncorrected. All solvents
used in this work were purified by distillation and were freshly distilled
immediately before use. Tetrahydrofuran (THF) and diethyl ether (Et2O)
were distilled from sodium benzophenone, CH2Cl2 and Et3N from CaH2.
Flame-dried glassware and standard Schlenk techniques were used for
moisture-sensitive reactions. Merck silica gel (230 ± 400 mesh) was used as
the stationary phase for the purification of crude reaction mixtures by flash
column chromatography. Products were identified by TLC (kiesegel 60F-
254), UV light (�� 254 nm); 5% phosphomolybdic acid solution in 95%
EtOH was used to develop the plates. All commercially available
compounds were used without further purification. The following products
were prepared according to literature methods:


Ethynylferrocene,[19] pentacarbonyl[(ethoxy)(2-phenylethynyl)carbene]-
chromium(0),[20] decacarbonyl-[�-1,3-phenylenediethynyl)bis(ethoxycarbe-
ne)]dichromium(0),[11a] pentacarbonyl[(ethoxy)(2-propyl-ethynyl)carbe-
ne]chromium(0),[21] pentacarbonyl[(ethoxy)(2-tert-butylethynyl)carbene]-
chromium(0).[21]


Pentacarbonyl[(ethoxy)(2-ferrocenylethynyl)carbene]chromium(0) (1d):
To a solution of ethynylferrocene (1.6 g, 7.62 mmol) in dry Et2O (30 mL)
at �78 �C was added dropwise n-butyllithium (5.3 mL, 8.38 mmol, 1.6� in
hexanes). The mixture was stirred at �78 �C for 45 min and then the
solution was transferred via cannula at 0 �C to a suspension of chromium


hexacarbonyl (1.75 g, 7.62 mmol) in
dry Et2O (40 mL) at 0 �C. The mixture
was allowed to reach room temper-
ature and was stirred for 15 min.
Anhydrous THF (40 mL) was added
and the mixture was stirred at room
temperature overnight. Et3OBF4


(2.89 g, 15.24 mmol) was added in
one portion at �78 �C. The solution
was stirred at this temperature for
15 min and then allowed to reach
room temperature for an additional
hour. Solvents were removed under
reduced pressure and the residue was
dissolved in Et2O and filtered on silica
gel. The solvent was evaporated and
the residue was subjected to flash
column chromatography under argon
pressure (SiO2, hexanes) to give com-
plex 1d (2.29 g, 66%) as a deep purple
solid. 1H NMR (200 MHz, CDCl3):Scheme 12.
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�� 4.58 (q, J� 7.1 Hz, 2H; OCH2), 4.55 (m, 4H; CH), 4.22 (s, 5H; Cp),
1.48 ppm (t, J� 7.1 Hz, 3H; CH3); 13C NMR (50 MHz, CDCl3): �� 309.0
(Cr�C), 225.6 (COtrans), 216.7 (COcis), 145.4 (Cq), 92.6 (Cq), 75.4 (OCH2),
73.4 (CH), 72.7 (CH), 71.0 (Cp), 60.4 (Cq), 14.9 ppm (CH3); IR (CCl4): �� �
2131, 2056, 1988, 1952, 1292, 1198 cm�1; elemental analysis calcd (%) for
C20H14CrFeO6: C 52.43, H 3.08; found: C 52.71, H 3.33.


Synthesis of �,�-unsaturated alkoxychromium(0) carbenes 7, 8, 16, 9, 10, 35,
and 13 : These compounds were synthesized following the method
described by Ricart et al.[6]


Pentacarbonyl[(ethoxy)(2-phenyl-2-(o-phenylenediamine)ethenyl)carbe-
ne]chromium(0) (7a): To a solution of pentacarbonyl[(ethoxy)(2-phenyl-
ethynyl)carbene]chromium(0) (1a, 350 mg, 1 mmol) in anhydrous THF
(50 mL) at �78 �C was added o-phenylenediamine (108 mg, 1 mmol). The
mixture was allowed to reach room temperature and was then stirred until
the starting material had disappeared (2 h, checked by TLC). The solvent
was removed in vacuo, and the residue was subjected to flash column
chromatography under argon pressure (SiO2, hexanes) to give carbene
complex 7a (388 mg, 85%) as a red solid. 1H NMR (300 MHz, CDCl3): ��
10.02 (br s, 1H; NH), 7.24 (m, 5H; ArH), 6.86 (t, 1J (H, H)� 6.7 Hz, 1H;
ArH), 6.66 (d, J� 8.0 Hz, 1H; ArH), 6.59 (s, 1H; CH), 6.44 ± 6.30 (m, 2H;
ArH), 4.88 (q, J� 7.0 Hz, 2H; OCH2), 3.76 (br s, 2H; NH2), 1.57 ppm (t, J�
7.0 Hz, 3H; CH3); 13C NMR (50 MHz, CDCl3): �� 300.5 (Cr�C), 224.0
(COtrans), 218.3 (COcis), 149.3, 140.2, 134.8, 130.2, 128.6, 128.5, 127.1, 126.3,
125.3, 121.7, 118.9, 116.3 (aromatic C and CH), 74.7 (OCH2), 15.8 ppm
(CH3); IR (CCl4): �� � 2050, 1921, 1539, 1188 cm�1; elemental analysis calcd
(%) for C22H18CrN2O6: C 57.64, H 3.96, N 6.11; found: C 57.79, H 4.23, N
6.27.


Pentacarbonyl[(ethoxy)(2-ferrocenyl-2-(o-phenylenediamine)ethenyl)car-
bene]chromium(0) (7b): To a solution of pentacarbonyl[(ethoxy)(2-ferro-
cenylethynyl) carbene]chromium(0) (1d, 458 mg, 1 mmol) in anhydrous
THF (50 mL) at �30 �C was added o-phenylenediamine (108 mg, 1 mmol).
The mixture was allowed to reach room temperature and was then stirred
until the starting material had disappeared (5 h, checked by TLC). The
solvent was removed in vacuo, and the crude residue was crystallized at low
temperature in pentane/Et2O (1:1) to afford carbene complex 7b (419 mg,
74%) as a dark red solid. 1H NMR (300 MHz, CDCl3): �� 10.22 (br s, 1H;
NH), 6.98 (m, 1H; ArH), 6.96 (s, 1H; CH), 6.68 (d, 1J� 7.8 Hz, 1H; ArH),
6.61 ± 6.52 (m, 2H; ArH), 4.75 (q, J� 6.9 Hz, 2H; OCH2), 4.28 (d, J�
2.1 Hz, 2H; CH), 4.26 (d, J� 2.1 Hz, 2H; CH), 4.16 (s, 5H; Cp), 3.71(br s,
2H; NH2), 1.48 ppm (t, J� 6.9 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3):
�� 286.1 (Cr�C), 224.1 (COtrans), 219.0 (COcis), 153.7, 140.9, 128.0, 126.7,
124.9, 121.2, 118.7, 116.3 (aromatic C and CH), 81.3 (Cq), 76.8 (OCH2), 73.7
(CH), 71.2 (CH), 70.8 (Cp), 15.8 ppm (CH3); IR (CCl4): �� � 2046, 1925,
1545, 1508, 1194 cm�1; elemental analysis calcd (%) for C26H22CrFeN2O6: C
55.14, H 3.92, N 4.95; found: C 55.29, H 4.18, N 5.13.


Pentacarbonyl[(2-propyl-2-(o-phenylenediamine)ethenyl)carbene](ethoxy)-
chromium(0) (7c): To a solution of pentacarbonyl[(ethoxy)(2-propylethy-
nyl)carbene]chromium(0) (1e, 150 mg, 0.47 mmol) in anhydrous THF
(25 mL) at �78 �C was added o-phenylenediamine (51 mg, 0.47 mmol).
The mixture was allowed to reach room temperature and was then stirred
until the starting material had disappeared (45 min, checked by TLC). The
solvent was removed in vacuo to give carbene complex 7c (200 mg, 99%)
as a dark yellow oil. No further purification was required. 1H NMR
(300 MHz, CDCl3): �� 9.95 (br s, 1H; NH), 7.10 (t, J� 7.5 Hz, 1H; ArH),
6.92 (d, J� 7.5 Hz, 1H; ArH), 6.74 ± 6.69 (m, 2H; ArH), 6.35 (s, 1H; CH),
4.79 (q, J� 6.9 Hz, 2H; OCH2), 3.73 (br s, 2H; NH2), 2.08 (t, J� 7.5 Hz, 2H;
CH2), 1.47 (t, J� 6.9 Hz, 3H; CH3), 1.45 (m, 2H; CH2), 0.81 ppm (t, J�
7.2 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3): �� 293.2 (Cr�C), 223.9
(COtrans), 218.6 (COcis), 157.1, 142.2, 129.3, 127.5, 122.3, 119.0, 118.6, 116.2
(aromatic C and CH), 74.0 (OCH2), 34.2 (CH2), 21.8 (CH2), 15.8 (CH3),
13.8 ppm (CH3); IR (CCl4): �� � 2050, 1927, 1547, 1190 cm�1; elemental
analysis calcd (%) for C19H20CrN2O6: C 53.77, H 4.75, N 6.60; found: C
53.94, H 4.89, N 6.77.


Synthesis of bis-carbene complex (8): To a solution of decacarbonyl[(�-1,3-
phenylenediethynyl)bis(ethoxycarbene)]dichromium(0)[11a] (37, 200 mg,
0.32 mmol) in anhydrous THF (15 mL) at �78 �C was added o-phenyl-
enediamine (70 mg, 0.64 mmol). The mixture was allowed to reach room
temperature and was then stirred until the starting material had disap-
peared (30 min, checked by TLC). The solvent was removed in vacuo to
yield biscarbene complex 8 (270 mg, 100%) as a deep red solid. No further


purification was required. 1H NMR (200 MHz, CDCl3): �� 9.84 (br s, 2H;
NH), 7.27 ± 7.07 (m, 4H; ArH), 6.83 (t, J� 7.4 Hz, 2H; ArH), 6.67 (d, J�
7.6 Hz, 2H; ArH), 6.43 (s, 2H; CH), 6.40 (d, J� 7.3 Hz, 2H; ArH), 6.08 (m,
2H; ArH), 4.90 (q, J� 7.0 Hz, 4H; OCH2), 3.77 (br s, 4H; NH2), 1.57 ppm
(t, J� 7.0 Hz, 6H; CH3); 13C NMR (50 MHz, CDCl3): �� 302.9 (Cr�C),
224.0 (COtrans), 218.1 (COcis), 147.5, 140.6, 135.6, 130.3, 128.7, 128.4, 127.3,
126.3, 124.9, 121.5, 118.6, 116.5 (aromatic C and CH), 74.9 (OCH2),
15.7 ppm (CH3); IR (CCl4): �� � 2050, 1931, 1541, 1184 cm�1; elemental
analysis calcd (%) for C38H30Cr2N4O12: C 54.42, H 3.61, N 6.68; found: C
54.70, H 3.85, N 6.83.


Pentacarbonyl[(ethoxy)(2-ferrocenyl-2-(o-aminobenzylamino)ethenyl)-
carbene]chromium(0) (16): To a solution of pentacarbonyl[(ethoxy)(2-
ferrocenylethynyl)carbene]chromium(0) (1d, 100 mg, 0.22 mmol) in anhy-
drous CH2Cl2 (5 mL) at room temperature was added o-aminobenzylamine
(27 mg, 0.22 mmol). The mixture was stirred until the starting material had
disappeared (3 h, checked by TLC). The solvent was removed in vacuo to
afford carbene complex 16 (120 mg, 95%) as a dark orange solid. No
further purification was required. 1H NMR (300 MHz, CDCl3): �� 9.29
(br s, 1H; NH), 7.11 (t, J� 7.2 Hz, 1H; ArH), 7.05 (d, J� 7.5 Hz, 1H; ArH),
6.76 (s, 1H; CH), 6.73 (t, J� 7.5 Hz, 1H; ArH), 6.66 (d, J� 7.8 Hz, 1H;
ArH), 4.60 (s, 2H; CH), 4.50 (q, J� 7.2 Hz, 2H; OCH2), 4.45 (s, 2H; CH),
4.34 (d, J� 5.1 Hz, 2H; CH2), 4.25 (s, 5H; Cp), 3.51 (s, 2H; NH2), 0.98 ppm
(t, J� 7.2 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3): �� 280.2 (Cr�C),
224.2 (COtrans), 219.3 (COcis), 156.4, 144.3, 129.8, 129.5, 120.6, 119.6, 119.1,
116.4 (aromatic C and CH), 81.3 (Cq), 73.2 (CH), 71.4 (CH), 71.1 (OCH2),
70.8 (Cp), 47.2 (CH2), 14.7 ppm (CH3); IR (CCl4): �� � 2046, 1923,
1545 cm�1; elemental analysis calcd (%) for C27H24CrFeN2O6: C 55.88, H
4.17, N 4.83; found: C 55.61, H 4.03, N 5.01.


Pentacarbonyl[(ethoxy)(2-phenyl-2-(o-hydroxyphenylamino)ethenyl)car-
bene]chromium(0) (9a): To a solution of pentacarbonyl[(ethoxy)(2-phenyl-
ethynyl)carbene]chromium(0) (1a, 700 mg, 2 mmol) in anhydrous THF
(80 mL) at �78 �C was added o-aminophenol (218 mg, 2 mmol). The
mixture was allowed to reach room temperature and was then stirred until
the starting material had disappeared (2 h, checked by TLC). The solvent
was removed in vacuo to afford carbene complex 9a (900 mg, 98%) as a
red solid. No further purification was required. 1H NMR (200 MHz,
CDCl3): �� 10.38 (br s, 1H; NH), 7.29 (m, 5H; ArH), 6.81 (br s, 2H; ArH),
6.54 (s, 1H; CH), 6.46 (t, J� 7.5 Hz, 1H; ArH), 6.19 (d, J� 7.8 Hz, 1H;
ArH), 4.91 (q, J� 7.0 Hz, 2H; OCH2), 1.60 ppm (t, J� 7.0 Hz, 3H; CH3);
13C NMR (50 MHz, CDCl3): �� 300.7 (Cr�C), 224.2 (COtrans), 218.3
(COcis), 147.4, 146.7, 135.2, 130.2, 128.7, 126.4, 125.7, 123.9, 122.5, 120.4, 115.7
(aromatic C and CH), 74.9 (OCH2), 15.7 ppm (CH3); IR (CCl4): �� � 2048,
1969, 1929, 1547, 1221, 1197 cm�1; elemental analysis calcd (%) for
C22H17CrNO7: C 57.52, H 3.73, N 3.05; found: C 57.74, H 3.91, N 2.92.


Pentacarbonyl[(ethoxy)(2-ferrocenyl-2-(o-hydroxyphenylamino)ethenyl)-
carbene]chromium(0) (9b): To a solution of pentacarbonyl[(ethoxy)(2-
ferrocenylethynyl)carbene]chromium(0) (1d, 150 mg, 0.33 mmol) in anhy-
drous THF (15 mL) at �78 �C was added o-aminophenol (36 mg,
0.33 mmol). The mixture was allowed to reach room temperature and
was then stirred until the starting material had disappeared (4 h, checked
by TLC). The solvent was removed in vacuo to afford carbene complex 9b
(185 mg, 100%) as a dark red solid. No further purification was required.
1H NMR (300 MHz, CDCl3): �� 10.32 (br s, 1H; NH), 7.04 (s, 1H; CH),
6.95 (br s, 1H; ArH), 6.80 (br s, 1H; ArH), 6.64 (t, J� 7.5 Hz, 1H; ArH),
6.55 (d, J� 7.5 Hz, 1H; ArH), 5.34 (br s, 1H; OH), 4.76 (q, J� 7.0 Hz, 2H;
OCH2), 4.29 (m, 4H; CH), 4.18 (s, 5H; Cp), 1.49 ppm (t, J� 7.0 Hz, 3H;
CH3); 13C NMR (50 MHz, CDCl3): �� 288.6 (Cr�C), 224.2 (COtrans), 219.0
(COcis), 151.0, 148.2, 126.9, 126.2, 125.3, 122.4, 120.6, 116.0 (aromatic C and
CH), 77.9 (Cq), 74.0 (OCH2), 71.2 (CH), 71.0 (Cp), 70.5 (CH), 15.7 ppm
(CH3); IR (CCl4): �� 2046, 1985, 1919, 1549, 1439 cm�1; elemental analysis
calcd (%) for C26H21CrFeNO7: C 55.05, H 3.73, N 2.47; found: C 55.19, H
3.96, N 2.62.


Pentacarbonyl[(ethoxy)(2-phenyl-2-(o-aminobenzenethiol)ethenyl)carbe-
ne]chromium(0) (10b): To a solution of pentacarbonyl[(ethoxy)(2-phenyl-
ethynyl)carbene]chromium(0) (1a, 350 mg, 1 mmol) in anhydrous THF
(50 mL) at �78 �C was added o-aminobenzenethiol (125 mg, 1 mmol). The
mixture was allowed to reach room temperature and was then stirred until
the starting material had disappeared (1.5 h, checked by TLC). The solvent
was removed in vacuo and the crude reaction was submitted to flash
column chromatography to yield carbene complex 10b (226 mg, 48%) as a
dark red solid. 1H NMR (200 MHz, CDCl3): �� 7.38 ± 7.19 (m, 7H; ArH),
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6.82 ± 6.73 (m, 3H; ArH and CH), 4.47 (q, J� 7.0 Hz, 2H; OCH2), 4.33 (br s,
2H; NH2), 0.75 ppm (t, J� 7.0 Hz, 3H; CH3); 13C NMR (50 MHz, CDCl3):
�� 326.0 (Cr�C), 224.0 (COtrans), 216.5 (COcis), 149.0, 144.5, 138.2, 137.1,
135.1, 132.6, 128.6, 128.2, 119.3, 115.9, 111.6 (aromatic C and CH), 75.8
(OCH2), 13.8 ppm (CH3); IR (CCl4): �� � 2054, 1979, 1940, 1610, 1541,
1230 cm�1; elemental analysis calcd (%) for C22H17CrNO6S: C 55.58, H
3.60, N 2.95, S 6.74; found: C 55.79, H 3.83, N 2.82, S 6.58.


[(2Z)(3-(6-aminoacenaphthen-5-ylamino)-3-phenyl-2-propenyliden]pen-
tacarbonylchromium(0) (35a): Complex 1a (150 mg, 0.43 mmol) and 5,6-
diaminoacenaphthene (34, 79 mg, 0.43 mmol) in CH2Cl2 (15 mL) were
stirred for 6.5 h at room temperature to give complex 35a (229 mg, 100%)
as a dark red solid. 1H NMR (300 MHz, CDCl3): �� 10.96 (br s, 1H; NH),
7.31 ± 7.15 (m, 5H; ArH), 7.04 (d, J� 7.4 Hz, 1H; ArH), 6.74 ± 6.70 (m, 2H;
ArH), 6.65 (s, 1H; CH), 6.35 (d, J� 7.4 Hz, 1H; ArH), 4.91 (q, J� 7.0 Hz,
2H; OCH2), 4.30 (s, 2H; NH2), 3.18 (m, 4H; 2CH2), 1.57 ppm (t, J� 7.0 Hz,
3H; CH3); 13C NMR (50 MHz, CDCl3): �� 300.7 (Cr�C), 224.1 (COtrans),
218.3 (COcis), 147.9, 144.8, 141.5, 139.2, 137.0, 135.3, 131.2, 129.8, 129.3,
128.7, 128.5, 126.0, 125.5, 122.6, 118.7, 114.4 (aromatic C and CH), 75.0
(OCH2), 30.3 (CH2), 29.7 (CH2), 15.7 ppm (CH3); IR (CCl4): �� � 2050, 1983,
1927, 1535, 1219 cm�1; elemental analysis calcd (%) for C28H22CrN2O6:
C 62.92, H 4.15, N 5.24; found: C 63.15, H 4.32, N 5.41.


[(2Z)(3-(6-aminoacenaphthen-5-ylamino)-3-phenyl-2-propenyliden]pen-
tacarbonyltungsten(0) (35b): Analogously to complex 35a, complex 1b
(150 mg, 0.31 mmol) and 5,6-diaminoacenaphthene (34, 57 mg, 0.31 mmol)
in CH2Cl2 (15 mL) were stirred at room temperature for 6 h to give
complex 35b (206 mg, 100%) as a dark red solid. 1H NMR (300 MHz,
CDCl3): �� 11.10 (br s, 1H; NH), 7.31 ± 7.17 (m, 5H; ArH), 7.04 (d, J�
7.4 Hz, 1H; ArH), 6.74 ± 6.70 (m, 3H; ArH and CH), 6.37 (d, J� 7.4 Hz,
1H; ArH), 4.76 (q, J� 7.1 Hz, 2H; OCH2), 4.29 (br s, 2H; NH2), 3.18 (m,
4H; 2CH2), 1.54 ppm (t, J� 7.1 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3):
�� 277.3 (W�C), 203.8 (COtrans), 199.0 (COcis), 151.5, 144.9, 141.5, 139.1,
137.1, 135.2, 131.1, 130.0, 129.1, 128.6, 125.5, 125.4, 120.4, 118.8, 117.6, 114.5
(aromatic C and CH), 77.6 (OCH2) , 30.3 (CH2), 29.7 (CH2), 15.5 ppm
(CH3); IR (CCl4): �� � 2058, 1969, 1929, 1537, 1219 cm�1; elemental analysis
calcd (%) for C28H22N2O6W: C 50.47; H 3.33; N 4.20; found, C 50.70, H 3.21,
N 4.36.


Complex 13 : To a solution of pentacarbonyl[(ethoxy)(2-tert-butylethynyl)-
carbene]chromium(0) (1c, 225 mg, 0.68 mmol) in anhydrous THF (22 mL)
at�78 �C was added o-phenylenediamine (74 mg, 0.68 mmol). The mixture
was allowed to reach room temperature and was then stirred until the
starting material had disappeared (1.5 h, checked by TLC). The solvent was
removed in vacuo to give complex 13 (290 mg, 97%) as a dark yellow solid.
1H NMR (300 MHz, CDCl3): �� 10.32 (br s, 1H; NH), 7.11 ± 7.00 (m, 2H;
ArH), 6.80 (t, J� 7.5 Hz, 1H; ArH), 6.72 (d, J� 8.1 Hz, 1H; ArH), 4.63 (s,
1H; NH), 4.21 (d, J� 12.9 Hz, 1H; CH2), 3.45 (m, 1H; OCH2), 3.30 (m,
1H; OCH2), 2.52 (d, J� 12.9 Hz, 1H; CH2), 1.05 (t, J� 7.0 Hz, 3H; CH3),
1.03 ppm (s, 9H; CH3); 13C NMR (50 MHz, CDCl3): �� 285.1 (Cr�C),
223.0 (COtrans), 217.4 (COcis), 139.0, 128.6, 126.8, 123.6, 119.5, 119.2
(aromatic C and CH), 99.0 (Cq), 60.2 (OCH2), 53.4 (CH2), 42.9 (Cq),
25.4 (CH3), 15.3 ppm (CH3); IR (CCl4): �� � 2056, 1944, 1913, 1473 cm�1.


Synthesis of isocyanidechromium(0) complexes:


Isocyanide complex 11a


Method A: SiO2 (500 mg) was added to a solution of carbene complex 7a
(50 mg, 0.11 mmol) in hexanes/AcOEt 10:1 at room temperature. The
heterogeneous mixture was stirred under argon pressure until the starting
material disappeared (48 h, checked by TLC). The crude reaction mixture
was dissolved in AcOEt and filtered through a short pad of Celite. Flash
column chromatography yielded compound 11a (27 mg, 60%) as a pale
yellow solid.


Method B: A solution of complex 7a (100 mg, 0.22 mmol) in anhydrous
THF (5 mL) was heated at 50 �C under an argon atmosphere until the
starting material had disappeared (8 h, checked by TLC). The crude
reaction mixture was dissolved into a mixture of hexanes/Et2O (2:1) and
filtered through a double pad of Celite and SiO2 to yield, after removing the
solvent, compound 11a (66 mg, 73%). M.p. 94 ± 96 �C; 1H NMR (300 MHz,
CDCl3): �� 7.97 (d, J� 7.5, 2H; ArH), 7.44 ± 7.32 (m, 3H; ArH), 7.29 (t, J�
7.2 Hz, 2H; ArH), 7.03 (t, J� 7.2 Hz, 1H; ArH), 6.82 (d, J� 7.8 Hz, 1H;
ArH), 2.23 ppm (s, 3H; CH3); 13C NMR (75 MHz, CDCl3): �� 216.6
(COtrans), 214.5 (Cr-CN), 214.3 (COcis), 168.6 (C�N), 148.5, 137.9, 131.4,
129.7, 128.4, 128.4, 127.5, 126.2, 123.7, 120.5 (aromatic C and CH), 18.0 ppm


(CH3); IR (CCl4): �� � 2137 (CN), 2054, 1998, 1958, 1639 cm�1; elemental
analysis calcd (%) for C20H12CrN2O5 : C 58.26, H 2.93, N 6.79; found: C
58.51, H 3.17, N 6.65.


Isocyanide complex 11b : Complex 7b (1.13 g, 2 mmol) was subjected to
flash column chromatography on silica gel under argon pressure to yield
complex 11b (935 mg, 90%) as an orange solid. M.p. 135 �C (decomp);
1H NMR (300 MHz, CDCl3): �� 7.32 ± 7.24 (m, 2H; ArH), 7.01 (t, J�
7.3 Hz, 1H; ArH), 6.79 (d, J� 7.8 Hz, 1H; ArH), 4.77 (s, 2H; CH), 4.40
(s, 2H; CH), 4.16 (s, 5H; Cp), 2.08 ppm (s, 3H; CH3); 13C NMR (75 MHz,
CDCl3): �� 216.7 (COtrans), 214.5 (Cr-CN), 214.3 (COcis), 171.2 (C�N),
148.8, 129.5, 126.2, 123.4, 120.7 (aromatic C and CH), 82.0 (Cq), 71.2 (CH),
69.5 (Cp), 68.8 (CH), 18.6 ppm (CH3); IR (CCl4): �� � 2141 (CN), 2056,
1998, 1954, 1626, 1464, 1215 cm�1; MS (ESI): 521.1 [M�H]� ; elemental
analysis calcd (%) for C24H16CrFeN2O5 : C 55.41, H 3.10, N 5.38; found: C
55.64, H 3.27, N 5.55.


Deuteration experiments: A solution of carbene 7b (100 mg, 0.18 mmol) in
anhydrous THF (2.5 mL) and CD3OD (0.5 mL) was heated at 50 �C under
an argon atmosphere until the starting material had disappeared (10 h,
checked by TLC). The solvent was removed under reduced pressure and
the crude reaction mixture was dissolved in hexanes/Et2O (2:1) and filtered
through a double pad of Celite and SiO2 to yield, after removing the
solvent, compound [D3]-11b (80 mg, 87%).


Isocyanide complex 11c : A solution of complex 7c (100 mg, 0.24 mmol) in
anhydrous THF was heated at 50 �C under an argon atmosphere until the
starting material had disappeared (29 h, checked by TLC). The solvent was
removed under reduced pressure and the crude reaction mixture was
dissolved in hexanes/Et2O (1:1) and filtered through a short pad of Celite.
The solvent was evaporated to yield (37 mg, 43%) complex 11c as a yellow
oil. No further purification was required. 1H NMR (200 MHz, CDCl3): ��
7.28 ± 7.19 (m, 2H; ArH), 6.99 (m, 1H; ArH), 6.71 (d, J� 7.7 Hz, 1H; ArH),
2.43 (t, J� 7.3 Hz, 2H; CH2), 1.77 (s, 3H; CH3), 1.68 (m, 2H; CH2),
0.97 ppm (t, J� 7.3 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3): �� 216.7
(COtrans), 214.5 (COcis), 175.7 (C�N), 148.3, 129.7, 126.5, 123.5, 120.7
(aromatic C and CH), 42.9 (CH2), 20.4 (CH3), 19.3 (CH2), 13.7 ppm (CH3).
The signal attributable to the isonitrile group could not be detected; IR
(CCl4): �� � 2139 (CN), 2056, 1996, 1956, 1664, 1477, 1446, 1257 cm�1.


Isocyanide complex 12 : To a solution of complex 7c (100 mg, 0.24 mmol) in
hexanes/AcOEt 10:1 at room temperature was added SiO2 (1.0 g). The
mixture was stirred under an argon atmosphere until the starting material
had disappeared (46 h, checked by TLC). The solvent was removed under
reduced pressure and the crude reaction mixture was dissolved in AcOEt
and filtered through a short pad of Celite. Flash column chromatography
yielded compound 12 (43 mg, 58%) as a white solid. M.p. 195 �C; 1H NMR
(300 MHz, CDCl3): �� 7.15 ± 7.08 (m, 2H; ArH), 6.75 ± 6.65 (m, 2H; ArH),
3.99 ppm (br s, 2H; NH2); 13C NMR (75 MHz, CDCl3): �� 216.6 (COtrans),
214.5 (COcis), 142.8, 130.1, 126.4, 118.5, 115.8 ppm (aromatic C and CH).
The signal attributable to the isonitrile group could not be detected; IR
(CCl4): �� � 2143 (CN), 2058, 1940, 1495 cm�1; elemental analysis calcd (%)
for C12H6CrN2O5 : C 46.47, H 1.95, N 9.03; found: C 46.72, H 2.17, N 9.18.


Isocyanide complexes 11d and 12 : To a solution of complex 1c (102 mg,
0.76 mmol) in 25 mL of anhydrous THF at �78 �C was added 1,2-
diaminobenzene (82 mg, 0.76 mmol). The mixture was allowed to reach
room temperature and stirred under an argon atmosphere until the starting
material had disappeared (1 h, checked by TLC). The solvent was removed
under reduced pressure and the crude reaction mixture was purified by
flash column chromatography to yield compound 11d (63 mg, 21%) as an
oil and complex 12 (93 mg, 40%).


11d : 1H NMR (300 MHz, CDCl3): �� 7.30 ± 7.20 (m, 2H; ArH), 6.98 (t, J�
7.4 Hz, 1H; ArH), 6.63 (d, J� 7.9 Hz, 1H; ArH), 1.76 (s, 3H; CH3),
1.22 ppm (s, 9H; CH3); 13C NMR (75 MHz, CDCl3): �� 216.7 (COtrans),
214.5 (COcis), 181.8 (C�N), 148.0, 129.7, 127.4, 123.4, 120.4 (aromatic C and
CH), 40.8 (Cq), 27.8 (CH3), 16.1 ppm (CH3). The signal corresponding to
the isonitrile group could not be detected; IR (CCl4): �� � 2139 (CN), 2056,
1996, 1958, 1655, 1475 cm�1; elemental analysis calcd (%) for
C18H16CrN2O5: C 55.11, H 4.11, N 7.14; found: C 55.35, H 4.29, N 7.33.


Decacarbonyl[bisisocyanide]dichromium(0)] complex (15): A solution of
complex 8 (100 mg, 0.12 mmol) in anhydrous THF (5 mL) was heated at
50 �C under an argon atmosphere until the starting material had disap-
peared (17 h, checked by TLC). The mixture was subjected to flash
chromatography under argon pressure (SiO2, hexanes) to yield complex 15
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(54 mg, 60%) as an oil. 1H NMR (300 MHz, CDCl3): �� 8.64 (s, 1H; ArH),
8.13 (m, 2H; ArH), 7.32 ± 7.25 (m, 5H; ArH), 7.05 (t, J� 7.3 Hz, 2H; ArH),
6.82 (d, J� 7.5 Hz, 2H; ArH), 2.27 ppm (s, 6H; CH3); 13C NMR (75 MHz,
CDCl3): �� 216.6 (COtrans), 214.3 (Cr-CN), 214.3 (COcis), 168.0 (C�N),
148.4, 138.0, 130.4 129.7, 128.6, 128.4, 126.2, 123.8, 120.5, 118.1 (aromatic C
and CH), 18.0 ppm (CH3); IR (CCl4): �� � 2137 (CN), 2054, 1998, 1959, 1637,
1223 cm�1; elemental analysis calcd (%) for C34H18Cr2N4O10: C 54.70, H
2.43, N 7.51; found: C 54.94, H 2.27, N 7.68.


Synthesis of decacarbonyl[isocyanide-carbene]dichromium(0) complex
(14) and bisisocyanide complex (15): To a solution of decacarbonyl[(�-
1,3-phenylenediethynyl)bis(ethoxycarbene)]dichromium(0) (37, 250 mg,
0.4 mmol) in anhydrous THF (20 mL) at �78 �C was added o-phenyl-
enediamine (86 mg, 0.8 mmol). The mixture was stirred until the starting
material had disappeared (30 min, checked by TLC). The solvent was
removed in vacuo, and the crude reaction mixture was submitted to flash
column chromatography to yield the bisisocyanide complex 15 (86 mg,
29%), complex 14 (80 mg, 25%), as a deep red solid, and the starting
biscarbene complex (40 mg, 12%).


14 : 1H NMR (300 MHz, CDCl3): �� 9.95 (br s, 1H; NH), 8.10 (s, 1H;
ArH), 7.97 (s, 1H; ArH), 7.28 (m, 4H; ArH), 7.05 (m, 1H; ArH), 6.89 ± 6.78
(m, 2H; ArH), 6.68 ± 6.64 (m, 2H; CH and ArH), 6.43 ± 6.40 (m, 2H; ArH),
4.92 (q, J� 6.9 Hz, 2H; OCH2), 3.79 (br s, 2H; NH2), 2.14 (s, 3H; CH3),
1.59 ppm (t, J� 6.9 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3): �� 301.8
(Cr�C), 224.1 (COtrans), 218.2 (COcis), 216.5 (COtrans), 214.2 (COcis), 173.5,
167.3, 148.2, 140.4, 138.2, 135.1, 131.4, 129.7, 129.2, 128.6, 128.1, 127.4, 126.5,
126.1, 125.0, 123.9, 121.9, 120.3, 119.1, 118.0, 116.4 (aromatic C and CH),
74.8 (OCH2), 17.6 (CH3), 15.8 ppm (CH3). The signal corresponding to the
isonitrile group could not be detected.; IR (CCl4): �� � 2137 (CN), 2052,
1998, 1959, 1932, 1541, 1373, 1188 cm�1; elemental analysis calcd (%) for
C36H24Cr2N4O11: C 54.55, H 3.05, N 7.07; found: C 54.74, H 3.21, N 7.26.


2-Ethoxy-4-phenyl-2,3-dihydro-1,5-benzoxazepine (17a): A solution of
complex 9a (100 mg, 0.22 mmol) in anhydrous THF (5 mL) was refluxed
under argon atmosphere until the starting material had disappeared (5 h,
checked by TLC). The solvent was removed in vacuo, the crude reaction
mixture was dissolved in hexanes/Et2O (2:1) and filtered through a double
pad of SiO2 and Celite. The solvent was removed under reduced pressure to
give compound 17a (27 mg, 47%) as a brown solid. M.p. 64 ± 66 �C;
1H NMR (300 MHz, CDCl3): �� 7.95 ± 7.92 (m, 2H; ArH), 7.42 ± 7.40 (m,
3H; ArH), 7.26 ± 7.23 (m, 1H; ArH), 7.15 (m, 1H; ArH), 7.08 (m, 1H;
ArH), 7.02 ± 7.00 (m, 1H; ArH), 5.54 (dd, 1J� 9.7 Hz, 2J� 3.8 Hz, 1H; CH),
4.01 (m, 1H; OCH2), 3.64 (m, 1H; OCH2), 3.26 (dd, 1J� 13.8 Hz, 2J�
3.8 Hz, 1H; CH2), 2.70 (dd, 1J� 13.8 Hz, 2J� 9.7 Hz, 1H; CH2), 1.60 ppm
(t, J� 7.1 Hz, 3H; CH3); 13C NMR (50 MHz, CDCl3): �� 165.5 (C�N),
145.0 (Cq), 142.4 (Cq), 138.6 (Cq), 130.7, 128.6, 127.3, 126.7, 126.2, 124.7 and
123.4, (aromatic CH), 109.3 (CH), 64.1 (OCH2), 35.8 (CH2), 15.1 ppm
(CH3); IR (CCl4): �� � 1608, 1572, 1477, 1221, 1097 cm�1; MS (ESI): 268.3
[M�H]� .


2-Ethoxy-4-ferrocenyl-2,3-dihydro-1,5-benzoxazepine (17b): A solution of
complex 9b (96 mg, 0.17 mmol) in anhydrous THF (5 mL) was refluxed
under argon atmosphere until the starting material had disappeared (5 h,
checked by TLC). The solvent was removed in vacuo, the crude reaction
mixture was dissolved in hexanes/Et2O (2:1) and filtered through a double
pad of SiO2 and Celite. The solvent was removed under reduced pressure to
give compound 17b (54 mg, 86%) as an orange solid. M.p. 89 ± 91 �C;
1H NMR (200 MHz, CDCl3): �� 7.16 ± 6.95 (m, 4H; ArH), 5.54 (dd, 1J�
9.6 Hz, 2J� 4.1 Hz, 1H; CH), 4.86 (br s, 1H; CH), 4.76 (br s, 1H; CH), 4.44
(br s, 2H; CH), 4.16 (s, 5H; Cp), 4.09 (m, 1H; OCH2), 3.66 (m, 1H; OCH2),
2.88 (dd, 1J� 13.7 Hz, 2J� 4.1 Hz, 1H; CH2), 2.61 (dd, 1J� 13.7 Hz, 2J�
9.6 Hz, 1H; CH2), 1.26 ppm (t, J� 7.1 Hz, 3H; CH3); 13C NMR (50 MHz,
CDCl3): �� 167.9 (C�N), 144.9 (Cq), 142.8 (Cq), 126.3, 125.4, 124.8, 123.4
(aromatic CH), 109.3 (CH), 82.6 (Cq), 71.6 (CH), 71.1 (CH), 69.7 (Cp), 68.3
(CH), 68.2 (CH), 63.9 (OCH2), 36.9 (CH2), 15.1 ppm (CH3); IR (CCl4): �� �
1605, 1585, 1472, 1097 cm�1; elemental analysis calcd (%) for C21H21FeNO2:
C 67.22, H 5.64, N 3.73; found: C 67.05, H 5.81, N 3.89.


Deuteration experiment: A solution of complex 9b (100 mg, 0.18 mmol) in
anhydrous THF (5 mL) and CD3OD (0.5 mL) was heated at 50 �C under an
argon atmosphere until the starting material had disappeared (24 h,
checked by TLC). The solvent was removed under reduced pressure and
the crude reaction mixture was dissolved in hexanes/Et2O (1:1) and filtered
through a double pad of Celite and SiO2 to give, after removing the solvent,


compound [D3]-17b (46 mg, 70%) with 33% of deuteration grade in the
CH group, and 58% and 72% of deuteration grade in the methylene group.


3-Ethoxy-5-phenyl-5,6-dihydro-2H-1,6-benzoxazocin-2-one (18): To a sol-
ution of complex 9a (100 mg, 0.22 mmol) in anhydrous THF (2 mL) at 0 �C
was added 10.5 mg of NaH (0.26 mmol, 60% in mineral oil). The reaction
was stirred at 0 �C during 1 h, left to reach room temperature, then stirred
until the starting material had disappeared (4 h, checked by TLC). The
mixture was quenched with H2O, dried over MgSO4, and filtered through a
short pad of Celite. Flash column chromatography on silica gel yielded
compound 17a (23 mg, 39%), and compound 18 (23 mg, 36%) as a pale
yellow solid.


18 : M.p. 165 ± 167 �C; 1H NMR (300 MHz, CDCl3): �� 8.09 (s, 1H; NH),
7.20 ± 7.13 (m, 3H; ArH), 7.07 ± 6.91 (m, 5H; ArH), 6.73 (t, J� 8.0 Hz, 1H;
ArH), 5.88 (d, J� 2.3 Hz, 1H; CH), 5.68 (d, J� 2.3 Hz, 1H; CH), 3.94 (q,
J� 7.0 Hz, 2H; OCH2), 1.39 ppm (t, J� 7.0 Hz, 3H; CH3); 13C NMR
(50 MHz, CDCl3): �� 166.4 (Cq), 150.9 (Cq), 148.2 (Cq), 135.2 (Cq), 129.1,
128.5, 128.0, 126.5, 125.6 (Cq), 123.0, 121.0, 120.9 (aromatic CH), 113.2
(CH), 66.3 (OCH2), 63.1 (CH), 14.2 ppm (CH3); IR (CCl4): �� � 1684, 1647,
1497, 1321, 1138 cm�1; MS (EI), m/z (%): 295 (100) [M]� , 266 (44), 238 (38),
220 (36), 196 (48), 131 (70), 103 (96), 77 (66); elemental analysis calcd (%)
for C18H17NO3: C 73.20, H 5.80, N 4.74; found: C 73.42, H 5.99, N 4.58.


Pentacarbonylchromium(0) carbene complex (19): To a solution of
2-aminophenol (55 mg, 0.5 mmol) in anhydrous THF (2 mL) at room
temperature was added tBuONa (49 mg, 0.5 mmol) in one portion. The
mixture was stirred for 30 min and then a solution of complex 1a (175 mg,
0.5 mmol) in anhydrous THF (4 mL) was added. The starting material had
disappeared after 15 min. The solvent was removed under reduced
pressure, and the crude reaction mixture was subjected to flash chroma-
tography under argon pressure on silica gel (hexanes) to give carbene
complex 19 (80 mg, 40%) as a dark red solid. 1H NMR (300 MHz, CDCl3):
�� 10.00 (br s, 1H; NH), 7.81 ± 7.77 (m, 2H; ArH), 7.42 ± 7.40 (m, 3H;
ArH), 7.23 (s, 1H; CH), 7.18 (m, 2H; ArH), 7.09 ppm (t, J� 7.8 Hz, 2H;
ArH); 13C NMR (75 MHz, CDCl3): �� 274.7 (Cr�C), 223.1 (COtrans), 217.3
(COcis), 153.7, 150.4, 132.9, 132.8, 131.2, 129.1, 129.0, 127.5, 127.5, 126.1,
121.8, 119.0 ppm (aromatic C and CH); IR (CCl4): �� � 2052, 1938,
1560 cm�1; elemental analysis calcd (%) for C22H11CrNO6: C 58.12, H
2.68, N 3.39; found: C 58.38, H 2.89, N 3.21.


Pentacarbonylchromium(0) carbene complex (20) and 2-phenyl-1,5-benzo-
thiazepin-4(5H)-one (21): A solution of complex 10b (100 mg, 0.21 mmol)
in anhydrous THF (5 mL) was heated at 50 �C under argon atmosphere
until the starting material had disappeared (29 h, checked by TLC). The
solvent was removed in vacuo, the crude reaction was subjected to flash
column chromatography to give compound 21 (27 mg, 51%) as a white
solid and carbene complex 20 (10 mg, 11%) as a dark red oil.


21: M.p. 106 ± 108 �C; 1H NMR (200 MHz, CDCl3): �� 8.06 ± 8.00 (m, 3H;
ArH), 7.84 (d, J� 8.0 Hz, 1H; ArH), 7.47 ± 7.40 (m, 5H; ArH), 7.32 ppm (t,
J� 7.5 Hz, 1H; ArH); 13C NMR (50 MHz, CDCl3): �� 168.0, 154.1, 135.0.
133.6, 130.9, 129.0, 127.5, 126.3, 125.2, 123.2, 121.6 ppm (aromatic C and
CH); IR (CCl4): �� � 1635, 1578, 1554, 1514, 1481, 1435, 1225 cm�1; MS
(70 eV): m/z (%): 253 (6) [M]� , 236 (16), 212 (10), 211 (100), 108 (21), 82
(14), 69 (33); elemental analysis calcd (%) for C15H12NOS: C 71.12, H 4.38,
N 5.53, S 12.66; found: C 71.37, H 4.54, N 5.72, S 12.83.


20 : 1H NMR (200 MHz, CDCl3): �� 10.63 (br s, 1H; NH), 7.75 (m, 2H;
ArH), 7.49 (m, 2H; ArH), 7.34 ppm (m, 6H; ArH and CH); 13C NMR
(50 MHz, CDCl3): �� 280.6 (Cr�C), 227.9 (COtrans), 217.16 (COcis), 161.8,
141.4, 138.2, 136.7, 136.2, 134.1, 133.4, 129.9, 128.7, 128.6, 128.1, 123.0 ppm
(aromatic C and CH); IR (CCl4): �� � 2054, 1940, 1551, 1472, 1254 cm�1.


Complex 22a : To a solution of pentacarbonyl[(ethoxy)(2-phenylethynyl)-
carbene]chromium(0) (1a, 175 mg, 0.5 mmol) and catechol (55 mg,
0.5 mmol) in anhydrous Et2O (5 mL) at room temperature was added
Et3N (101 mg, 1 mmol). The mixture was stirred until the starting material
had disappeared (48 h, checked by TLC). The solvent was removed in
vacuo, and the reaction mixture was subjected to flash column chromatog-
raphy under argon pressure (SiO2, hexanes) to give carbene complex 22a
(115 mg, 50%) as an orange solid. 1H NMR (300 MHz, CDCl3): �� 7.50 ±
7.47 (m, 2H; ArH), 7.35 ± 7.26 (m, 3H; ArH), 6.72 (s, 4H; ArH), 4.80 (q, J�
7.1 Hz, 2H; OCH2), 4.22 (s, 2H; CH2), 1.12 ppm (t, J� 7.1 Hz, 3H; CH3);
13C NMR (50 MHz, CDCl3): �� 353.8 (Cr�C), 223.4 (COtrans), 215.9
(COcis), 146.8, 140.6, 129.0, 128.4, 124.9, 121.6, 115.2, 108.5 (aromatic C and
CH), 78.5 (OCH2), 69.3 (CH2), 14.2 ppm (CH3); IR (CCl4): �� � 2064, 1989,
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1946, 1485, 1238 cm�1; elemental analysis calcd (%) for C22H16CrO8: C
57.40, H 3.50; found: C 57.67, H 3.71.


Complex 22c : To a solution of complex 1c (165 mg, 0.5 mmol) in
anhydrous THF (5 mL) was added a solution of catechol (55 mg, 0.5 mmol)
and tBuONa (99 mg, 1 mmol) in THF (5 mL) at room temperature. The
mixture was stirred for 24 h. The solvent was evaporated in vacuo and the
reaction mixture was subjected to flash column chromatography under
argon pressure (SiO2, hexanes) to give carbene complex 22c (102 mg,
46%) as an orange solid. 1H NMR (300 MHz, CDCl3): �� 6.68 ± 6.59 (m,
4H; ArH), 4.60 (q, J� 7.1 Hz, 2H; OCH2), 3.89 (s, 2H; CH2), 1.09 (t, J�
7.1 Hz, 3H; CH3), 1.01 ppm (s, 9H; 3CH3); 13C NMR (50 MHz, CDCl3):
�� 357.9 (Cr�C), 223.5 (COtrans), 215.9 (COcis), 148.5 (Cipso), 121.7 (Cq),
120.9, 107.3 (CH aromatic), 78.7 (OCH2), 63.4 (CH2), 41.5 (Cq), 24.1 (CH3),
14.2 ppm (CH3); IR (CCl4): �� � 2062, 1985, 1946, 1489, 1238 cm�1;
elemental analysis calcd (%) for C20H20CrO8: C 54.55, H 4.58. C 57.40;
found: C 54.74, H 4.81.


Synthesis of 2-substituted perimidines. General procedure :


In a typical experiment, the carbene complex was dissolved in anhydrous
CH2Cl2 and 1,8-diaminonaphtalene was added. The mixture reaction was
stirred at room temperature under an argon atmosphere until the starting
material had disappeared (checked by TLC). The solvent was removed in
vacuo, and the crude reaction mixture was purified by flash column
chromatography on silica gel under argon pressure.


2-Phenyl-1H-perimidine (33a)


Method A : Following the general procedure, a solution of carbene complex
1a (150 mg, 0.43 mmol) and 1,8-diaminonaphtalene (68 mg 0.43 mmol) in
CH2Cl2 (15 mL) gave, after 24 h, perimidine 33a (84 mg, 80%) as an orange
solid and carbene complex 32a (90 mg , 80%).


Method B : A solution of carbene complex 1b (150 mg, 0.31 mmol) and 1,8-
diaminonaphtalene (49 mg, 0.31 mmol) in CH2Cl2 (15 mL) gave, after 7.5 h,
perimidine 33a (74 mg, 97%) and carbene complex 32b (112 mg, 91%).


33a : M.p. 187 ± 188 �C; 1H NMR (300 MHz, CDCl3): �� 7.78 (m, 2H;
ArH), 7.44 ± 7.37 (m, 3H; ArH), 7.14 ± 7.04 (m, 4H; ArH), 6.53 ppm (br s,
2H; ArH); 13C NMR (50 MHz, CDCl3): �� 152.7, 135.4, 134.0, 131.0, 128.9,
128.3, 126.2, 121.8, 119.8 ppm; IR (KBr): �� � 3051, 1636, 1597, 1566, 1404,
1371 cm�1; MS (70 eV): m/z (%): 245 (22) [M�1]� , 244 (100) [M]� , 166
(32), 122 (18); elemental analysis calcd (%) for C17H12N2: C 83.58, H 4.95, N
11.47; found: C 83.71, H 4.86, N 11.35.


2-tert-Butyl-1H-perimidine (33c): Following the general procedure, a
solution of carbene complex 1c (160 mg, 0.48 mmol) and 1,8-diamino-
naphtalene (76 mg, 0.48 mmol) in CH2Cl2 (16 mL) gave, after 24 h,
perimidine 33c as a yellow solid (83 mg, 77%) and carbene complex 32a
(79 mg, 62%).


33c : M.p. 162 ± 163 �C; 1H NMR (300 MHz, CDCl3): �� 7.19 ± 6.98 (m, 4H;
ArH), 6.46 (br s, 2H; ArH), 1.27 ppm (s, 9H; CH3); 13C NMR (50 MHz,
CDCl3): �� 161.7, 140.8, 135.2, 128.1, 121.4, 119.2, 108.2 (aromatic C and
CH), 36.6 (Cq), 28.0 ppm (CH3); IR (CCl4): �� � 3452, 2966, 1634, 1599,
1406, 1373 cm�1; elemental analysis calcd (%) for C15H16N2: C 80.32, H 7.19,
N 12.49; found: C 80.15, H 7.25, N 12.63.


2-Ferrocenyl-1H-perimidine (33d): Following the general procedure, a
solution of carbene complex 1d (150 mg, 0.32 mmol) and 1,8-diamino-
naphtalene (52 mg, 0.32 mmol) in CH2Cl2 (15 mL) gave, after 24 h,
perimidine 33d (113 mg, 100%) as an orange solid and carbene complex
32a (72 mg, 83%).


33d : M.p. 253 ± 255 �C; 1H NMR (300 MHz, CDCl3): �� 7.14 ± 7.04 (m, 4H;
ArH), 6.62 (d, J� 6.2 Hz, 2H; ArH), 4.87 (br s, 2H; CH), 4.31 (br s, 2H;
CH), 4.19 ppm (s, 5H; Cp); 13C NMR (125 MHz, [D6]DMSO): �� 155.1
(C�N), 145.3, 138.4, 135.1, 128.9, 127.9, 121.2, 118.3, 117.2, 113.0, 102.0
(aromatic C and CH), 77.1 (Cq Fc), 70.2 (CH Fc), 69.5 (Cp), 67.6 ppm (CH
Fc); IR (KBr): �� � 3422, 1636, 1593, 1412, 1373 cm�1; MS (EI): m/z (%): 352
(100) [M]� , 286 (71), 176 (16), 56 (10); elemental analysis calcd (%) for
C21H16FeN2: C 71.61, H 4.58, N 7.95; found: C 71.78, H 4.44, N 8.03.


2-Propyl-1H-perimidine (33e): Following the general procedure, a solution
of carbene complex 1e (150 mg, 0.48 mmol) and 1,8-diaminonaphtalene
(76 mg, 0.48 mmol) in CH2Cl2 (15 mL) gave, after 24 h, the perimidine 33e
(73 mg, 72%) as a yellow solid and carbene complex 32a (84 mg, 66%).


33e : M.p. 157 ± 159 �C; 1H NMR (300 MHz, CDCl3): �� 7.09 ± 7.00 (m, 4H;
ArH), 6.43 (d, J� 6.8 Hz, 2H; ArH), 4.62 (br s, 1H; NH), 2.26 (t, J� 7.5 Hz,
2H; CH2), 1.70 (sextuplet, J� 7.6 Hz, 2H; CH2), 0.97 ppm (t, J� 7.3 Hz,


3H; CH3); 13C NMR (50 MHz, CDCl3): �� 156.9 (C�N), 140.5, 135.3,
128.2, 121.7, 119.4, 107.8 (aromatic C and CH), 37.6 (CH2), 20.7 (CH2),
13.6 ppm (CH3); IR (KBr): �� � 3393, 2961, 1636, 1607, 1585, 1414,
1373 cm�1; elemental analysis calcd (%) for C14H14N2: C 79.97, H 6.71, N
13.32; found: C 80.06, H 6.62, N 13.25.


2-Phenyl-6,7-dihydro-1H-cyclopenta[gh]perimidine (36): Following the
general procedure, from carbene complex 35a (229 mg, 0.24 mmol) after
flash column chromatography on silica gel were obtained perimidine 36
(102 mg, 88%) as a yellow solid, and carbene complex 32a (62 mg, 55%).
Analogously, from tungsten complex 1b (206 mg, 0.31 mmol) were
obtained perimidine 36 as an orange solid (75 mg, 89%) and carbene
complex 32b (83 mg, 67%).


36 : M.p. 120 ± 122 �C; 1H NMR (300 MHz, CDCl3): �� 7.76 ± 7.73 (m, 2H;
ArH), 7.40 ± 7.38 (m, 3H; ArH), 6.82 (d, J� 7.2 Hz, 2H; ArH), 6.38 (br s,
2H; ArH), 3.16 ppm (s, 4H; 2CH2); 13C NMR (50 MHz, [D6]DMSO): ��
153.5 (C�N), 140.7, 135.7, 134.1, 130.7, 128.2, 126.6, 121.2, 119.4 (aromatic C
and CH), 30.2 ppm (2CH2); IR (KBr): �� � 3421, 1635, 1593, 1560, 1550,
1458 cm�1; elemental analysis calcd (%) for C19H14N2: C 84.42, H 5.22, N
10.36; found: C19H14N2 C 84.29, H 5.13, N 10.47.


2-[3-(1H-perimidin-2-yl)phenyl]-1H-perimidine (38): Following the gen-
eral procedure, biscarbene complex 37 (160 mg, 0.24 mmol), 1,8-diamino-
naphtalene (80 mg, 0.51 mmol), and CH2Cl2 (15 mL) gave, after 1.5 h,
perimidine 38 (98 mg, 100%) as a dark yellow solid and carbene complex
32a (73 mg, 58%).


38 : M.p. 221 �C (decomp); 1H NMR (300 MHz, CDCl3): �� 10.84 (s, 2H),
8.63 (s, 1H; ArH), 8.18 (d, J� 6.6 Hz, 2H; ArH), 7.72 (t, J� 6.5 Hz, 1H;
ArH), 7.22 ± 7.05 (m, 8H; ArH), 6.76 (d, J� 6.2 Hz, 2H; ArH), 6.60 ppm (d,
J� 4.6 Hz, 2H; ArH); 13C NMR (125 MHz, [D6]DMSO): �� 152.4 (C�N),
144.8, 138.4, 135.1, 133.8, 129.2, 128.9, 128.6, 128.0, 125.4, 121.6, 119.4, 117.8,
114.0, 102.9 ppm (aromatic C and CH); IR (KBr): 3335, 3047, 1634, 1593,
1373 cm�1; elemental analysis calcd (%) for C18H18N4: C 81.93, H 4.42, N
13.65; found: C 82.10, H 4.45, N 13.86.
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Abstract: Control over the interchro-
mophore separation, their angular rela-
tionship, and the spatial overlap of their
electronic clouds in several ZnP ±C60


dyads (ZnP� zinc porphyrin) is used to
modulate the rates of intramolecular
electron transfer. For the first time, a
detailed analysis of the charge transfer
absorption and emission spectra, time-
dependent spectroscopic measurements,
and molecular dynamics simulations


prove quantitatively that the same two
moieties can produce widely different
electron-transfer regimes. This investi-
gation also shows that the combination
of ZnP and C60 consistently produces


charge recombination in the inverted
Marcus region, with reorganization en-
ergies that are remarkably low, regard-
less of the solvent polarity. The time
constants of electron transfer range
from the �s to the ps regime, the
electronic couplings from a few tens to
several hundreds of cm�1, and the reor-
ganization energies remain below
0.54 eV and can be as low as 0.16 eV.


Keywords: charge separation ¥
charge transfer ¥ electronic coupling
¥ fullerenes ¥ porphyrinoids ¥
reorganization energy


Introduction


The composition, the interchromophore separation/angular
relationship, the overall dynamic and stimulus-induced reor-
ganization, and the electronic coupling are crucial factors in
the development of charge transfer reaction centers.[1] Of


particular interest are artificial model systems in which the
introduction of simple molecular changes is used to control
and tune the magnitude of the electron-transfer (ET)
parameters. Typically, to ensure rapid, intramolecular ET
processes, either in the form of energy or electron trans-
duction, synthetic chemistry exploits the formation of cova-
lent bonds[2] or the use of biomimetic methodologies, such as
the formation of �-stacks, hydrogen bonds, van der Waals
contacts, and so forth.[3] These and other effective strategies
are borrowed from the organization principle of the bacterial
photosynthetic reaction center[4] in which the electron-donor
is basically a porphyrinoid moiety. Both the arrangement
and respective orientation of the electron donor and accep-
tor are the result of the incorporation of light- and redox-
active components into well-defined transmembrane pro-
teins.
In the artificial models, the donor± acceptor link plays an


essential role and is a potent means to restrain the electron-
donor ± acceptor couples in their positions.[1] Synthetic chem-
istry tools can be used to create the linkage and introduce a
spacer between the donor and acceptor. Its effect is not
limited to the structure, but also determines the size of the
electronic coupling matrix element (V) between the frag-
ments it separates, ideally the donor and acceptor. An
important feature of a spacer is the possibility of introducing
a systematic alteration of separation, orientation, and overlap
without affecting the electronic nature of the donor ± acceptor
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pair, whereby the coupling is proportional to the overlap of
their electronic clouds. In other words, the exponential decay
with the distance of the coupling may be modified by
contributions from an intervening medium, for example,
solvent.
After the donor and the spacer(s), suitable acceptors need


to be identified. Fullerenes have proved to be a rich platform
on which to conduct charge-separation (CS) studies.[5±13]


These three-dimensional building blocks are now readily
available and exhibit three characteristics of great relevance
for ET reactions:
1) Fullerenes are extremely good electron acceptors.[14]


2) Fullerenes undergo multiple derivatization processes and
can form a number of isomers in which two hexagon ±
hexagon edges have reacted to provide the attachment
point for other molecules to be tethered.[15]


3) Primarily because of its rigid structure, fullerenes possess a
remarkably low reorganization energy upon ET reac-
tions.[16] A small reorganization energy is one of the key-
factors in decreasing energy waste. In general, two-dimen-
sional electron acceptors have much larger reorganization
energies. The small reorganization energy of C60 renders it
an extremely useful building block for exploring the
modulation of rates and yields of charge separation (CS)/
charge recombination (CR), for which conventional elec-
tron acceptors, such as quinones, have proved unsatisfac-
tory.
It is notable that despite the number of synthetic model


systems so far investigated,[10a, 17] the detailed description of
geometrical factors that govern ET has remained unclear. In
this paper, we compare the effects that arise from structurally
different donor ± acceptor topologies and demonstrate that
the variation of distance and mutual orientation of a linked
zinc tetraphenylporphyrin (ZnP) and fullerene (C60) reactant
pair affects the charge-transfer (CT) parameters. The simplest
way to alter the relative orientation of a two-dimensional
planar electron donor (ZnP) with respect to a three-dimen-
sional spherical electron acceptor (C60) is through synthetic
modifications that are now available. An important issue, in
this context, is the intramolecular flexibility and the associ-
ated variation of distance and orientation that can occur on a
timescale comparable or faster than ET. Here, a combination
of molecular dynamics and quantum chemical calculations is
used to estimate these ™fast-factors∫ as a function of the
solvent. Despite different absolute rate constants for the
forward and backward ET processes, which reflect the degree
of interactions in the ground state and in the excited state, all
systems reveal a fundamental common feature: the charge
recombination kinetics are consistently located in the inverted
region of the ™Marcus parabola∫.


Results and Discussion


Synthesis and structural modeling : The synthesis and struc-
tural characterization of the dyads 1,[18a] 2,[18b,c] and 3[18d] has
been described previously. They were prepared by one- or
twofold cyclopropanation of C60 and the corresponding
bismalonates.[18] The synthesis of the new dyad 4 is summar-


ized in Scheme 1. The precursor malonate 5 was synthesized
via the substituted 3-hydroxybenzaldehyde 6, with a malonate
terminus. The co-condensation of 6 with benzaldehyde and
pyrrole under Lindsey conditions[19] with Ph4PCl and
BF3 ¥ Et2O as a catalyst in CH2Cl2 afforded the porphyrin
precursor 7, which was subsequently metallated with
Zn(OAc)2 to give porphyrin malonate 5. This compound
was fully characterized by a variety of techniques: 1H NMR,
13C NMR, and UV-visible spectroscopy and fast-atom bom-
bardment mass spectrometry (FAB-MS). Finally, Bingel
cyclopropanation of 5 with C60 led to the formation of the
dyad 4.
First, the singly linked porphyrin ± fullerene ensembles shall


be discussed. In the two ensembles, the substitution pattern of
the phenyl groups of the porphyrin differs, that is they are
either meta- or para-linked. This imposes a notable impact on
the mutual orientation of porphyrin and fullerene. In partic-
ular, the para-substituted porphyrin system (1) is expected to
furnish closer contacts but poorer overlap with the fullerene
than the meta-analogue (4), because of steric constraints. For
top- and side-view illustrations see the Supporting Informa-
tion (S1). Despite the flexibility of the ethylene bridge,
molecular modeling leads to the conclusion that the upper
part of the cage of the fullerene is covered by the porphyrin
(see Supporting Information (S2)).
To introduce more rigid packing into the porphyrin ± ful-


lerene ensembles, a double-linkage was pursued.[20, 21] Model-
ing of doubly linked porphyrin ± fullerene dyads suggests the
use of meta- rather than para-substituted adducts.
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The dyads trans-2-ZnP ±C60 (2) and equatorial-ZnP ±C60


(3) were modeled by using MM� force field.[22] The results
are shown in Figures 1 and 2, respectively. Molecular dynam-
ics calculations of six randomly selected conformers of both of
these dyads showed that:


Figure 1. Superimposed conformers of dyad 2.


Figure 2. Superimposed conformers of dyad 3.


1) Due to the double linkage, the variability of relative
orientation of the two chromophores within each dyad is
very limited. There is very little conformational space
accessible. In 2, the face-to-face alignment is completely
locked, while in 3 only two types of face-to-edge orienta-
tions (vertical and horizontal) were found. NOE measure-
ments revealed, however, that the horizontal conformation
has a very low population (0.2%) relative to the vertical


one (99.8%). Both systems therefore possess strong
rigidity.


2) The face-to-face alignment in 2 with the shortest inter-
planar distance (Zn�C: 3 ä) leads to appreciable � ±�
stacking, whereas the face-to-edge alignment in 3 prohibits
effective � ±� interaction. The resulting distances (Ta-
ble 1) suggest that one has to consider the product of


distance and overlap to assess the interaction between
porphyrin and fullerene. It can also be noted that close
separation but little overlap can be compensated by good
overlap and larger distances–compare, for example, para-
ZnP ±C60 (1) and meta-ZnP ±C60 (4) (Supporting Infor-
mation S1).


3) Dyad 3 can accommodate a solvent molecule, such as
toluene, between the two moieties.


Absorption spectroscopy: The close proximity of the por-
phyrin and fullerene �-systems gives rise to through-space[23]


and through-bond interactions, whose effects may be detect-
able in the shifts of some absorption bands or by the presence
of new CT bands in the spectra of the four dyads. We show in
the following that these features emerge here as sensitive
markers for assessing the electronic coupling in ZnP ±C60


ensembles. Red shifts of the Soret and Q-band transitions
are consistently observed in the dyads and are reported in
Table 1, in which similar data for the model porphyrin systems
are also given. To a good extent, the shifts track the
interchromophore separations (Ree) of the donor ± acceptor
ensembles: 2 (�� 429, 552, 591 nm; Ree� 3.0 ä)� 4 (�� 427,


Scheme 1. Synthesis of the mono-linked 4 : i) benzaldehyde, pyrrole, Ph4PCl, BF3*Et2O, CH2Cl2, RT; ii) p-chloranil, reflux, (silicagel, CH2Cl2/EtOAc (20:1));
iii) Zn(OAc)2 ¥ 2H2O, THF, reflux; iv) C60, DBU, toluene.


Table 1. Ground-state absorption maxima and their extinction coefficients
of different ZnP ±C60 donor ± acceptor ensembles in CH2Cl2 at room
temperature.


2 4 3 meta-ZnP 1 para-ZnP


Ree [ä][a] 3.0[b] 5.86 6.18 3.23
Soret- 429 427 425 421 418 420
band (5.44) (5.44) (5.46) (5.76) (5.63) (5.66)


552 551 549 548 548 549
Q- (4.21) (4.29) (4.26) (4.34) (4.24) (4.50)
bands 591 588 584 587 587 589


(3.63) (3.84) (3.63) (3.59) (3.61) (3.53)


[a] Edge-to-edge distances. [b] Zn�C distance.
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551, 588 nm; Ree� 5.86 ä)� 3(�� 425, 549, 584 nm; Ree�
6.18 ä). The reference values for the absorption of ZnP are
420 ± 421, 548 ± 549, and 587 ± 589 nm. Deviations are ob-
served for the highest Q-bands, which probably interact with
other electronic states, and for 1, which is characterized by
bands only slightly shifted from the reference values, a feature
indicative of small interfragment interactions. The data
confirm the idea of the existence of a synergism between
separation and overlap, as illustrated in Figure S1 in the
Supporting Information.
At longer wavelengths (�700 nm) only the weak fullerene


transitions (�� 200��1 cm�1) should exist with maxima at
690 nm (mono-adduct), 696 nm (trans-2 bis-adduct) and
694 nm (equatorial bis-adduct).[24] However, subtraction of
the fullerene absorption from the spectra of the four dyads
reveals a new broad band in the 700 ± 800 nm region. Since
neither ZnP nor C60 exhibit this feature, it is safe to assign this
additional band to a CT transition between the porphyrin
donor and the electron-accepting fullerene. The presence of
the additional band, therefore, confirms electronic interaction
between the two chromophores in the dyads.
The intensity trend of the CT bands in toluene, reported in


Table 2, is reminiscent of the trend observed for the spectral
shifts described above. The most intense band (�max� 1470


M�1 cm�1) appears for 2, with its face-to-face structure, while
only a weak band (�max� 250M�1 cm�1) is present for 3with its
face-to-edge orientation. As before, the data for 4 fall
between the other two, while the intensity of the new band
of 3 is the lowest. It should be further noted that the ordering
of the interactions deduced by the band shifts and the relative
intensities in the various dyads follows the anodic shifts of the
reduction of the fullerene moiety.[18] For instance, in dyad 2
the first reduction is anodically shifted by nearly 100 mV,
relative to that of 4, while in 3 it is shifted to higher energies
than for 2.
The CT spectra are used to estimate the electronic coupling


element (V) by means of Equation (1):[25]


V� 2�06� 10�2��max�max��1�2�1�2
Rcc


(1)


in which Rcc denotes the shortest center-to-center separa-
tion, �max the extinction coefficient, �max the energy, and �1/2 the
halfwidth of the CT transition. The electronic coupling in
trans-2-ZnP ±C60 (2), meta-ZnP ±C60 (4), equatorial-ZnP ±
C60 (3), and para-ZnP ±C60 (1) is 436, 201, 76, and 30 cm�1,
respectively.


The solvent effect on the CT band concurs with the
ordering of the couplings obtained from Equation (1). In-
creasing the solvent polarity from toluene to benzonitrile
leads to strong red shifts of the CTabsorption in 2 and 4–see
Figure 3. The effect is caused by the better solvation that


Figure 3. Charge-transfer absorption of dyad 2 in toluene (solid line), o-
dichlorobenzene (dashed line) and benzonitrile (dotted line) at room
temperature.


radical cations and/or radical anions experience in a more
polar environment. As an example, Figure 3 illustrates the CT
bands for 2 in toluene, o-dichlorobenzene, and benzonitrile,
which shift from 723 nm to 732 nm and finally to 749 nm. In
dyad 4 the maxima are also red-shifted upon increasing the
solvent polarity: 727 nm in toluene, 730 nm in chloroform,
734 nm in o-dichlorobenzene, and 754 nm in benzonitrile. The
weakness of the transition in 1 limited the validity of such an
analysis.
The spectral analysis carried out on 1) the band shifts of the


ZnP fragment, 2) the intensity of the newly formed CT bands,
and 3) their shifts upon variation of the solvent polarity proves
that the strength of electronic interaction between ZnP and
C60 in the ground state is 2� 4� 3� 1 and varies by more than
an order of magnitude.


Fluorescence spectroscopy: To study the electronic interac-
tions between the porphyrin and fullerene �-systems in the
excited state, emission measurements were carried out with
the ZnP ±C60 dyads in solvents of different polarity (i.e.,
toluene, chloroform, THF, dichloromethane, o-dichloroben-
zene, and benzonitrile). The 1*ZnP emission becomes
quenched in all solvents for all ZnP ±C60 dyads with quantum
yields (�F) usually of the order of 10�4 (Table 3)–in the ZnP


Table 2. Charge transfer absorption and electronic coupling in different
ZnP ±C60 donor± acceptor ensembles in toluene at room temperature.


2 4 3 1


Rcc [ä][a] 6.6 9.5 15.1 7.9
�max [��1 cm�1] 1470 740 250 10
��max [cm�1] 13831 13717 14084 13550
��1/2 [cm�1] 961 847 900 � 1000
V [cm�1] 436 201 76 30


[a] Center-to-center distances as measured from the zinc center.


Table 3. Room temperature fluorescence quantum yields (1*ZnP) of
different ZnP ±C60 donor± acceptor ensembles in various solvents (excita-
tion wavelength: 555 nm).


2 4 3 1


toluene 1.26� 10�4 5.50� 10�4 15.9� 10�4
chloroform 1.31� 10�4 3.58� 10�4 6.8�10�4 15.8� 10�4
THF 1.16� 10�4 3.68� 10�4 12.0� 10�4 15.6� 10�4
dichloromethane 1.37� 10�4 1.81� 10�4 4.4� 10�4 14.9� 10�4
o-dichlorobenzene 1.43� 10�4 9.5� 10�4
benzonitrile 1.37� 10�4 3.42� 10�4 5.6� 10�4 12.6� 10�4
DMF 2.91� 10�4 4.3� 10�4 12.1� 10�4
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reference �F� 0.04. Although the yield drops, the ZnP
emission patterns are not affected by the presence of the
fullerene fragment.
A close inspection of the fluorescence data reveals a


number of interesting features:
1) The fluorescence quantum yield of dyad 2 does not change


appreciably with the solvent. This is attributed to the
intramolecular charge-transfer reaction, which is mediated
through the overlapping �-orbitals and does not use
bridging solvent molecules.


2) The two dyads with the largest edge-to-edge separation
(Ree), that is 4 (5.86 ä) and 3 (6.18 ä), show a similar
solvent dependence, that is, appreciably stronger fluores-
cence quenching in the polar solvents than in the nonpolar
media.


3) Dyad 1 has a small interchromophore distance (3.23 ä)
but a poor spatial overlap and reveals the strongest 1*ZnP
fluorescence.
Interestingly, the greater the fluorescence quenching, the


larger is the electronic coupling that was determined from the
ground-state absorption spectra. This indicates that if major
rearrangements occur in the excited state, they are already
present in the spectra.
Not all dyads emit uniquely from ZnP : emission was also


observed from C60 in 3 at �765 nm with �F� 2.2� 10�4 in
toluene, that is, about half of that measured for the C60


reference,[24] while in chloroform, the same fullerene emission
was seen with a lower quantum yield (1.1� 10�4). Further
increase of the solvent polarity, for example, use of THF led to
a complete cancellation of the C60 emission through enhance-
ment of the ET process. Emission from C60 after excitation of
ZnP implies energy transfer, which was confirmed by a set of
excitation spectra.[26] For a Coulombic energy transfer, the
distance dependence (Ree) is defined by Equation (2):


k� kD
RC


Ree


� �
6 (2)


in which kD� 4.0� 108 s�1 is the intrinsic deactivation of the
photoexcited 1*ZnP, and RC is the critical transfer radius at
which k equalizes the intrinsic deactivation of the donor.[27]


Considering Ree and RC equal 6.18 and 9.78 ä, respectively, a
rapid energy transfer with k� 7.2� 109 s�1 is estimated; this is
in good agreement with the experimental value (�1010 s�1).
In the two closer packed dyads, namely, 1 and 2, the C60


fluorescence is not observed even in toluene. This implies that
the shorter donor± acceptor separation alters the deactivation
mechanism of 1*ZnP, that is, ET takes over with respect to
energy transfer. Forasmuch as the small reorganization energy
of, for example, 2 in toluene (vide infra), which also infers
negligible activation barriers for ET, the distance dependence
can be formulated in a first approximation within the frame-
work of the Dexter double electron exchange mechanism
[Eq. (3)]:


k� 4��V0exp��0�5�Ree � R0�	�2
�h


J (3)


in which V is the electronic coupling element and J is the
pertinent spectral overlap of orbitals involved in ETreactions
(5.04� 10�4 cm�1).[28] This leads to rate constants 
1012 s�1.


The emission spectra therefore indicate that at short
donor ± acceptor separations (Ree� 3 ä) ET takes place even
in toluene and that a larger distances transfer of singlet
excited state energy may occur when the solvent polarity is
sufficiently low. In more polar media the picture is somewhat
different; ET dominates, regardless of the separation.


Charge transfer emission : Apart from the ZnP and the
occasional C60 fluorescence, the dyads show rather broad
emission in the region located around 800 nm–see Fig-
ure 4.[29] The new band is assigned to CT emission in analogy


Figure 4. Charge transfer emission of ZnP ±C60 (4 : solid line) and (2 :
dashed line) in toluene at 77 K (�1.0� 10�5�); excitation wavelength
560 nm.


with the CT absorption bands discussed earlier (vide supra).
Similar interpretations were reported previously for two
different ZnP ±C60 systems.[25, 30] At low temperature (77 K)
the emission bands, which are rather broad at room temper-
ature, are resolved, in accordance with the assumption that its
width is determined by (4�SkBT)1/2. Illustrative examples are
shown in Figure 4, with the maximum at 800 nm for 2 and
785 nm for 4. The former is characterized by a �-stacked
system and has a CT absorption at slightly higher energies.
The energy difference between absorption and emission, or
Stokes shift, is quite small (0.17 eV for 2 and 0.12 eV for 4). In
turn, this gives vibrational reorganization energies (�V) of
0.09� 0.02 and 0.06� 0.01 eV. Support for these remarkably
small �V values also derives from an earlier theoretical
calculation of the vibrational reorganization energy of C60


(�V� 0.06 eV).[31] The �-stacked dyad reveals a notably larger
value, which is indicative of the perturbation due to the
overlapping �-systems. This conclusion is in agreement with
the relatively strong coupling estimated for this donor± ac-
ceptor ensemble (vide supra).
The position of the CTemission band (1.58 eVand 1.54 eV)


can be further used to determine the solvent reorganization
energy (�S), since the excitation energy is given by � (�S �
�GCR�). Thus, �S values of 0.1� 0.01 eV and 0.02� 0.01 eV
result for 4 and 2, respectively. The different values of �S
suggests that solvation is, therefore, more efficient in the
former than in the latter, inducing stronger solvent interac-
tions with the ZnP and C60 moieties. As noted earlier, in dyad
2, most of the porphyrin surface is covered by the fullerene.
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Charge-separation dynamics : The fate of 1*ZnP and the
identity of the photoproducts in the dyads were examined by
pico-/nano-/microsecond transient absorption spectroscopies.
Representative picosecond time-resolved absorption spec-


tra, taken after an 18 ps laser pulse at 532 nm[32] for a solution
of ZnP in toluene as a reference, are displayed in Figure 5a.


Figure 5. Picosecond transient absorption spectrum recorded 50 ps upon
flash photolysis of ZnP (5.0� 10�5�) at 532 nm in deoxygenated a) toluene
and b) benzonitrile, indicating the ZnP singlet ± singlet absorption. The
insert to a) illustrates the intersystem crossing process in photoexcited ZnP.


The differential spectrum recorded immediately after the
laser pulse (50 ps time delay) is characterized by bleaching of
the porphyrin Q-band absorption at 550 nm and broad
absorption between 570 and 750 nm. These spectral attributes
are indicative of the ZnP singlet excited state (ESinglet�
2.00 eV), which decays slowly (4.0� 108 s�1) to the energeti-
cally lower-lying triplet excited state (ETriplet� 1.53 eV) pre-
dominantly through intersystem crossing (ZnP triplet quan-
tum yield, �Triplet : 0.88). The formation of a penta-coordinate
Zn environment in coordinating solvents, such as THF,
benzonitrile (Figure 5b)[13] and DMF, shifts the Q-band
slightly to the red, to 565 nm, with respect to the non-
coordinating solvents toluene and dichloromethane.
Next, the transient absorption changes of ZnP ±C60 donor±


acceptor ensembles were recorded in toluene with several
time delays after the 532 nm picosecond laser pulse and


compared with what was seen for the ZnP reference. At early
times (i.e. , 50 ± -100 ps), these are practically identical to those
of the ZnP reference, disclosing strong bleaching at 550 nm
(similar to Figure 5a/b). However, at a delay time of 200 ps, a
new transition around 640 nm grows-in (Figure 6a) accom-


Figure 6. Picosecond transient absorption spectrum recorded a) 400 ps and
b) 50 ps upon flash photolysis of 4 and 2 (5.0� 10�5�), respectively at
532 nm in deoxygenated toluene, indicating the ZnP �-radical cation
absorption. Inserts show the decay of meta-1*ZnP ±C60 (@610 nm) and
trans-2-ZnP.� ±C60


.� (@630 nm).


panied by another absorption in the near-infrared. Based on a
spectral comparison, we ascribe the former to the zinc
porphyrin �-radical cation (ZnP.�), while the latter band
belongs to the fullerene �-radical anion (C60


.�).[24] In accord-
ance with these results, we propose that CS, from the ZnP
singlet excited state to the electron-accepting fullerene,
creates the ZnP.� ±C60


.� state, which is responsible for the
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fast deactivation of the photoexcited chromophore. The
absorption of the charge-separated ZnP.� ±C60


.� pair is
persistent on the picosecond timescale and decays in the
nano-/microseconds regime (vide infra).
Similar spectral characteristics of ZnP.� and C60


.� were
found for all the donor ± acceptor ensembles in THF, dichloro-
methane, benzonitrile, and DMF.[33] Table 4 indicates that the


lifetimes of the 1*ZnP substantially decreased with the solvent
polarity and ranged from 149 to 28 ps. It should be noted that
the different functionalization pattern of the fullerene core
leads to different �max values for the corresponding C60 �-
radical anion fingerprints: 900 nm (2), 1000 nm (1) and
1060 nm (3) (Figure 7). The values are in excellent agreement


Figure 7. Nanosecond transient absorption spectrum (visible/near-infrared
part) recorded 50 ns upon flash photolysis of 3 (5.0� 10�5�, dashed line)
and 4 (5.0� 10�5�, solid line) at 532 nm in deoxygenated benzonitrile,
indicating the ZnP �-radical cation and C60 �-radical anion absorption.


with those found in an independent pulse radiolysis study,
which focused on the free radical-induced reduction of a
series of methanofullerene derivatives.[24]


A final comment should address the photophysical proper-
ties of 2. The rate of intramolecular CS is essentially within the
time-resolution of our apparatus (
20 ps). Instead, the
differential absorption changes, typically noted immediately
after the 20 ps laser pulse, are already composed of the
individual contributions stemming from the oxidized donor
(Figure 6b) and reduced acceptor.


Charge recombination dynamics : The charge recombination
(CR) dynamics were analyzed by following the absorption
changes of the one-electron reduced form of the electron
acceptor (C60


.�) and that of the one-electron oxidized form of
the electron donor (ZnP.�) (as an example, see Figure 7).
In oxygen-free solutions, the decays were well fitted by a


single exponential expression. Charge separation (CS) and
charge recombination (CR) rates, quantum yields, and
thermodynamic parameters are shown in Tables 5 and Ta-
ble 6; see also the Supporting Information (Section S3) for


details on their estimation. As far as the thermodynamics are
concerned, the larger the solvent polarity the less negative is
the free energy associated with CR, while the opposite trend
holds for CS.
Inspection of Table 6 reveals that the differences in


electronic coupling affect the lifetimes of the ZnP.� ±C60
.�


radical pair, with actual values ranging from the picosecond
and nanosecond to the microsecond regime. Regardless of the
solvent, the ordering of the lifetimes is: 2� 4� 1� 3. For all
dyads, the higher the solvent polarity, the shorter the lifetime
of the charge-separated state. A decrease of ��G� and faster
CR kinetics is typical of Marcus inverted region, whereby the
ET rates start to decrease with increasing free-energy
change.[34] From the best fits of the driving force dependence
on CR rates [Eq. (4)]:


kET�
4�3


h2�kBT


� �
1/2V2exp


��Go


kBT


� �
(4)


Table 4. Singlet excited state lifetimes of 1*ZnP [in ps] in different ZnP ±
C60 donor± acceptor ensembles in various solvents (excitation wavelength:
532 nm).


4 3 1


toluene 52 [a] 132
chloroform 36 [a] 115
THF 35 149 130
dichloromethane 28 47 107
benzonitrile [b] 55 103
DMF [b] 35 97


[a] Energy transfer. [b] Not measured.


Table 5. Thermodynamic parameters (��Go
CS, ��Go


CR� for different ZnP ±C60 donor-acceptor ensembles.


2 4 3 1
��Go


CS [eV] ��Go
CR [eV] ��Go


CS [eV] ��Go
CR [eV] ��Go


CS [eV] ��Go
CR [eV] ��Go


CS [eV] ��Go
CR [eV]


toluene (�� 2.38) 0.44 1.56 0.32 1.68 0.46 1.54
THF (�� 7.6) 0.54 1.46 0.78 1.22 0.61 1.39 0.56 1.44
dichloromethane (�� 9.08) 0.55 1.45 0.82 1.18 0.67 1.33 0.57 1.43
benzonitrile (�� 24.8) 0.57 1.43 0.94 1.06 0.79 1.21 0.59 1.41
DMF (�� 36.7) 0.96 1.04 0.82 1.18 0.60 1.40


Table 6. Lifetimes (�) and quantum yields (�) of the ZnP.� ±C60
.� radical pair


formed in different ZnP ±C60 donor-acceptor ensembles (excitation wavelength:
532 nm).


2 4 3 1
� [ps] � [ns] � � [�s] � � [ns] �


toluene (�� 2.38) 619 395 0.19 [a] ± ± 0.28
THF (�� 7.6) 385 215 0.45[b] 2.6 0.28 236 0.47[b]


dichloromethane (�� 9.08) 121 195 0.44 1.85[c] 0.36 207 0.42
benzonitrile (�� 24.8) 38 113 0.27 1.1 0.20 149 0.36
DMF (�� 36.7) [d] 99 0.17 0.21 0.06 133 0.25


[a] Energy transfer. [b] In chloroform. [c] In o-dichlorobenzene (�� 9.98). [d] Not
measured.
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the following values for the reorganization energies (�) and
the electronic couplings (V) were derived: �� 0.71 eV and
V� 313 cm�1 for 2 ; �� 0.54 eV and V� 10 cm�1 for 3.[35]


Interestingly, the trend seen for V derived from the fit of
ET rates further substantiates the values calculated based on
the CTabsorption, although the absolute magnitude is slightly
different.
Finally, the close �-stacking in 2 seems to lead to a


significant perturbation of the overlapping �-systems. This is,
for example, expressed by the somewhat larger reorganization
energy (�) found for 2 relative to 3 and 4. Note that the
energetic difference between the CT absorption and CT
emission (vide supra), as an independent measure for �, led to
the same conclusion.


Dynamical modeling of the electronic coupling : Molecular
dynamics trajectories for the two limiting cases of 2 and 3were
calculated in the gas phase and in three different solvents (i.e.,
toluene, dichloromethane, and benzonitrile). The solvent was
treated explicitly to allow for the possibility of a molecule
inserting between the acceptor and the donor.[36] The calcu-
lations were run with the TINKER package[37] with the MM3
force field,[38] which has found a wide range of applications in
one of our laboratories.[39] The force field was corrected to
account for the charge distribution on the ZnP.� ±C60


.�


species by adding point charges, which were calculated as
the difference between the Mulliken charges of the CT state
and the ground state (see also below). The simulation box,
with periodic boundary conditions, gave a minimum distance
between solute molecules of 16 ä; the cutoff for the
van der Waals interactions was set to 8 ä. All solvents were
added using room temperature densities. The solvents were
considered explicitly to include the effect of specific solvation.
The molecular dynamnics (MD) calculations were run at a
constant temperature of 300 K, within the canonical ensem-
ble, using the Berendsen algorithm.[40] Hydrogen atoms were
constrained to their ideal bond length by using the RATTLE
algorithm[41] and the time step was 1 fs. After an initial
equilibration of 30 ps, snapshots for the evaluation of the
electronic coupling matrix element were taken every 0.1 ps.
The coupling V was calculated, with the INDO/S plus
configuration interaction singles model,[42] for the CR process.
The CT state is mainly described as the one-electron
excitation from the HOMO of ZnP and the LUMO of C60.
In this simple picture, the coupling between the ground state
and the CT state can be formulated as Equation (5):[43]


V���0
HOMO�ZnP� F 0 �0


LUMO�C60�� (5)


in which F is the Fock operator and the suffix zero indicates
that the orbitals are unperturbed and localized either on ZnP
or on C60. The approach does not include through-bond
coupling, which is less important and roughly similar for the
two dyads. Illustrative plots of the coupling V versus time are
given in Figure 8, whereby V undergoes large fluctuations on
the timescale of CT reactions. In hindsight, the fluctuations
seen in Figure 8 further assert the need to carry out dynamic
simulation. Importantly, the MD was run until the time
average value of V achieved convergence. Table 7 gives the


Figure 8. Molecular dynamics simulation of the electronic coupling matrix
element: a) gas phase, ground state; b) gas phase, CT state; c) in toluene,
ground state; d) in toluene, CT state; e) in CH2Cl2, ground state; f) in
CH2Cl2, CT state; g) in benzonitrile, ground state; h) in benzonitrile, CT
state; solid line 3, dashed line 2.


values of V together with the calculated standard deviation
calculated for the dynamics of the dyad in the ground and with
the charges of its CT state.
The couplings depend weakly on the solvent, a finding that


justifies this assumption in the fitting procedure of the
experimental data. For 2, they range from 257 cm�1 in the
ground state in toluene to 387 cm�1 in the CT state in
benzonitrile, while for 3 they vary from 34 cm�1 in the ground
state in toluene to 54 cm�1 for the CT state in the gas phase.
These values can be compared with 436 cm�1 obtained from
the spectral analysis of 2 for which the fitting of the CR data
gave 313 cm�1. Also a value of 76 cm�1 was obtained from the
spectral analysis of 3, while the fitting of the CR data gave
10 cm�1.
The calculations therefore confirm the order of magnitude


of difference for V in the two dyads. The larger couplings
found in the molecular dynamics simulations that used the
charges of the CT state are due to the presence of increased
Coulomb forces, which bring the two moieties closer. Ideally,


Table 7. Calculated electronic coupling (V) in cm�1.


2 3
ground state CT state ground state CT state


gas phase 339� 20 358� 24 37.6� 3.6 54.5� 4.4
toluene 257� 17 364� 21 34.5� 2.8 36.7� 3.8
dichloromethane 280� 21 360� 26 36.0� 4.0 25.7� 2.8
benzonitrile 314� 22 387� 22 41.2� 3.7 37.3� 3.5
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the coupling in the Marcus treatment should be calculated at
the crossing of the potential-energy surfaces. In the present
case, an average of the values for the two states should be a
rather good approximation to such a value.
The reorganization energy (�) was also estimated with an


™instantaneous∫ approach. At each of the snapshots of the
dynamics the partial atomic charges were switched from those
of one state to those of the other and the energy was
recalculated–see Figure 9. In the dynamics of the ground


Figure 9. Molecular dynamics simulation of the reorganization energy (�):
a) in toluene, ground state; b) in toluene, CT state; c) in CH2Cl2, ground
state; d) in CH2Cl2, CT state; e) in benzonitrile, ground state; f) in
benzonitrile, CT state; solid line 3, dashed line 2.


state, the sudden appearance of the charges of the CT state
increases the energy (the same happens in the dynamics of the
CT state when the atomic charges used are those of the
ground state). Time averaging the energy differences over the
dynamics gives the results, listed in Table 8.


Several points are worth noticing:
1) � is solvent dependent, but does not vary too markedly.


This justifies the assumptions in the fitting of the exper-
imental data, at least as a first approximation.


2) For 2, � ranges from 0.26 to 0.77 eV, while for 3 � varies
from 0.34 to 0.61 eV. These values can be compared with
a) �V � �S� 0.09�0.02� 0.11 eV obtained from the


spectral analysis of 2, while the fitting of the CR data in
several solvents gave 0.74 eVand b) 0.54 eVobtained from
the fitting of the CR data of 3. The disagreement between
the two analysis of the experimental data is solved in favor
of the results of the fitting of the CR kinetics by the
molecular dynamics calculations.


3) Dichloromethane has the largest � value (0.77 eV for 2 and
0.61 eV for 3). This is in keeping with the notion that the
phenyl rings of toluene and benzonitrile match the shapes
of C60 and ZnP by forming �-stack complexes. Atomic
charge variations affect such stacks only mildly. On the
contrary, the shape of dichloromethane does not fit with
that of the two charged moieties, and even small charge
variation may cause a large rotational reorganization of
this solvent.


4) The effect of the large reorganization energy in dichloro-
methane finds experimental confirmation. Table 5 shows
that the free energy for CS of 3 in this solvent from the
excited state to the charge-separated state is 0.67 eV, which
is very similar to the calculated reorganization energy,
0.61 eV. In turn, this implies that the potential-energy
curve of the CT state crosses the excited state near its
minimum. The resulting effect is very fast conversion of
the excited state to the CT state. Table 6 shows that upon
excitation the yields of the charge-separated state of 3 in
dichloromethane is the largest of the three solvents
studied.


5) The similarity of the reorganization energy for 2 and 3
makes the large difference in electronic coupling even
more relevant to the issue of this work, and supports the
proposal that ZnP ±C60 systems are excellent choices to
study the effect of topological variations on ET rates.


Conclusion


In conclusion, the photo-induced ET in four different ZnP ±
C60 dyads has been studied. The distance and orientation
between electron acceptor and electron donor varies sub-
stantially, in a consistent way, as a function of the mechanical
link. This feature makes them a good case for verifying the
generally accepted rules on the distance dependence of ET.
For the first time, spectral analysis was carried out compre-
hensively on 1) the band shifts of the ZnP fragment, 2) the
intensity of newly formed CT bands, and 3) their spectral
shifts upon variation of the solvent polarity. All the results
agree quantitatively and show that the strength of interaction
between ZnP and C60 varies more than an order of magnitude
and scales with the ZnP ±C60 distance (i.e. , trans-2-ZnP ±C60


(2)�meta-ZnP ±C60 (4)� equatorial-ZnP ±C60 (3)� para-
ZnP ±C60 (1)). Also the quantum yields of formation of
1*ZnP were found to be a function of the same distance.
The different strength in electronic coupling affects sensi-


tively both CS and CR kinetics–no change in mechanism
occurs. Most importantly, the lifetime of the ZnP.� ±C60


.�


radical pair, product of an intramolecular CS event evolving
from 1*ZnP (i.e., 532 nm excitation) or 1*C60 (i.e., 355 nm
excitation), exhibits values that range from the picosecond
and nanosecond to the microsecond regime.


Table 8. Estimated reorganization energy (�) in eV.


2 3


toluene 0.26� 0.01 0.34� 0.01
dichloromethane 0.77� 0.02 0.61� 0.02
benzonitrile 0.43� 0.01 0.38� 0.01
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Apart from the spectral analysis, the interactions between
ZnP and C60 were quantitatively evaluated in two other ways:
by fitting the CR rates and by molecular dynamics calcula-
tions. The three approaches gave a rather consistent picture.
For instance, molecular dynamics calculations for 2 gave
257�V� 387 cm�1 as compared with 313�V� 436 cm�1


obtained by fitting of the experimental data, while for 3 they
gave 34�V� 54 cm�1 as compared with 10�V� 76 cm�1


obtained by fitting of the experimental data. Similar calcu-
lations gave for 2 0.26� �� 0.77 eV as compared with 0.11�
�� 0.74 eVobtained by fitting of the experimental data, while
for 3 they gave 0.34� �� 0.61 eV as compared with 0.54 eV
from fitting of experimental data.


Experimental Section


General : Picosecond laser-flash photolysis experiments were carried out
with 532 nm laser pulses from a mode-locked, Q-switched Quantel YG-501
DP Nd:YAG laser system (18 ps pulse width, 2 ± 3 mJ per pulse). Nano-
second laser-flash photolysis experiments were performed with laser pulses
from a Quanta-Ray CDR Nd:YAG system (532 nm, 6 ns pulse width) in a
front face excitation geometry.


Fluorescence lifetimes were measured with a laser strope fluorescence
lifetime spectrometer (Photon Technology International) with 337 nm laser
pulses from a nitrogen laser fiber coupled to a lens-based T-formal sample
compartment equipped with a stroboscopic detector. Details of the Laser
Strobe systems are described on the manufacture×s web site (http://
www.pti-nj.com).


Emission spectra were recorded with a SLM 8100 spectrofluorometer. The
experiments were performed at room temperature. Each spectrum
represents an average of at least 5 individual scans, and appropriate
corrections were applied whenever necessary.


Synthesis of 3-[2-(methoxymalonyloxy)ethoxy]benzaldehyde (6): A solu-
tion of 3-[2-hydroxyethoxy]benzaldehyde (12.0 g, 0.072 mol) and pyridine
(6.5 mL, 0.081 mol) in dichloromethane (100 mL) was cooled down to 0 �C.
Subsequently methyl malonyl chloride (8.0 mL, 0.084 mol) was added and
the reaction mixture was stirred for 1 hour at 0 �C and another hour at RT.
The precipitate was dissolved in water and the organic phase was extracted
twice with 0.1� HCl, once with NaHCO3 and dried over MgSO4. After
evaporation of the solvent a yellow oil was obtained. Yield: 15.98 g
(0.060 mol), 83% referred to 3-[2-hydroxyethoxy]benzaldehyde. FT-IR
(film): �� � 3068, 3004, 2956, 2845, 1738, 1447, 1386, 1262, 790, 684 cm�1; MS
(EI): m/z (%): 266 (10) [M]� , 166 (35), 145 (90), 121 (100).


Synthesis of 5-{3-[2-(methoxymalonyloxy)ethoxy]phenyl}-10,15,20-triphe-
nylporphyrin 7: A solution of 6 (6.65 g, 25.0 mmol), benzaldehyde
(2.53 mL, 25.0 mmol), pyrrole (3.50 mL, 50.0 mmol) and Ph4PCl (58 mg,
0.15 mmol) in dichloromethane (500 mL) was stirred for 10 min under a
nitrogen atmosphere before BF3 ¥ Et2O (628 �L, 5.0 mmol) were added.
After one hour para-chloranil (9.25 g, 37.6 mmol) was added under light
protection and the reaction mixture was refluxed for another hour. The
solvent was evaporated and the mono-functionalized porphyrin was
separated by flash chromatography as the second fraction (SiO2, CH2Cl2/
EtOAc 20:1). Yield: 527 mg (0.68 mmol), 5.4% referred to pyrrole.
1H NMR (400 MHz, CDCl3): �� 8.84 (m, 8H; 	-CH), 8.21 (AA�BB�,
6H; ArH), 7.85 ppm (d, 1H; ArH); 1H NMR (400 MHz, CDCl3): �� 9.98
(s, 1H; CHO), 7.48 (m, 2H; ArH), 7.40 (s, 1H; ArH), 7.21 (m, 1H; ArH),
4.54 (t, 3J� 4.64 Hz, 2H; CH2), 4.26 (t, 3J� 4.76 Hz, 2H; CH2), 3.73 (s, 3H;
OCH3), 3.45 ppm (s, 2H; CO�CH2�CO); 13C NMR (100.5 MHz, CDCl3):
�� 191.84 (CHO), 166.65, 166.34 (C�O), 158.90, 137.78 (Caromat), 130.15,
123.94, 121.89, 112.77 (CHaromat), 65.82, 63.44 (CH2), 52.48 (OCH3), 41.05
(1H; ArH), [7.78 (s, 1H; ArH), 7.75 (m, 9H; ArH), 7.63 (t, 1H; ArH),
7.30 (d, 1H; ArH), 4.57 (t, 3J� 4.64 Hz, 2H; CH2), 4.36 (t, 3J� 4.64 Hz, 2H;
CH2), 3.68 (s, 3H; OCH3), 3.44 (s, 2H; CO�CH2�CO), �2.57 ppm
(br s, 2H; NH)]; 13C NMR (100.5 MHz, CDCl3): �� 166.76, 166.50
(C�O), 156.77, 143.63, 143.06, 142.13 (Caromat), 134.55 (CHaromat), 131.15
(	-CH), 128.17, 127.72, 127.61, 126.68, 121.12 (CHaromat), 120.28,


119.48, 118.73 (meso-C), 114.20 (CHaromat), 65.86, 63.85 (CH2), 52.54
(OCH3), 41.17 ppm (CO�CH2�CO); UV/Vis (CH2Cl2): �max (log�)� 399
(sh, 4.87), 418 (5.65), 514 (4.21), 549 (3.77), 591 (3.63), 645 nm (3.42);
FT-IR (KBr): �� � 3316, 3054, 3024, 2950, 1736, 1596, 1575, 1471, 1440,
1349, 1178, 1152, 964, 801, 730, 700 cm�1; MS (MALDI-TOF): m/z : 775
[M�H]� .
Synthesis of 5-{3-[2-(methoxymalonyloxy)ethoxy]phenyl}-10,15,20-triphe-
nylporphyrinatozinc(��) (5): A solution of 7 (250 mg, 0.32 mmol) and
Zn(OAc)2 ¥ 2H2O (50 mg, 0.37 mmol)in THF (50 mL) was refluxed for one
hour. The product was separated by flash chromatography (SiO2, CH2Cl2/
EtOAc 20:1). Yield: 260 mg (0.31 mmol), 97% referred to 7. 1H NMR
(400 MHz, CDCl3): �� 8.94 (m, 8H; 	-CH), 8.21 (AA�BB�, 6H;
ArH),7.85(d, 1H; ArH), 7.74 (m, 10H; ArH), 7.63 (t, 1H; ArH), 7.28 (d,
1H; ArH), 4.51 (t, 3J� 4.64 Hz, 2H; CH2), 4.32 (t, 3J� 4.76 Hz, 2H; CH2),
3.65 (s, 3H; OCH3), 3.36 (s, 2H; CO�CH2�CO); 13C NMR (100.5 MHz,
CDCl3): �� 166.71, 166.45 (C�O), 156.66 (Caromat), 150.26, 150.03 (
-C),
144.31, 142.81 (Caromat), 134.42 (CHaromat), 132.03, 131.99, 131.86 (	-CH),
128.50, 127.46, 126.55 (CHaromat), 121.18 (meso-C), 120.98 (CHaromat), 120.48
(meso-C), 114.11 (CHaromat), 65.86, 63.83 (CH2), 52.50 (OCH3), 41.08
(CO�CH2�CO); UV/Vis (CH2Cl2): �max (log �)� 399 (sh, 4.54), 417 (5.68),
548 (4.24), 587 nm (3.47); MS (FAB): m/z : 838 [M�H]� .
Synthesis of dyad 4 : A solution of the porphyrin malonate 5 (200 mg,
0.24 mmol) was stirred together with C60 (186 mg, 0.26 equiv) at RT for 24 h
in toluene (150 mL) in the presence of 1,8-diazabicyclo[5,4,0]undec-7-en
(DBU; 100 �L, 0.67 mmol) and I2 (61 mg, 0.24 mmol). Chromatographic
separation was performed on silica gel with toluene/ethylacetat (20:1) as
eluent. Yield 134 mg, 36% referred to 5. 1H NMR (400 MHz, CDCl3): ��
8.81 (m, 4H; 	-CH), 8.77 (m, 4H; 	-CH), 8.19 (AA�BB�, 1H; ArH), 8.12
(AA�BB�, 1H; ArH), 8.08 (AA�BB�, 1H; ArH), 8.01 (AA�BB�, 2H; ArH),
7.80 (d, 1H; ArH), 7.68 (m, 10H; ArH), 7.40 (m, 1H; ArH), 7.25 (d, 1H;
ArH), 4.78 (t, 3J� 4.76 Hz, 2H; CH2), 4.41 (t, 3J� 4.76 Hz, 2H; CH2),
3.93 ppm (s, 3H; OCH3); 13C NMR (100.5 MHz, CDCl3): �� 162.42, 162.03
(C�O), 156.09 (Caromat), 149.78, 149.53 (
-C), 144.43, 144.30, 144.16, 144.04,
144.01, 143.88, 143.83, 143.81, 143.78, 143.74, 143.71, 143.60, 143.36, 143.16,
143.05, 142.90, 142.46, 142.39, 141.86, 141.82, 141.55, 141.50, 141.28, 140.98,
140.79, 140.48, 140.40, 139.61, 139.57, 138.81, 137.47 (C60 sp2-C/Caromat),
134.18, 134.14 (CHaromat), 131.82, 131.78, 131.75, 131.70 (	-CH), 129.68,
127.85, 127.47, 127.27, 127.18, 127.14, 126.26 (CHaromat), 122.05 (meso-C),
120.92 (CHaromat), 120.81, 119.89 (meso-C), 113.83 (CHaromat), 70.54 (C60 sp3-
C), 66.18, 64.57 (CH2), 53.09 (OCH3), 51.11 ppm (cyclopropan-C); UV/Vis
(CH2Cl2): �max (log �)� 257 (5.15), 328 (4.73), 401 (sh, 4.60), 427 (5.44), 551
(4.29), 588 nm (3.84); MS (FAB): m/z : 1557 [M�H]� ; FT-IR (KBr): �� �
3049, 3022, 2988, 2923, 1748, 1596, 1438, 1339, 1232, 1003, 796, 700,
526 cm�1.


The correct structural assignment of the trans-2 addition pattern carried out
in reference [18b] was further corroborated: 1) The dyad was hydrolyzed
according to reference [44] to give the corresponding bis-malonic acid
derivative. According to the same procedure the known bis-adducts
trans-2-C62(COOEt)4 and trans-3-C62(COOEt)4[18f] were hydrolyzed to
give the bis-malonic acid derivatives trans-2-C62(COOH)4 and trans-3-
C62(COOH)4. The comparison with the corresponding trans-3 derivative
was carried out because this is the only other possible C2-symmetric
trans addition pattern and the C2-symmetry within the dyad is unambig-
uously proven. After hydrolysis of the Zn dyad trans-2-C62(COOH)4
and not trans-3-C62(COOH)4 was formed as demonstrated by the
dentity of the HPLC retention times: k� (HPLC, SiO2, methanol, flow
rate 1.4 mLmin�1)� 1.47 and the electronic absorption spectra (e.g.,
characteristic trans-2 absorption at 435 nm). 2) Molecular Modeling: To
account for the flexibility of the alkyl chains within the free base model
dyads with trans-2 and trans-3 addition patterns, MD simulations at 300 K
for a simulation time of 10 ps (time step 0.001 ps) have been performed. For
each adduct five independent simulations were carried out and the
corresponding equilibrium structures were used as starting geometries for
energy minimization at 0 K optimization using the MM� force field. The
free bases were chosen as models because parameters for zinc are not
unavailable within this force field, MM�. The averaged energies computed
thereafter were used to compare the stabilities of the trans-2 and trans-3
derivatives. The energy data clearly show that trans-2 isomer (HOF�
668.6 kcal��1) is much more stable than trans-3 isomer (HOF�
861.9 kcal��1).







FULL PAPER D. M. Guldi, A. Hirsch, F. Zerbetto, M. Prato et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4968 ± 49794978


Acknowledgement


This work was supported by the Stiftung Volkswagenwerk, the European
Community (HPRNT-CT-2002 ± 00177 program WONDERFULL), SFB
583 (Redoxaktive Metallkomplexe Reaktivit‰tssteuerung durch moleku-
lare Architekturen), the Office of Basic Energy Sciences of the US
Department of Energy and MIUR (cofin 2002, prot. 2002032171). This is
contribution NDRL-4477 of the Radiation Laboratory.


[1] a) F. L. Carter, Molecular Electronic Devices, Dekker, New York,
1987; b) Photoinduced Electron Transfer (Eds.: M. A.Fox, M. Chan-
non), Elsevier, Amsterdam, 1988 ; c) Electron Transfer in Chemistry
(Ed.: V. Balzani), Wiley-VCH, Weinheim, 2001.


[2] a) M. D. Newton, Chem. Rev. 1991, 91, 767; b) M. R. Wasielewski,
Chem. Rev. 1992, 92, 435; c) D. Gust, T. A. Moore, A. L. Moore, Acc.
Chem. Res. 1993, 26, 198; d) M. N. Paddon-Row, Acc. Chem. Res.
1994, 27, 18; e) I. R. Gould, S. Farid, Acc. Chem. Res. 1996, 29, 522;
f) V. Balzani, A. Juris, M. Venturi, S. Campagna, S. Serroni, Chem.
Rev. 1996, 96, 759; g) I. Willner, Acc. Chem. Res. 1997, 30, 347; h) P.
Piotrowiak, Chem. Soc. Rev. 1999, 28, 143; i) H. Kurreck, M. Huber,
Angew. Chem. 1995, 107, 929; Angew. Chem. Int. Ed. Engl. 1995, 34,
849.


[3] Leading examples of noncovalent donor acceptor assemblies: a) P.
Tecilla, R. P. Dixon, G. Slobodkin, D. S. Alavi, D. H. Waldeck, A. D.
Hamilton, J. Am. Chem. Soc. 1990, 112, 9408; b) P. J. F. de Rege, S. A.
Williams, M. J. Therien, Science 1995, 269, 1409; c) J. P. Kirby, J. A.
Roberts, D. G. Nocera, J. Am. Chem. Soc. 1997, 119, 9230; d) S. L.
Springs, D. Gosztola, M. R. Wasielewski, V. Kral, A. Andrievsky, J. L.
Sessler, J. Am. Chem. Soc. 1999, 121, 2281; e) K. Yamada, I. Imahori,
E. Yoshizawa, D. Gosztola, M. R. Wasielewski, Y. Sakata, Chem. Lett.
1999, 235; f) M.-J. Blanco, M. C. Jimenez, J.-C. Chambron, V. Heitz,
M. Linke, J.-P. Sauvage, Chem. Soc. Rev. 1999, 28, 293; g) J. L. Sessler,
B. Wang, S. L. Springs, C. T. Brown, Compr. Supramol. Chem.Oxford,
1996, 4, 311.


[4] The Photosynthetic Reaction Center (Eds.: J. Deisenhofer, J. R.
Norris), Academic Press, San Diego, 1993.


[5] a) H. Imahori, Y. Sakata, Adv. Mater. 1997, 9, 537; b) M. Prato, J.
Mater. Chem. 1997, 7, 1097. c) N. MartÌn, L. Sa¬nchez, B. Illescas, I.
Pe¬rez, Chem. Rev. 1998, 98, 2527; d) F. Diederich, M. Gomez-Lopez,
Chem. Soc. Rev. 1999, 28, 263; e) H. Imahori, Y. Sakata, Eur. J. Org.
Chem. 1999, 2445. f) D. M. Guldi, Chem. Commun. 2000, 321; f) D.
Gust, T. A. Moore, A. L. Moore, Acc. Chem. Res. 2001, 34, 40.


[6] Leading examples: a) H. Imahori, K. Hagiwara, M. Aoki, T. Akiyama,
S. Taniguchi, T. Okada, M. Shirakawa, Y. Sakata, J. Am. Chem. Soc.
1996, 118, 11771; b) S. Fukuzumi, K. Ohkubo, H. Imahori, J. Shao, Z.
Ou, G. Zheng, Y. Chen, R. K. Pandey, M. Fujitsuka, O. Ito, K. M.
Kadish, J. Am. Chem. Soc. 2001, 123, 10676.


[7] Leading examples: a) P. A. Liddell, D. Kuciauskas, J. P. Sumida, B.
Nash, D. Nguyen, A. L. Moore, T. A. Moore, D. Gust, J. Am. Chem.
Soc. 1997, 119, 1400; b) D. Kuciauskas, P. A. Liddell, S. Lin, T. E.
Johnson, S. J. Weghorn, J. S. Lindsey, A. L. Moore, T. A. Moore, D.
Gust, J. Am. Chem. Soc. 1999, 121, 8604.


[8] Leading examples: a) N. Armaroli, F. Diederich, C. O. Dietrich-
Buchecker, L. Flamigni, G. Marconi, J.-F. Nierengarten, J.-P. Sauvage,
Chem. Eur. J. 1998, 4, 406; b) J.-F. Nierengarten, C. Schall, J.-F.
Nicoud, Angew. Chem. 1998, 110, 2037; Angew. Chem. Int. Ed. 1998,
37, 1934.


[9] Leading examples: a) P. S. Baran, R. R. Monaco, A. U. Khan, D. I.
Schuster, S. R. Wilson, J. Am. Chem. Soc. 1997, 119, 8363; b) D. I.
Schuster, P. Cheng, S. R. Wilson, V. Prokhorenko, M. Katterle, A. R.
Holzwarth, S. E. Braslavsky, G. Klihm, R. M. Williams, C. Luo, J. Am.
Chem. Soc. 1999, 121, 11599


[10] Leading examples: a) N. V. Tkachenko, L. Rantala, A. Y. Tauber, J.
Helaja, P. H. Hynninen, H. Lemmetyinen, J. Am. Chem. Soc. 1999,
121, 9378; b) N. V. Tkachenko, E. Vuorimaa, T. Kesti, A. S. Alekseev,
A. Y. Tauber,; P. H. Hynninen, H. Lemmetyinen, J. Phys. Chem. B
2000, 104, 6371.


[11] Leading examples: a) M. J. Shephard, M. N. Paddon-Row, Aust. J.
Chem. 1996, 49, 395; b) T. D. M. Bell, T. A. Smith, K. P. Ghiggino,


M. G. Ranasinghe, M. J. Shephard, M. N. Paddon-Row, Chem. Phys.
Lett. 1997, 268, 223.


[12] Leading example: a) F.-P. Montforts, O. Kutzki, Angew. Chem. 2000,
112, 612; Angew. Chem. Int. Ed. 2000, 39, 599.


[13] Leading examples: a) F. D×Souza, G. R. Deviprasad, M. S. Rahman, J.-
P. Choi, Inorg. Chem. 1999, 38, 2157; b) F. D×Souza, G. R. Deviprasad,
M. E. El-Khouly, M. Fujitsuka, O. Ito, J. Am. Chem. Soc. 2001, 123,
5277.


[14] L. Echegoyen, L. E. Echegoyen, Acc. Chem. Res. 1998, 31, 593.
[15] a) M. Prato, M. Maggini, Acc. Chem. Res. 1998, 31, 519; b) F.


Diederich, R. Kessinger,Acc. Chem. Res. 1999, 32, 537; c) ™Fullerenes
and Related Structures∫: Top. Curr. Chem. 1999, 199, whole volume;
d) Lecture Notes on Fullerene Chemistry, (Ed.: R. Taylor), Imperial
College Press, London, 1999 ; e) S. R. Wilson, D. I. Schuster, B. Nuber,
M. S. Meier, M. Maggini, M. Prato, R. Taylor, in Fullerene, Chemistry,
Physics and Technology (Eds.: K. M. Kadish, R. S. Ruoff), Wiley, New
York, 2000.


[16] a) H. Imahori, K. Hagiwara, T. Akiyama, M. Aoki, S. Taniguchi, T.
Okada, M. Shirakawa, Y. Sakata, Chem. Phys. Lett. 1996, 263, 545;
b) D. M. Guldi, K.-D. Asmus, J. Am. Chem. Soc. 1997, 119, 5744;
c) D. M. Guldi, M. Prato, Acc. Chem. Res. 2000, 33, 695.


[17] For orientation effects: a) J. L. Sessler, M. R. Johnson, T.-Y. Lin, S. E.
Creager, J. Am. Chem. Soc. 1988, 110, 3659; b) Y. Sakata, S.
Nakashima, Y. Goto, T. Asahi, M. Hagihara, S. Nishikawa, T. Okada,
N. Mataga, J. Am. Chem. Soc. 1989, 111, 8979; c) A. M. Brun, A.
Harriman, V. Heitz, J.-P. Sauvage, J. Am. Chem. Soc. 1991, 113, 8657;
d) A. Helms, D. Heiler, G. McLendon, J. Am. Chem. Soc. 1991, 113,
4325; e) H. A. Staab, S. Nikolic, C. Krieger, Eur. J. Org. Chem. 1999,
1459; f) I. Read, A. Napper, R. Kaplan, M. B. Zimmt, D. H. Waldeck,
J. Am. Chem. Soc. 1999, 121, 10976; g) R. W. Kaplan, A. M. Napper,
D. H. Waldeck, M. B. Zimmt, J. Am. Chem. Soc. 2000, 122, 12039;
h) N. R. Lokan, M. N. Paddon-Row, M. Koeberg, J. W. Verhoeven, J.
Am. Chem. Soc. 2000, 122, 5075; i) T. D. M. Bell, K. A. Jolliffe, K. P.
Ghiggino, A. M. Oliver, M. J. Shephard, S. J. Langford, M. N. Paddon-
Row, J. Am. Chem. Soc. 2000, 122, 10661; j) A. Ambroise, R. W.
Wagner, P. D. Rao, J. A. Riggs, P. Hascoat, J. R. Diers, J. Seth, R. K.
Lammi, D. F. Bocian, D. Holten, J. S. Lindsey, Chem. Mater. 2001, 13,
1023; k) M. Goes, M. de Groot, M. Koeberg, J. W. Verhoeven, N. R.
Lokan, M. J. Shephard, M. N. Paddon-Row, J. Phys. Chem. A 2002,
106, 2129.


[18] a) E. Dietel, A. Hirsch, J. Zhou, A. Rieker, J. Chem. Soc. Perkin Trans.
2 1998, 1357; b) E. Dietel, A. Hirsch, E. Eichborn, A. Rieker, S.
Hackbarth, B. Rˆder, Chem. Commun. 1998, 1981. c) D. M. Guldi, C.
Luo, M. Prato, E. Dietel, A. Hirsch, Chem. Commun. 2000, 373;
d) D. M. Guldi, C. Luo, M. Prato, A. Troisi, F. Zerbetto, M. Scheloske,
E. Dietel, W. Bauer, A. Hirsch, J. Am. Chem. Soc. 2001, 123, 9166;
e) X. Camps, E. Dietel, A. Hirsch, S. Pyo, L. Echegoyen, S. Hackbarth,
B. Rˆder, Chem. Eur. J. 1999, 5, 2362; f) A. Hirsch, I. Lamparth, H. R.
Karfunkel,Angew. Chem. 1994, 106, 453;Angew. Chem. Int. Ed. Engl.
1994, 33, 437; g) A. Hirsch, I. Lamparth, T. Groesser, H. R. Karfunkel,
J. Am. Chem. Soc. 1994, 116, 9385; h) A. Herzog, A. Hirsch, O.
Vostrowsky, Eur. J. Org. Chem. 2000, 171; i) A. Hirsch, O. Vostrowsky,
Eur. J. Org. Chem. 2001, 829.


[19] J. S. Lindsey, I. C. Schreiman, H. C. Hsu, P. C. Kearney, A. M.
Marguerettaz, J. Org. Chem. 1987, 52, 827.


[20] For the synthesis and photophysical investigations of similiar dyads
inlcuding those with a trans-1 addition pattern see: J.-P. Bourgois, F.
Diederich, L. Echegoyen, J.-F. Nierengarten, Helv. Chim. Acta 1998,
81, 1835.


[21] For leading references on tether directed bisfunctionalization of C60


see: a) J.-F. Nierengarten, T. Habicher, R. Kessinger, F. Cardullo, F.
Diederich, V. Gramlich, J. P. Gisselbrecht, C. Boudon, M. Gross,Helv.
Chim. Acta 1997, 80, 2238; b) U. Reuther, T. Brandm¸ller, W.
Donaubauer, F. Hampel, A. Hirsch, Chem. Eur. J. 2002, 8, 2261.


[22] HYPERCHEM, Hypercubes, http://www.hyper.com; Heating time:
10 ps, run time 15 ps, cooling time: 50 ps; starting temperature 0 �K,
simulation temperature: 1200 �K, final temperature: 0 �K. For refer-
ences see: a) W. F. van Gusteren, H. J. C. Berendsen, Angew. Chem.
1990, 102, 1020; Angew. Chem. Int. Ed. Engl. 1990, 29, 992; b) G. H.
Grant, W. G. Richards, Computional Chemistry, Oxford University
Press 1955, p. 51; c) J. Helaja, A. Y. Tauber, Y. Abel, N. V. Tkachenko,
H. Lemmetyinen, I. Kipelainen, P. H. Hynninen, J. Chem. Soc. Perkin







Porphyrin ±C60 Dyads 4968±4979


Chem. Eur. J. 2003, 9, 4968 ± 4979 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4979


Trans. 1 1999, 16, 2403; d) P. Bonnet, C. Jaime, L. Morin-Allory, J. Org.
Chem. 2001, 66, 689.


[23] a) M. M. Olmstead, D. A. Costa, K. Maitra, B. C. Noll, S. L. Phillips,
P. M. van Calcar, A. L. Balch, J. Am. Chem. Soc. 1999, 121, 7090;
b) P. D. W. Boyd, M. C. Hodgson, C. E. F. Rickard, A. G. Oliver, L.
Chaker, P. J. Brothers, R. D. Bolskar, F. S. Tham, C. A. Reed, J. Am.
Chem. Soc. 1999, 121, 10487; c) D. V. Konarev, I. S. Neretin, Y. L.
Slovokhotov, E. I. Yudanova, N. V. Drichko, Y. M. Shul�ga, B. P.
Tarasov, L. L. Gumanov, A. S. Batsanov, J. A. K. Howard, R. N.
Lyubovskaya, Chem. Eur. J. 2001, 7, 2605.


[24] D. M. Guldi, K.-D. Asmus, J. Phys. Chem. A 1997, 101, 1472.
[25] N. Armaroli, G. Marconi, L. Echegoyen, J.-P.Bourgeois, F. Diederich,


Chem. Eur. J. 2000, 6, 1629.
[26] The excitation spectrum of the C60 emission is an exact match of the


ZnP excitation spectrum and the ZnP ground state features (i.e.,
Q-bands).


[27] T. Fˆrster, Discuss. Faraday Soc. 1959, 27, 7; the overlap integral (J�
2.3� 10�14 cm6mol�1) was evaluated on the basis of Equation (6). For
calculations of the critical distance Rc [Eq. (7)], K2 the geometry
factor was chosen as 2/3, N the Avogardo constant as 6.022�
1023mol�1 and n as the refractive index of the solvent.


J�
� �F�~����~��	�~�4 d~��


F�~��d~� (6)


R6
c �


9000�ln 10�K2�


128�5Nn4
J (7)


[28] D. L. Dexter, J. Chem. Phys. 1953, 21, 836 The overlap integral (J�
5.0� 10�4 cm�1) was evaluated on the basis of Equation (8):


J�
�
F�~����~�� d~��


F�~�� d~� �
��~�� d~� (8)


[29] The CTemission is found upon excitation into 1) the fullerene features
(i.e., 325 nm), 2) the porphyrin features (i.e., 425 nm), and 3) the CT
absorption (i.e., �700 nm).


[30] a) H. Imahori, N. V. Tkachenko, V. Vehmanen, K. Tamaki, H.
Lemmetyinen, Y. Sakata, S. Fukuzumi, J. Phys. Chem. A 2001, 105,
1750; b) V. Vehmanen, N. V. Tkachenko, H. Imahori, S. Fukuzumi, H.
Lemmetyinen, Spectrochim. Acta Part A 2001, 57, 2229.


[31] S. Larsson, A. Klimkans, L. Rodriguez-Monge, G. Duskesas, J. Mol.
Struct. 1998, 425, 155.


[32] Upon excitation of the fullerene core, for example, with a 355 nm laser
pulse, CS also occurred with the exception of toluene. This confirms
that both singlet states (1*ZnP : 2.00 eV; 1*C60 : 1.76 eV) are sufficiently
energetic to power intramolecular CS processes.


[33] From Table 6, it appears that the quantum yields are largest for THF
and dichloroethane.


[34] a) R. A. Marcus, N. Sutin, Biochim. Biophys. Acta 1985, 811, 265;
b) R. A. Marcus, Angew. Chem. 1993, 105, 1161; Angew. Chem. Int.
Ed. Engl. 1993, 32, 1111.


[35] �� 0.59 eV and V� 51 cm�1 (meta-ZnP ±C60).
[36] P. Vath, M. B. Zimmt, D. V. Matyushov, G. A. Voth, J. Phys. Chem. B


2000, 103, 9130.
[37] a) J. Ponder, F. Richards, J. Comput. Chem. 1987, 8, 1016; b) C.


Kundrot, J. Ponder, F. Richards, J. Comput. Chem. 1991, 12, 402.
c) M. J. Dudek, J. Ponder, J. Comput. Chem. 1995, 16, 791.


[38] a) N. L. Allinger, Y. H. Yuh, J.-H. Lii, J. Am. Chem. Soc. 1989, 111,
8551. b) J.-H. Lii, N. L. Allinger, J. Am. Chem. Soc. 1989, 111, 8566;
c) J.-H. Lii, N. L. Allinger, J. Am. Chem. Soc. 1989, 111, 8576.


[39] a) D. A. Leigh, A. Murphy, J. P. Smart, M. S. Deleuze, F. Zerbetto, J.
Am. Chem. Soc. 1998, 120, 6458; b) R. Caciuffo, A. Degli Esposti,
M. S. Deleuze, D. A. Leigh, A. Murphy, B. Paci, S. Parker, F. Zerbetto,
J. Chem. Phys. 1998, 109, 11094; c) M. S. Deleuze, D. A. Leigh, F.
Zerbetto, J. Am. Chem. Soc. 1999, 121, 2364; d) V. Bermudez, N.
Capron, G. Torsten, F. G. Gatti, F. Kajzar, D. A. Leigh, F. Zerbetto, S.
Zhang, Nature 2000, 406, 608; e) M. Cavallini, M. R. Lazzaroni, R.
Zamboni, F. Biscarini, D. Timpel, F. Zerbetto, G. J. Clarkson, D. A.
Leigh, J. Phys. Chem. B 2001, 10, 10826.


[40] H. J. C. Berendsen, J. P. M. Postma, W. F. van Gunsteren, A. Di Nola,
J. R. Haak, J. Chem. Phys. 1984, 81, 3684.


[41] H. C. Andersen, J. Comput. Phys. 1983, 52, 24.
[42] ™Semi Empirical Molecular Orbital Methods∫: M. C. Zerner, Rev.


Comput. Chem. 1999, 2, 313.
[43] a) G. Orlandi, A. Troisi, F. Zerbetto, J. Am. Chem. Soc. 1999, 121,


5392; b) A. Troisi, G. Orlandi Chem. Phys. Lett. 2001, 344, 509.
[44] I. Lamparth, A. Hirsch, Chem. Commun. 1994, 1727.


Received: March 26, 2003 [F4995]








Hydrogenation versus Transfer Hydrogenation of Ketones: Two Established
Ruthenium Systems Catalyze Both


Valentin Rautenstrauch,*[a] Xua√n Hoang-Cong,[a] Raphae» l Churlaud,[b]


Kamaluddin Abdur-Rashid,[b] and Robert H. Morris*[b]


Abstract: The established standard ke-
tone hydrogenation (abbreviated HY
herein) precatalyst [Ru(Cl)2((S)-tolbi-
nap){(S,S)-dpen}] ((S),(S,S)-1) has
turned out also to be a precatalyst for
ketone transfer hydrogenation (abbre-
viated TRHY herein) as tested on the
substrate acetophenone (3) in iPrOH
under standard conditions (45 �C, 45 bar
H2 or Ar at atmospheric pressure). HY
works at a substrate catalyst ratio (s:c)
of up to 106 and TRHYat s:c� 104. Both
produce (R)-1-phenylethan-1-ol ((R)-4),
but the ee in HY are much higher (78 ±
83%) than in TRHY (4 ± 62%). In both
modes, iPrOK is needed to generate the
active catalysts, and the more there is
(1 ± 4500 equiv), the faster the catalytic
reactions. The ee is about constant in HY
and diminishes in TRHYas more iPrOK
is added. The ketone TRHY precatalyst
[Ru(Cl)2((S,S)-cyP2(NH)2)] ((S,S)-2), es-
tablished at s:c� 200, has also turned
out to be a ketone HY precatalyst at up
to s:c� 106, again as tested on 3 in
iPrOH under standard conditions. The


enantioselectivity is opposite in the two
modes and only high in TRHY: with
(S,S)-2, one obtains (R)-4 in up to 98%
ee in TRHYas reported and (S)-4 in 20 ±
25% ee in HY. iPrOK is again required
to generate the active catalysts in both
modes, and again, the more there is, the
faster the catalytic reactions. The ee in
TRHY are only high when 0.5 ± 1 equiv-
alents iPrOK are used and diminish
when more is added, while the (low) ee
is again about constant in HY as more
iPrOK is added (0 ± 4500 equiv). The
new [Ru(H)(Cl)((S,S)-cyP2(NH)2)] iso-
mers (S,S)-9 A and (S,S)-9 B (mixture,
exact structures unknown) are also pre-
catalysts for the TRHY and HY of 3
under the same conditions, and (R)-4 is
again produced in TRHY and (S)-4 in
HY, but the lower ee shows that in


TRHY (S,S)-9 A/(S,S)-9 B do not lead to
the same catalysts as (S,S)-2. In contrast,
the ee are in accord with (S,S)-9 A/(S,S)-
9 B leading to the same catalysts as (S,S)-
2 in HY. The kinetic rate law for the HY
of 3 in iPrOH and in benzene using
(S,S)-9 A/(S,S)-9 B/iPrOK or (S,S)-9 A/
(S,S)-9B/tBuOK is consistent with a fast,
reversible addition of 3 to a five-coor-
dinate amidohydride (S,S)-11 to give an
(S,S)-11-substrate complex, in competi-
tion with the rate-determining addition
of H2 to (S,S)-11 to give a dihydride
[Ru(H)2((S,S)-cyP2(NH)2)] (S,S)-10,
which in turn reacts rapidly with 3 to
generate (S)-4 and (S,S)-11. The estab-
lished achiral ketone TRHY precatalyst
[Ru(Cl)2(ethP2(NH)2)] (12) has turned
out to be also a powerful precatalyst for
the HY of 3 in iPrOH at s:c� 106 and of
some other substrates. Response to the
presence of iPrOK is as before, except
that 12 already functions well without it
at up to s:c� 106.


Keywords: asymmetric catalysis ¥
homogenous catalysis ¥ ketone hy-
drogenation ¥ ruthenium ¥ transfer
hydrogenation


Introduction


Among the most spectacular recent developments in asym-
metric catalysis are the RuII-catalyzed, highly chemo- and


enantioselective reductions of ketones, in particular of
unsaturated ketones in which the C�C double bonds are left
entirely intact. There are two ways of doing this. One is an
enantioselective RuII-catalyzed version of the Meerwein ±
Ponndorf ± Verley reduction, thus the redox reaction between
the substrate and most typically excess iPrOH to give
selectively one product alcohol enantiomer;[1±8] this is called
transfer hydrogenation, abbreviated TRHY herein. Here
iPrOH is both the reducing agent and the solvent. The other
way is enantioselective hydrogenation with molecular H2 as
the reducing agent,[9±11, 22] abbreviated HY herein, and here
iPrOH is usually also the solvent of choice.


The TRHY have been studied longer and by numerous
groups and a multitude of systems has been described. Among
the most advanced catalysts are the [Ru(amidoalkoxy)(ar-
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ene)]/[Ru(H)(aminoalkoxy)(arene)][1] (A/B) and [Ru(bis-
amido)(arene)]/[Ru(H)(aminoamido)(arene)][2] (C/D) redox
pairs (Scheme 1). The method is mature and well understood,
but has several disadvantages: the substrate ± catalyst ratios
(s:c) are low–typically 102 ± 103; one is obliged to work with


Scheme 1.


dilute solutions to shift the equilibrium concentration of the
product alcohol–typically around 0.1� in iPrOH; the ee is
subject to erosion at long reaction times because the
reversibility of the fast step that leads to the major enantiomer
eventually comes into play. There are also advantages, namely
the existence of catalysts that produce alcohols in high ee and
the simplicity of the operation. The method is therefore often
proposed as an operationally simpler alternative to HY that is
suitable for small and medium scale applications.


The HY are a more recent discovery. The Noyori group×s
HY precatalysts [Ru(Cl)2(bisphosphane)(diamine)] E essen-
tially constitute a single group, which performs outstanding-
ly.[9, 11] A representative example is [Ru(Cl)2((S)-tolbi-
nap)((S,S)-dpen)] (S),(S,S)-1[9e,f, 12] . These precatalysts are


transformed in situ into the active catalysts by treatment with
base in iPrOH under H2. The active catalysts are suspected to
be hydridoamido/dihydride redox pairs;[9m,q] we will discuss
this in detail further on in this section, as well as later in the
section on HY kinetics. From the industrial viewpoint, with a
view to application on a large scale, HY has a much greater
potential because very large s:c ratios can be reached–the
highest s:c on record is about 2� 106,[9f] more than 103 to 104


times higher than in TRHY. HY have two further important
advantages: no erosion of the enantioselectivity (see further
on in this section) and they can be run at much higher


concentrations, typically around 2� in iPrOH. A certain
disadvantage is that they normally require autoclaves.


Academe has focussed almost exclusively on enantioselec-
tive TRHY and HY, but HY of ketones to give achiral or
racemic alcohols or to give mixtures of diastereoisomeric
alcohols and of all kinds of aldehydes just using very low
loadings of achiral or racemic precatalysts already have
considerable industrial potential, because such HY can re-
place reductions by means of the traditional hydride reagents
(NaBH4, LiAlH4, polymethylhydrosiloxane, etc.). Most of
these reagents are difficult to handle and require a heavy
workup, involving hydrolysis and a separation, plus the
disposal of the large amounts of inorganic hydroxides
produced. In HY, one normally uses H2 in large excess, but
it can be recycled and is one of the ideal reactants: lowest
possible molecular weight, total atom economy, very low cost,
effortless separation on degassing.


Until very recently, mechanistic investigations, both exper-
imental and theoretical, have concentrated on TRHY rather
than on HY, and on the TRHY that use the redox couples of
type A/B and C/D (Scheme 1) mentioned above. For both
types, representative catalysts are identified and the mecha-
nisms largely understood. Thus upon treatment of an amino
alcohol with a [{Ru(Cl)2(arene)}2] in iPrOH in the presence of
a base, the active catalysts are formed in four steps, �F�
G�A�B[1e,g±i,k,n,q, 8d] (Scheme 1). Compound F is the first
[Ru(Cl)2(aminoalcohol)(arene)] precatalyst to be formed.
Then follow two consecutive dehydrochlorinations. The first
gives the [Ru(Cl)(aminoalkoxy)(arene)] precatalyst G and
the second the [Ru(amidoalkoxy)(arene)] catalyst A. Catalyst
A is the dehydro form of the redox pair and is coupled with its
reduced form [Ru(H)(aminoalkoxy)(arene)] B by the redox
reaction with iPrOH; see below. Once formed, A and B
function alone; base is only required to generate A from Fand
G. When a diamine is used instead of an amino alcohol, the
redox pair C/D is formed via the analogous sequence �H�
I�C�D.[1i,q, 2c,f, 8d] Most of the C/D pairs have one amido
function N-tosylated, but there are some specific exceptions in
which they bear just alkyl or aryl groups.[2b,g]


The reduced forms B and D both contain a near-planar syn-
H-Ru-N-H motif at the active site, and a common general
mechanism for the redox step has been proposed (Scheme 2).


Scheme 2.


In the sense of the reduction of the substrate ketone, the
hydridic H on Ru and the protic H on N in B and D are more
or less simultaneously transferred from the H-Ru-N-H site to
the carbonyl dipole (™metal ± ligand bifunctional catalysis∫,[1i]
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™concerted hydride and proton transfer∫[4d]) via a six-mem-
bered transition state. The resulting A and C, with an active
Ru�N site, then revert back to B and D by the same reaction
in reverse, with iPrOH to give acetone, through transfer of the
hydroxyl and �-C-bound hydrogen atom.


Numerous other RuII-based TRHY systems are known and
the corresponding precatalysts are almost always dichlorides
generated in situ; these are also treated with base to transform
them in situ into the active catalysts. Among these are systems
where one can imagine that a catalyst with an active H-Ru-N-
H site is involved although that is not established[5] and others
that seem to utilize a different mechanism,[6] but the latter
conclusion is not made in the literature, nor are there
suggestions as to what that latter mechanism may be.


The Noyori group×s advanced [Ru(Cl)2(bisphosphane)(di-
amine)] HY precatalysts E are likewise transformed into the
active catalysts by treatment with base in situ in iPrOH, but
under H2. Nothing concrete was known about these active
catalysts until recently, but it was suspected that they probably
also have a syn-H-Ru-N-H motif at the active site and reduce
ketones as in the TRHY mechanism just discussed.[8e, 9e, 11b,c, 22]


This is depicted in Scheme 3 in terms of a dihydride of the


type K ; reduction of the ketone by K gives the dehydro form
L. The regeneration of the H-Ru-N-H catalyst K from the
Ru�N catalyst L then occurs by the reaction of L with H2, not
iPrOH as in TRHY. Some of us recently provided exper-
imental support for this sequence;[9m,p,q,s] we will discuss this
evidence in later sections.


We were struck by the following situation: although the
mechanism of the reduction step is viewed as being essentially
the same, TRHY and HY are otherwise treated completely
apart in the literature. Papers either deal with TRHY or with
HY, but never with both. In particular, (pre)catalysts are also
either used for TRHYor for HY, but never for both. The goal
of the present work is to discover new HY systems by
examining known TRHY systems, or in other words by
running cross tests. A two point rationale can be spelled out
for this:


1) Within the constraints of the Meerwein ± Ponndorf ± Ver-
ley equilibria, an RuII catalyst redox pair that works in the
HYof ketones in iPrOH is likely to also work in the TRHY
with iPrOH as the reducing agent, owing to the principle of
microscopic reversibility, provided the pair is stable in the
absence of H2.


2) Systems that work in TRHY should also work in HY if the
reduced form H-Ru-N-H of the TRHY redox pair can be
regenerated by addition of H2 to the dehydro form Ru�N
rather than by the backward reaction with iPrOH.[13]


For point 2 above, if the addition of H2 is efficient enough,
then it outpaces and replaces the slow, unfavorable backward
reaction with iPrOH, and this is then the essential advantage
in HY. The reduced form of the catalyst is then formed much
more rapidly; the step in which the substrate is reduced is,
therefore, also rapid, effectively irreversible, and thus not
subject to erosion of the enantioselectivity with time.


Strikingly, there are no systematic cross tests in the
literature. To the best of our knowledge, there are just a very
few papers that deal with advanced systems and in which the
activities in both modes are mentioned in passing or can be
inferred: these are listed in Table 1.


Reference [14] provides the
only positive cross test from
HY to TRHY that we know of
in the area; however, the
TRHY experiment was not run
in iPrOH but in (S)-1-deutero-
1-phenylethan-1-ol/THF, and it
seems that the mechanistic sig-
nificance was not recognized.
Further, it is established that
the structurally related Shvo
catalyst is active in both HY
and TRHY, but the experi-
ments in the two modes were
also carried out in different
solvents.[4] The rest of the re-
ported tests we know of con-
cern early systems with lower
activities and are again not true
cross tests, because the condi-
tions were also not the same.[15]


There is also a paper in which the differing performance of
(different) HY and TRHY systems on the same class of
substrates is compared.[1m]


We reiterate that there are striking similarities, but also
differences, in the literature recipes that are used to generate
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Scheme 3.


Table 1. Known cross tests.


(Pre)catalyst type TRHY HY


[Ru(H)(aminoamido)(arene)] active[10] almost inactive[10]


[Ru(H)(Cp*)(diamine)] almost inactive[10] active[10]


[Ru(Cl)2(PPh3)3]/NH2-CH2-
CH2-NH2/iPrOH/KOH


almost inactive[9a] very active[9a]


[Ru(Cl)2(PPh3)2(NH2-CH2-
CH2-NH2)]/iPrOH/KOH


active[14] very active[9f]


Shvo catalyst active[4] active[4]
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the catalysts in TRHYand HYand that were discussed above.
As outlined, the precatalysts in TRHY and HY were always
different until the present study; nevertheless, they are usually
dichlorides in both cases. In both cases, the standard solvent
(iPrOH) is the same, but the substrate/product concentrations
are normally much lower in TRHY than in HY. In both cases,
the active catalyst is produced by dehydrochlorination
reactions induced by addition of base.[1±3, 5±9, 11] In HY, the
catalysts are generated by this reaction in the presence H2.[13]


In both cases, the base is typically iPrOK, but much more is
usually used in HY than in TRHY: about 5000 times more in
two systems we deal with herein ((S,S)-2-based TRHY at s:c
200, 0.5 equiv iPrOK;[3a,b] (S),(S,S)-1-based HYat s:c 2.4� 106,
2.4� 104 equiv iPrOK[9f, 16]). iPrOK is most often generated
from commercially available tBuOK that is added to the
solvent iPrOH; MeONa, iPrONa, KOH, NaOH, and K2CO3


are also used. It seems that these dosages were developed
empirically, and only recently have explanations been ad-
vanced; see later. A consequence of the different amounts of
base that are used or required and of the presence of H2 in
HY[13] could be that, starting from the same precatalyst,
different catalysts are formed in TRHY and HY. A further
complication is that several isomers with different geometries
may be accessible for any given catalyst. The conclusions of
points 1 and 2 above would nevertheless apply to all of these
catalysts. Accordingly, we decided to carry out the first
systematic cross tests and to study the effect of varying the
amount of iPrOK in both modes.


Results and Discussion


Cross tests with [Ru(Cl)2((S)-tolbinap)((S,S)-dpen)]
((S),(S,S)-1): For completeness, we began by testing the


standard HY precatalyst [Ru(Cl)2((S)-tolbinap)((S,S)-dpen)]
((S),(S,S)-1) for TRHY activity. Table 2 lists the published
record result for the HY of the standard substrate acetophe-
none (3) at s:c 2.4� 106 and a typical result from the same
paper for 1-acetonaphthone (5) at s:c 105 (to give compound
6) which is more convenient for rapid screening, and then our
tests with 3 from s:c 104 to 106 with and without H2 and in the
presence of varying amounts of iPrOK, mainly under standard
HY conditions, that is, at 2.1� substrate concentration. HY is
slow with one equivalent iPrOK and works well with 5 ±
4500 equivalents at s:c 105 to 106. The HY rates increase as


more base is added, while the ee for the product (R)-1-
phenylethan-1-ol ((R)-4) are about constant throughout this
range.


In the absence of H2 under otherwise the same conditions,
slow TRHYoccurs at s:c 104 to 105, which also produces (R)-4,
but the ee are much lower than in HY, decrease as more base
is added, and also decrease with time; this last decrease being
probably due to equilibration. We also did one run under
typical TRHY conditions (cf. next section and Table 3), at s:c
200 (Table 2, TRHY4). It also works, but the ee is now in
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Table 2. Conversions and ee for the precatalyst [Ru(Cl)2((S)-tolbinap)((S,S)-dpen)] ((S),(S,S)-1) in the hydrogenation (HY, ™H2∫) and transfer
hydrogenation (TRHY, ™no H2∫) of acetophenone (3), 1-acetonaphthone (5) and cyclohexyl methyl ketone (7).


Run Conditions[a] Substrate Precatalyst/ Conversion ee 1[c] Conversion ee 2[c]


iPrOK/Substrate 1[b] 2[b]


ref. [9f] 45 bar H2, 30 �C, 2.4� 3 1/2.4� 104/2.4� 106 100/48 80 (R) ± ±
ref. [9f] 10 bar H2, 30 �C, 2.4� 5 1/455/105 100/40 98 (R) ± ±
HY1 45 bar H2, 60 �C, 2.1� 3 1/90/106 32/3 78 (R) 37/14 79 (R)
HY2 45 bar H2, 60 �C, 2.1� 3 1/450/106 100/3 79 (R) ± ±
HY3 45 bar H2, 60 �C, 2.1� 3 1/1/105 0.4/24 n.d. ± ±
HY4 45 bar H2, 60 �C, 2.1� 3 1/5/105 95/1.5 80 (R) 100/3 80 (R)
HY5 45 bar H2, 60 �C, 2.1� 3 1/90/105 100/1.5 78 (R) ± ±
HY6 45 bar H2, 60 �C, 2.1� 3 1/450/105 100/1.5 80 (R) ± ±
HY7[d] 45 bar H2, 60 �C, 2.1� 3 1/4500/105 100/3 83 (R) ± ±
TRHY1 no H2, 60 �C, 2.1� 3 1/450/105 2/3 42 (R) 4/24 26 (R)
TRHY2[d] no H2, 60 �C, 2.1� 3 1/4500/105 11/3 11 (R) 23/20 4 (R)
TRHY3[d] no H2, 60 �C, 2.1� 3 1/4500/104 25/1.5 13 (R) 87/20 9 (R)
TRHY4 no H2, 45 �C, 0.1� 3 1/0.5/200 11/3 62 (R) 15/24 52 (R)
HY8 45 bar H2, 60 �C, 2.1� 7 1/90/105 0/24 ± ± ±
HY9 45 bar H2, 60 �C, 2.1� 7 1/450/104 97/3 20[e] ± ±


[a] The standard conditions throughout Tables 2 ± 4, 7 are 45 bar H2 for HY, Ar at atmospheric pressure for TRHY, 60 �C, ca. 2.1� solution of the substrate in
iPrOH. Runs were typically carried out on a 20 mmol scale. Conditions that are different from these standard ones are indicated in bold face. Precatalyst/
base/substrate�mol iPrOK (generated by adding tBuOK) and mol substrate per mol precatalyst. [b] Conversion 1� conversion in %, usually at the first
control (GC) after n h; conversion 2� conversion in % at the maximal reaction time (when the run was stopped) in h, thus 100/48 means 100% conversion
within �48 h. [c] ee 1 and 2: corresponding ee in % for the alcohols (R)- or (S)-1-phenylethan-1-ol (R)- or (S)-4, (R)- or (S)-1-(1-naphthalenyl)ethan-1-ol (R)-
or (S)-6, and (R)- or (S)-1-cyclohexylethan-1-ol (R)- or (S)-8. The selectivities for the product alcohols throughout were normally close to 100% and rarely, at
high base concentration, down to about 96%. [d] The actual experiment was done with (R),(R,R)-1. For clarity, the table lists these results mirrored to the
(S),(S,S)-1 series. [e] (R) or (S) was not assigned.
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between those seen in HY and under HY conditions in the
absence of H2; the reaction also does not go to completion.


Point 1 in the Introduction is thus further confirmed,[14] but
there is a surprise: in this first strict cross test from HY to
TRHY for an enantioselective system, the enantioselectivities
are different. The system has turned out to be optimal for HY
in that only HY gives high enantioselectivity.


Table 2 also lists results on the HY of cyclohexyl methyl
ketone (7) by means of (S),(S,S)-1. Ketone 7 is unaffected


after 24 h at s:c 105 in the presence of 90 equivalents of iPrOK,
while 3 is completely converted within 1.5 h under these
conditions, but 7 is readily hydrogenated (to give compound
8) at s:c 104 and by using 450 equivalents iPrOK. This is in line
with our general experience in this area: 3 and its derivatives
are always the most reactive substrates; see also section on
HY by means of precatalyst 12 (see later).


Cross tests with [Ru(Cl)2((S,S)-cyP2(NH)2)] ((S,S)-2): We
chose the Gao ±Noyori ± Ikariya TRHY precatalyst
[Ru(Cl)2((S,S)-cyP2(NH)2)] ((S,S)-2)[3, 12] for a first cross test


from TRHY to HY, because it so much resembles a typical
HY precatalyst such as (S),(S,S)-1; recall that the best-
understood TRHY systems, the redox couples A/B and C/D
and their precursors (Scheme 1), contain some similar ele-
ments, but have otherwise quite different structures. The
tetradentate ligand cyP2(NH)2 in (S,S)-2 provides essentially
the same coordination environment as the combined biden-
tate TolBINAP and DPEN ligands in (S),(S,S)-1, except that
(S,S)-2 has NH sites and (S),(S,S)-1 NH2 sites.[12] It is known
that (S,S)-2[3a] has the P and NH sites arranged around the Ru
in the same way as in (S),(S,S)-1,[9f] that is, in a plane with the
Cl above and below and in the same order, P, NH, NH, P in
(S,S)-2 and P, NH2, NH2, P in (S),(S,S)-1. The flexibilities of
the environments, bidentate/bidentate and tetradentate, are
clearly different, and, therefore, different precatalyst geo-
metries and especially catalyst geometries could be accessible
in the two systems. These active catalysts have not yet been
identified. In view of all of this, it was truly intriguing that only
opposite and unique reactivities had been reported: only
TRHY in the case of the (S,S)-2[3d] and only HY in he case of
(S),(S,S)-1,[9e,f] without mention of the opposite mode.
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Table 3. Results for [Ru(Cl)2((S,S)-cyP2(NH)2)] ((S,S)-2) with acetophenone (3) as the substrate.


Run Conditions[a] Precatalyst/ Conversion ee 1[c] Conversion ee 2[c]


iPrOK/Substrate 1[b] 2[b]


ref. [3a] no H2, 23 �C, 0.1� 1/0.5/200 91/25 97 (R) ± ±
ref. [3a] no H2, 45 �C, 0.1� 1/0.5/200 93/7 97 (R) ± ±
TRHY1 no H2, 45 �C, 0.1� 1/0.5/200 32/1.5 94 (R) 88/9 90 (R)
TRHY2 no H2, 45 �C, 0.1� 1/1/104 5/6 98 (R) 14/46 98 (R)
TRHY3 no H2, 45 �C, 0.1� 1/450/104 12/5 96 (R) 43/40 92 (R)
TRHY4 no H2, 45 �C, 2.1� 1/1/104 4/6 96 (R) 8/47 92 (R)
TRHY5 no H2, 45 �C, 2.1� 1/90/104 8/6 92 (R) 30/47 90 (R)
TRHY6 no H2, 45 �C, 2.1� 1/450/104 9/6 82 (R) 43/47 64 (R)
TRHY7 no H2, 45 �C, 2.1� 1/900/104 14/6 53 (R) 44/47 46 (R)
TRHY8 no H2, 45 �C, 2.1� 1/4500/104 24/7 8 (R) 86/100 6 (R)
TRHY9 no H2, 45 �C, 2.1� 1/1/105 0.1/48 n.d.
TRHY10 no H2, 45 �C, 2.1� 1/450/105 1.7/22 92 (R) 2/48 92 (R)
HY1 45 bar H2 45 �C, 2.1� 1/1/105 4/7 26 (S) 35/23 25 (S)
HY2 45 bar H2 45 �C, 2.1� 1/1/105 12/6 24 (S) 15/24 20 (S)
HY3 45 bar H2 45 �C, 2.1� 1/450/105 36/7 24 (S) 100/23 23 (S)
HY4 45 bar H2 45 �C, 2.1� 1/450/105 79/3.5 24 (S) 100/6.5 23 (S)
HY5 45 bar H2 45 �C, 2.1� 1/4500/105 26/2 24 (S) 100/4 24 (S)
HY6 45 bar H2 60 �C, 2.1� 1/0/105 1/3 16 (S) 2/24 13 (S)
HY7 45 bar H2 60 �C, 2.1� 1/90/105 12/3 19 (S) 99/6 19 (S)
HY8[d] 45 bar H2 60 �C, 2.1� 1/90/105 3/3 n.d. 100/24 20 (S)
HY9 45 bar H2 60 �C, 2.1� 1/450/105 62/3 22 (S) 100/6 20 (S)
HY10[d] 45 bar H2 60 �C, 2.1� 1/450/105 100/3 19 (S) ± ±
HY11[d] 45 bar H2 60 �C, 2.1� 1/4500/105 100/3 20 (S) ± ±
HY12[d] 45 bar H2 60 �C, 2.1� 1/90/106 19/3 20 (S) 100/22 20 (S)
HY13[d] 45 bar H2 60 �C, 2.1� 1/450/106 23/3 25 (S) 100/24 18 (S)
HY14 45 bar H2 45 �C, 2.1�, benzene 1/450/104 0/24 ± ± ±
HY15 45 bar H2 45 �C, 2.1�, benzene 1/450/105 0/24 ± ± ±


[a] See footnote [a] in Table 2. [b] See footnote [b] in Table 2. [c] See footnote [c] in Table 2. [d] Actual run done with (R,R)-2 and mirrored.
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We were once more in for a surprise: again with acetophe-
none (3) as the substrate, (S,S)-2 works very efficiently in HY
as regards the rate, but the enantioselectivity is opposite to,
and unfortunately much lower than, that in TRHY. Table 3
shows the published TRHY results at s:c 200 at 23 �C and
45 �C, controls without H2 at s:c from 200 up to 105 with
varying amounts of base added, at 0.1� (standard for TRHY)
and 2.1� (standard for HY) at 45 �C, and then under 45 bar H2


at s:c 105 and up to 106, at 45 �C and 60 �C, again with varying
amounts of base added. Here TRHY has turned out to be the
better method in that it gives a high ee, but the HY activity is
otherwise very high, at about the same level as that of the very
good HY system based on (S),(S,S)-1. Thus only half of the
potential of the system was known, and the tantalizing
question is just why high enantioselectivity is only attained
in TRHY, at the cost of 104 times more catalyst. Intriguingly,
one can conclude outright that the active catalysts that are
both generated from (S,S)-2 must be different in TRHY and
HY, and yet the basic mechanisms for the reduction steps
similar as outlined.


In detail, the data in Table 3 show that HYalready proceeds
slowly in the absence of base; this is not TRHY because the
enantioselectivity is opposite to that for TRHY. One equiv-
alent iPrOK already suffices to make the HY really go, but the
HY rate increases as more base is added up to 4500 equiv-
alents, while the enantioselectivity is about the same over that
entire range. In the parallel TRHY runs, thus without H2 but
otherwise using the HY conditions, the (opposite) enantiose-
lectivity decreases, while the rate increases as more and more
base is added (Figure 1). Some further tuning would be


Figure 1. Effect of added iPrOK on TRHY activity using (S,S)-2.


needed to determine the optimal amount of base with regard
to ee and rate. The drop in ee when more base is added is
already seen at low conversion and is thus due mainly to
catalyst modification and not to racemization via equilibra-
tion. Note that Table 3 lists several HY runs in duplicate,
showing that reproducibility is not perfect (throughout this
paper), but that the above conclusions (rate versus amount of
base present) are on solid ground.


Work by some of us and new results that are discussed in the
next two sections cover HY of 3 in benzene as the solvent. In
the second of these sections, we show that HY, by what is
presumably the active catalyst pair that we also obtain from
(S,S)-2 upon treatment with base, is about 10 times faster in
iPrOH than in benzene at ambient temperature. To correlate
these results, we also tested the (S,S)-2-based HY under our
standard conditions in benzene rather than iPrOH as the
solvent, which confirm this large solvent effect. We saw no
conversion within 24 h at s:c 105 and 104 (450 equiv iPrOK,
Table 3, runs HY14 and HY15). We continued this calibration
with a more reactive system (complex 12 ; see later).


Cross tests with the [Ru(H)(Cl)((S,S)-cyP2(NH)2)] isomers
(S,S)-9 A and (S,S)-9 B : Some of us recently prepared and
characterized hydridochlorides of the type [Ru(H)(Cl)(bis-
phosphane)(diamine)] (J) and dihydrides of the type
[Ru(H)2(bisphosphane)(diamine)] (K) (Scheme 4) along with
related complexes.[9m,p,q,s] Both types were potential HY
catalysts that could be formed from the dichloride precata-
lysts [Ru(Cl)2(bisphosphane)(diamine)] (E) under the HY
conditions. They were tested only in HY and in benzene
solution or starting with the neat substrate, and it was
concluded, that, in these media, the hydridochlorides J are
inactive and the dihydrides K active. It was further shown that
the hydridochlorides J are transformed into dihydrides K, the
hydrogenated form of the catalysts, by treatment with one
equivalent iPrOK in benzene under H2. This involves
dehydrochlorination of J to give the dehydro form L, which
then adds H2, thus J�L�K (Scheme 4). In the catalytic
cycle (Scheme 3), K then reacts with the substrate ketone to
give L and the product alcohol, and L then again adds H2.


This would seem to suggest the sequence E�M� J�
L�K leading from the first dichloride precatalyst E to the
redox pair L/K (Scheme 4), but there is so far no evidence for
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Scheme 4.
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the postulated first elimination of HCl and the first addition of
H2, E�M� J (Scheme 4, ™boxed in∫). Further, things are
unfortunately more complicated in the standard solvent
iPrOH (the hydrides of type J and K were observed by
1H NMR spectroscopy in [D6]benzene and the HY then
monitored in the same solvent) and less is still known about
the active catalyst(s) in this medium. Thus it is not yet known
whether the hydridochlorides J are involved at all in iPrOH,
either as precatalysts or as catalysts. On the other hand, it is
very likely that the amidohydride/dihydride redox pairs L/K
are also the active catalyst pairs in the HY in iPrOH.
However, the situation is complicated by the fact that K and
iPrOH are in equilibrium with complexes of the type
[Ru(H)(iPrO)(bisphosphane)(diamine)] (N) and H2


(Scheme 4).[9s] The more base and the more H2 is present,
the more this equilibrium favors the dihydrides K ;[9s] the
dihydrides K and the amidohydrides L may be too basic to
survive in iPrOH alone and would thus be stabilized in the
presence of base as proposed for related systems.[9s] H2 gas is
probably also required to stabilize K. The complexes N are
also potential precatalysts and/or active catalysts, but nothing
concrete is yet known about their role, except that partial �-
hydride elimination N�K plus acetone has been also
observed in the absence of H2, as another possible mode of
generation of K.[9s]


Therefore, in the hope of learning more about the active
catalysts in TRHYand HY based on the use of [Ru(Cl)2((S,S)-
cyP2(NH)2)] ((S,S)-2), we tried to synthesize the complexes
[Ru(H)(Cl)((S,S)-cyP2(NH)2)] ((S,S)-9), corresponding to J in
Scheme 4) and [Ru(H)2((S,S)-cyP2(NH)2)] ((S,S)-10), corre-
sponding to K in Scheme 4, in order to test them in both
TRHYand HYand, thus, to verify whether and if so how they
are involved in the (S,S)-2-based processes.


Refluxing an equimolar mixture of [Ru(H)(Cl)(PPh3)3] and
the tetradentate ligand (S,S)-cyP2(NH)2 in THF as described
previously[9m,p,q,s] resulted in the near-quantitative formation
of a mixture of two new diastereoisomeric hydridochloro
complexes (S,S)-9 A and (S,S)-9 B. Two sets of dd (doublet of
doublets) and two AB patterns with similar chemical shifts
and coupling constants were observed in the 1H and 31P{1H}
NMR spectra, respectively. Further, we found that isomer A
can be isomerized to isomer B in THF in the presence of a
catalytic amount of DBU or tBuOK, but not Et3N. Presum-


ably this reaction proceeds by means of deprotonation to give
an amido intermediate that is then protonated on the opposite
side. Scheme 5 depicts this isomerization in terms of tentative
structures for A and B.


Scheme 5.


Table 4 lists the tests with 3 as the substrate using a 60:40
mixture of the [Ru(H)(Cl)((S,S)-cyP2(NH)2)] isomers (S,S)-
9 A and (S,S)-9 B, and (S,S)-9 B alone. TRHY activity was
tested in the absence of base or with very little base added,
0.5 equivalents iPrOK, because of the procedure given in
reference [3a], see Table 3. TRHY is very slow in the absence
of base, and works in its presence. We obtain the same product
enantiomer (R)-1-phenylethan-1-ol ((R)-4) as in the case of
(S,S)-2, but the ee are much lower. The mixture {A�B} and B
alone are thus not the active catalysts in the (S,S)-2-based
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Table 4. Results for the [Ru(H)(Cl)((S,S)-cyP2(NH)2)] isomers ((S,S)-9A and (S,S)-9 B) with acetophenone (3) as the substrate.[a]


Run Isomer Conditions[a] Precatayst/ Conversion ee 1[c] Conversion ee 2[c]


Ratio iPrOK/Substrate 1[b] 2[b]


TRHY1[d] A/B� 60:40 no H2, 45 �C, 0.1� 1/0/200 4/3 44 (R) 7/24 37 (R)
TRHY2[d] A/B� 60:40 no H2, 45 �C, 0.1� 1/0.5/200 54/3 20 (R) 89/24 7 (R)
TRHY3[d] B alone no H2, 45 �C, 0.1� 1/0.5/200 72/1.5 13 (R) 95/24 5 (R)
HY1[d] A/B� 60:40 45 bar H2, 45 �C, 2.1� 1/1/106 5/3 31 (S) 7/20 34 (S)
HY2[d] A/B� 60:40 45 bar H2, 45 �C, 2.1� 1/90/106 1/1 35 (S) 6/24 22 (S)
HY3[d] A/B� 60:40 45 bar H2, 45 �C, 2.1� 1/450/106 18/3 27 (S) 40/24 24 (S)
HY4 B alone 45 bar H2, 45 �C, 2.1� 1/90/106 100/3 27 (S) ± ±
HY5 B alone 45 bar H2, 45 �C, 2.1� 1/90/105 100/3 26 (S) ± ±
HY6 B alone 45 bar H2, 45 �C, 2.1� 1/90/104 100/3 26 (S) ± ±


[a] See footnote [a] in Table 2. [b] See footnote [b] in Table 2. [c] See footnote [c] in Table 2. [d] Actual run done with [Ru(H)(Cl)((R,R)-cyP2(NH)2)] (R,R)-9
and mirrored.







Asymmetric Catalysis 4954±4967


TRHY and are not transformed into them under the reaction
conditions.


HY with the mixture {A�B} and B alone also works, and we
obtain the same enantiomer (S)-4 with about the same ee as in
the case of (S,S)-2. Addition of 1 to 450 equivalents iPrOK
speeds up the HY in the case of the mixture {A�B}. The use of
B alone was only tested in the presence of 90 equivalents
iPrOK, but at an s:c of 105 to 106. In terms of rate, B performs
much better than the mixture {A�B} although we do not
understand why this is so. Compound B also performs much
better than (S,S)-2, probably because the active catalysts are
more directly generated starting from the hydridochloride B
than from the dichloride (S,S)-2. The fact that the ee are
similar suggests that the active catalyst(s) in these HYand the
(S,S)-2-based HY could be the same.


HY kinetics using (S,S)-9 A and (S,S)-9 B as the precatalysts :
Since (S,S)-9 A and (S,S)-9 B are the catalyst precursors we
have in hand at present that are probably the closest (in terms
of reaction steps) to the active HY catalysts, we used them
(rather than the dichloride precatalyst (S,S)-2) to investigate
the kinetics of the HY. The resulting rate law is also valid for
the HY based on (S,S)-2 if our assumption that (S,S)-2 and
(S,S)-9 are both transformed into the same active redox pair
(S,S)-11/(S,S)-10 under the HY conditions is correct. Table 5


lists the results of a study of the effect of variation of the
concentrations of the reactants on the rates of the HY of 3 in
iPrOH at room temperature catalyzed by a 1:1 mixture of the
isomers (S,S)-9 A and (S,S)-9 B.


The conditions for the kinetic runs were different from the
standard conditions listed in Tables 2 ± 4, and 7 (see later) in
order to put the rates of reaction into a conveniently and
reliably measurable range at 293 K (estimated error for the
rate constants about 10%), 6 ± 11 bar H2, 0.167 ± 0.555� 3,
substrate/precatalyst ratios 4175 ± 25000 [with respect to the
total of the isomers (S,S)-9 A plus (S,S)-9 B)].


Alkoxide base (iPrOK generated from tBuOK added to
excess iPrOH) served to generate the catalyst as usual, but at
the resulting, purposely high catalyst concentrations, the
alkoxide concentration does not significantly affect the HY
rate as in the runs under the preparative standard conditions,
where the catalyst concentrations are much lower. The rate of
1-phenylethan-1-ol (4) production as monitored by GC and
NMR spectroscopy increased approximately linearly with
total Ru concentration and H2 pressure ([H2] has a linear
relationship with pressure). The ee for the (S)-4 produced by
HY at 293 K by use of the mixture (S,S)-9 A plus (S,S)-9 B
range between 23 to 26%. This range is similar to the range of
values 22 to 35% reported in Tables 2 ± 4 for temperatures of
318 and 333 K.


The results given in Table 5 lead to the rate law of
Equation (1) (derivation, see the Experimental Section, for
iPrOH, k3� 1.23� 103��1 s�1, K2� 1.20��1), in which [Rutot] is
the total Ru concentration and [H2] is the concentration of
dissolved H2. The rates that are calculated on the basis of
Equation (1) are also listed in Table 5.


rate�k3[Rutot][H2]/(1 � K2[acetophenone]) (1)


This rate law is consistent with a fast, reversible addition of
acetophenone (3) to a five-coordinate Ru amidohydride
species (S,S)-11 with a Ru�N double bond to give an
amidohydride ± acetophenone complex [Eq. (2)] and proba-
bly also an enolate complex [Ru(H)(O-C(Ph)�CH2)((S,S)-
cyP2(NH)2)]. This acts in competition with the rate-determin-
ing addition of H2 to (S,S)-11 to give a dihydride complex
[Ru(H)2((S,S)-cyP2(NH)2)] ((S,S)-10) [Eq. (3)]. Compound
(S,S)-10 corresponds to K and (S,S)-11 to L in Scheme 3, but
(S,S)-10 may have the hydride ligands trans (as depicted) or
cis to each other. It must react very rapidly with the substrate
3 to generate the alcohol (S)-4 and regenerate the amidohy-
dride complex (S,S)-11 [Eq. (4)]. The ketone complexes must
be much less active HY catalysts than the amidohydride
complex (S,S)-11. The ketone and/or the enolate complexes
have not been directly observed. However, related complexes
[Ru(H)((R)-binap)(HNCMe2CMe2NH2)(O�C(Ph)Me)] and
[Ru(H)((R)-binap)(H2NCMe2CMe2NH2)(O-C(Ph)�CH2)]
have been characterized.[9]


A cross test with TRHY conditions identical to those of the
HY in the kinetic runs (as in run 5 in Table 5, 895 equiv
iPrOK), but without H2, produced the alcohol (R)-4 in 72%
ee ; however, the conversion was only 3% after two days.


The effect of a change in solvent from iPrOH to benzene,
which was used previously[9m,p,q,s] (and to tBuOK as the base),
was also investigated. Since tBuOK is only moderately soluble
in benzene,[17] there is an induction period until the generation
of the catalyst from the precatalyst, tBuOK, and H2 gas is
complete. In the absence of base, the precatalyst (S,S)-9 is
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Table 5. Observed and calculated initial rates of production of (S)-1-
phenylethan-1-ol ((S)-4 ; 23 ± 26% ee)[a] by the HY of acetophenone 3 in
iPrOH/iPrOK at 293 K using a 1:1 precatalyst mixture (S,S)-9 A plus (S,S)-
9B.


Run [Rutot]
[�105�]


[H2]
[�102�][b]


[iPrOK]
[�102�]


[3]
[�]


Rate
[�104� s�1]


Rate
[�104� s�1][c]


1 4.0 1.91 1.79 0.167 7.8 7.8
2 4.0 1.91 3.57 0.333 6.6 6.7
3 4.0 1.91 5.36 0.500 5.3 5.8
4 6.0 1.91 3.57 0.333 10.7 10.0
5 4.0 1.91 1.79 0.333 6.6 6.7
6 4.0 1.91 1.79 0.500 6.5 5.8
7 4.0 3.29 1.79 0.500 10.1 10.1


[a] Actually (R,R)-9A and (R,R)-9B were used so that (R)-4 was
produced; however for consistency the results have been mirrored.
[b] Obtained from ref. [20]; 0.0191� and 0.0329� correspond to 6 and
12 bar H2. [c] Calculated by means of Equation (1).
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inactive under these conditions. Therefore, these runs were
done by activating the precatalyst with tBuOK under H2 for
45 min before adding 3. The results are listed in Table 6.


The rate law appears to be the same as that for iPrOH,
[Eq. (1)] above, with k3� 1.3� 102��1 s�1, K2� 16��1 in the
case of benzene.


The rates of alcohol production that are calculated on the
basis of Equation (1) (Table 6) are in excellent agreement
with the observed values. Therefore, there is substrate
inhibition and the chemistry is again described by reactions
given in Equations (2) ± (4). The activation of H2 by the amido
complex (S,S)-11 is again the rate-limiting step, but it is
approximately ten times slower in benzene (k3


(benzene)� 1.3�
102��1 s�1) than in iPrOH (k3


(iPrOH)� 1.23� 103��1 s�1). The
more polar alcohol solvent favors the heterolytic splitting of


H2. In addition the acetophenone adduct is more stable
(K2


(benzene)� 16��1) in benzene than in iPrOH (K2
(iPrOH)�


1.20��1).
Calibrations with HY using the dichloride precatalysts


(S,S)-2 and 12 (see below) under our standard conditions in
benzene are provided in other sections. Under these standard
conditions, the HY in benzene are also much slower.


Attempts to generate dihydrides of type (R,R)-10 and to
observe the active TRHY catalyst that is generated from the
dichloride (S,S)-2 : Preparatively, it should be simpler to
generate the dihydrides (R,R)-10 by treating the hydrido-
chloride(s) (R,R)-9 with HBsBu3K rather than by dehydro-
chlorination and addition of H2.[9m,p,q,s] When a mixture (R,R)-
9 A plus (R,R)-9 B was treated with HBsBu3K in THFat room
temperature under N2, a mixture of isomeric dihydrides of
type (R,R)-10 [Eqs. (3) and (4)] was indeed generated. This
was ascertained by analysis by NMR spectroscopy (in C6D6,
see the Experimental Section); this demonstrated the pres-
ence of a trans-dihydride (R,R)-10 (t at �5.5 ppm for RuH)
and a cis-dihydride (R,R)-10 (ddd at �4.5 and dt at
�15.5 ppm for RuH) along with a third isomer. However,
when this reaction was repeated (this time with (S,S)-9 A plus
(S,S)-9 B and under Ar), the resulting THF solution manip-
ulated and dosed under Ar at ambient temperature, and then
tested under TRHY and HY conditions, practically no
reaction occurred; this suggests that this mixture of hydrides
is too unstable to handle under these conditions.


Attempts to observe the active catalyst in TRHY as it is
formed from the dichloride precatalyst (S,S)-2 upon treatment
with iPrOK in iPrOH at ambient temperature and up to 60 �C
(see above, Table 3) by NMR spectroscopy failed. The reason
for this is probably the low solubility of (S,S)-2 in iPrOH. We
actually use mostly finely dispersed ™stock suspensions∫
rather than true stock solutions of (S,S)-2 in iPrOH in our
TRHY and HY experiments. The reaction mixtures in TRHY
and HY at the beginning of the reaction (containing the total
of the substrate 3) appear to be homogenous (see the
Experimental Section), but even the concentrations used in
TRHY are too low to permit the detection of the catalyst by
NMR.


HY with [Ru(Cl)2(ethP2(NH)2)] (12): Since we also wanted
achiral HY catalysts, we tested the ethano-bridged precatalyst
[Ru(Cl)2(ethP2(NH)2)] (12),[12, 18a] which is a simple achiral
analogue of (S,S)-2 that was again (like (S,S)-2) already
known to be a TRHY precatalyst;[18b] see Table 7.


HY with 12 work beautifully and are much more rapid than
those with 2. Complex 12 already performs quite well at s:c 106


without base, and already gives record rates at s:c 106 with
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Table 6. Observed and calculated initial rates of production of (S)-1-
phenylethan-1-ol ((S)-4 ; ee 17 ± 24%)[a] by the HY of acetophenone 3 in
benzene/tBuOK mixtures at 293 K using a 1:1 precatalyst mixture (S,S)-9A
plus (S,S)-9B.


run [Rutot]
[�104�]


[H2]
[�102�][b]


[3]
[�]


[tBuOK]
[�102�]


Rate
[�104� s�1]


Rate
[�104� s�1][c]


1 2.0 1.59 0.167 5.4 1.2 1.1
2 2.0 1.59 0.084 1.8 1.8 1.8
3 2.0 1.59 0.167 1.8 1.1 1.1
4 2.0 1.59 0.333 1.8 0.7 0.7
5 2.0 1.59 0.167 1.8 1.1 1.1
6 1.0 1.59 0.167 0.9 0.4 0.6
7 4.0 1.59 0.167 1.8 2.2 2.2
8 2.0 3.18 0.167 1.8 2.0 2.2
9 2.0 2.52 0.167 1.8 1.9 1.8


[a] See footnote [a] in Table 5. [b] See footnote [b] in Table 5. [c] Calcu-
lated by means of Equation (1).
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90 equivalents iPrOK. In terms of rate, (S,S)-2 performs about
the same as (S),(S,S)-1. For the latter, the published record
overall TOF (TOF� turnover frequency) is 5� 104 h�1 at
30 �C (complete conversion within 48 h, 45 bar) at a TON
(TON� turnover number� s:c) of 2.4� 106 and in the
presence of 2.4� 104 equivalents iPrOK.[16] In the case of 12,
we reach an overall TOF� 3.3� 105h�1 at 60 �C (3 h, 45 bar)
at a TON of 106 in the presence of 90 equivalents iPrOK.


We used 12 to further calibrate the difference in the rate of
the HY of 3 in iPrOH versus benzene, which we had begun
with (S,S)-2, see earlier sections. Runs HY10 and HY11 in
Table 7 at s:c 105 and 104 demonstrate again that the reaction
is very much slower in benzene, but we at least now achieve
near-complete conversion at s:c 104 within 24 h.


HY with 12 works well in iPrOH in the absence of iPrOK at
the s:c 106 level and still responds strongly to its presence, and
we see similar responses in the case of (S),(S,S)-1 and (S,S)-2.
We already discussed the explanation for this that was
provided by some of us:[9s] the less acidic the iPrOH medium
is, and the higher the H2 pressure, the more the corresponding
dihydrides are favored, see above. An earlier explanation is
Chen and Hartmann×s conclusion that K� ion is a cocatalyst in
the HY.[19] From experiments using [Ru(Cl)2((S)-binap)((S,S)-
dpen)] ((S),(S,S)-13)[12] in iPrOH at s:c �2000 and using 3 as
the substrate, they deduced that both a base and K� ions are
needed: according to them, the base (iPrO�) serves to
generate the dehydro form of the catalyst by dehydrochlori-
nation (cf. Scheme 4, J�L in the catalytic cycle), and K� can
then intervene in, and accelerate the addition and cleavage of
H2 (cf. Scheme 3, L�K) and the subsequent reduction step
(cf. Scheme 3, K � substrate�L � product alcohol). They
tested for the effect of K� by using K� tetrakis(3,5-bis(tri-
fluoromethyl)phenyl)borate (KBAF) as the K� source and


the role of base by using DBU
(which generates iPrO� and
DBUH�), and found that only
when both are added is the
effect of adding tBuOK repro-
duced (50 �C, 5 bar H2). In the
hope of accelerating our HY
yet further and to see whether
both explanations (refs. [9s]
and [19]) are valid, we repeated
their tests in the case of 12 at
the extreme s:c 106 level; see
Table 7. These tests were nega-
tive: the combined presence of
500 equivalents KBAF and
6.2� 104 equivalents DBU,
which generates about
500 equivalents iPrO�, and
should thus have about the
same effect as 500 equivalents
iPrOK, gives about the same
performance as 12 alone, while
KBAF and DBU each alone
actually slow down the reac-
tion. Note in passing, that, from
a practical viewpoint, it is much


simpler and much less costly to add iPrOK.
We tested this very active achiral system on some further


representative substrates: again cyclohexyl methyl ketone 7 as
a saturated analogue of acetophenone (3), �-ionone (14), to
give compound 15, as an �,�-unsaturated analogue of 3, and
also the �,�-unsaturated aldehyde (E)-2-methyl-4-(2,6,6-tri-
methylcyclohex-1-en-1-yl)buten-2-al (16) to give compound
17. All three are hydrogenated much more slowly than 3, and 7


is the least reactive. To obtain conversions that are compa-
rable to those for 3, one needs 100 times more precatalyst 12
in the case of 7 and 16, and ten times more in the case of 14,
and in the case of 7 more base as well. As already noted at the
beginning of the Results and Discussion, these HY systems
are best at dealing with acetophenones. The reasons for this
are presently not clearly understood. For steric and electronic
reasons, 7 is more difficult to hydrogenate than 3. For 16,
catalyst deactivation by CO abstraction from the aldehyde
could be a problem. Changes in the polarity of the medium
could also be a factor. We chose substrates 14 and 16 also to
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Table 7. HYof acetophenone (3) and three further substrates by using the precatalyst [Ru(Cl)2(ethP2(NH)2)] 12.


Run Conditions[a] Substrate Precatalyst/ Conversion Conversion
iPrOK/substrate 1[b] 2[b]


1 45 bar H2, 60 �C, 2.1� 3 1/0/105 85/3 98/6
2 45 bar H2, 60 �C, 2.1� 3 1/5/105 100/1.5 ±
3 45 bar H2, 60 �C, 2.1� 3 1/450/105 100/1.5 ±
4 45 bar H2, 60 �C, 2.1� 3 1/0/106 24/3 100/30
5 45 bar H2, 60 �C, 2.1� 3 1/0/106 8/3 99/30
6 45 bar H2, 60 �C, 2.1� 3 1/90/106 100/3 ±
7 45 bar H2, 60 �C, 2.1� 3 1/6.2� 104 DBU/106[c] 2.6/3 32/24
8 45 bar H2, 60 �C, 2.1� 3 1/500 KBAF/106[c] 3/3 6/24
9 45 bar H2, 60 �C, 2.1� 3 1/500 KBAF/6.2� 104 DBU/106[c] 25/3 100/24
10 45 bar H2, 60 �C, 2.1�, benzene 3 1/450/104 0/6 99/24
11 45 bar H2, 60 �C, 2.1�, benzene 3 1/450/105 23/24 ±
12 45 bar H2, 60 �C, 2.1� 7 1/5/105 0/72 ±
13 45 bar H2, 60 �C, 2.1� 7 1/450/105 0/72 ±
14 45 bar H2, 60 �C, 3.1� 7 1/5/104 0/28 ±
15 45 bar H2, 60 �C, 3.1� 7 1/450/104 0/28 ±
16 45 bar H2, 60 �C, 3.1� 7 1/4500/104 99/3 ±
17 45 bar H2, 60 �C, 2.1� 14 1/90/106 0/23 ±
18 45 bar H2, 60 �C, 2.1� 14 1/90/105 100/1 ±
19 45 bar H2, 60 �C, 2.1� 14 1/450/105 100/1 ±
20 45 bar H2, 60 �C, 3.1� 14 1/450/105 100/1 ±
21 45 bar H2, 60 �C, 2.1� 16[d] 1/450/105 2/3 96/24


[a] See footnote [a] in Table 2. [b] See footnote [b] in Table 2. [c] KBAF and/or DBU in plac of iPrOK.
[d] Compound 16 is (E)-2-methyl-4-(2,6,6-trimethyl-1-cyclohexen-1-yl)buten-2-al.
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reconfirm the chemoselectivities, and the C�C double bonds
are indeed not affected.


Conclusion


Our results provide 1) positive cross tests from TRHY to HY
and vice versa, and 2) establish at the same time that,
nevertheless, for a given system (i.e., starting out with the
same precatalyst), different catalysts (or different mixtures of
catalysts) operate in the two modes. Further, we find (under
our standard conditions) that the response to base is different
in the two modes: while added iPrOK speeds up both HYand
TRHY, the enantioselectivity is not affected in HY and is
lowered in TRHY.


The active catalysts in the HY in the standard solvent
iPrOH are almost certainly amidohydride/dihydride redox
couples of the type L/K (Scheme 3), such as (S,S)-11/(S,S)-10
[Eqs. (2) ± (4)], and the dihydrides K are only accessible or
much more accessible under H2 and in the presence of iPrOK.
Accordingly, higher concentrations of 3 actually reduce the
activity of the system for HY by competing for the five-
coordinate amidohydride complex (S,S)-11 with a Ru�N
double bond [Eq. (2)]; the addition of H2 to (S,S)-11 to give a
dihydride species (S,S)-10 [Eq. (3)] is the turnover-limiting
step, while the reaction of (S,S)-10 with 3 to give (S)-1-
phenylethan-1-ol ((S)-4) [Eq. (3)] is very fast; the heterolytic
splitting of H2 at the complex (S,S)-11 is much faster in iPrOH
than in benzene, because the higher dielectric constant of
iPrOH and its ability to form hydrogen bonds to stabilise the
polar transition state.


What the active catalysts in the parallel TRHY are is still
something of a mystery. This is surprising because the
[Ru(Cl)2((S,S)-cyP2(NH)2)] ± (S,S)-2-based TRHY were dis-
covered at about the same time as the Ru(H)(aminoalkoxy)-
(arene)]/[Ru(H)(amidoalkoxy)(arene)][1] and [Ru(H)(ami-
noamido)(arene)]/[Ru(H)(bisamido)(arene)][2] systems
(Scheme 1). We have at least excluded that the hydridochlor-
ides [Ru(H)(Cl)((S,S)-cyP2(NH)2] 9 A and 9 B are the active
catalysts in the (S,S)-2-based TRHY and shown that they are
not transformed into them under the reaction conditions. We
note that the stereochemical outcomes in our experiments
suggest the following. In TRHY, for a given system, different
catalysts (different entities or isomers with different geo-
metries, perhaps different mixtures) are formed from differ-
ent precatalysts (e.g., from the dichloride (S,S)-2 versus the
hydridochloride (S,S)-9). The geometries of the TRHY
catalyst (whose identity is still unknown) and of the dihydride
HY catalyst, which are formed from the same precatalyst
(e.g., from (S,S)-2), must also different. Different mixtures
may of course also be involved here.


Further unraveling of these complex mechanisms is thus
still a rather daunting challenge, but meeting it will be
worthwhile, because only then will we fully understand the
exceptionally potent systems that already exist, will the
discovery of new and perhaps even better HY catalysts
become less arduous. It is clearly also worthwhile to run
further cross tests, especially for the numerous TRHY systems


that have been proposed, including those where the enantio-
selectivity is unsatisfactory.


Experimental Section


Ligands and precatalysts : All ligands and their RuII complexes were
prepared by combining glove box and standard Schlenk techniques using
Ar or N2. The ligands, (S,S)-cyP2(NH)2,[21e,f] its enantiomer, and ethP2-
(NH)2,[21a,c] and the derived complexes, [Ru(Cl)2((S,S)-cyP2(NH)2)] ((S,S)-
2),[3a,b, 21d] its enantiomer, and [Ru(Cl)2(ethP2(NH)2)] (12),[18a, 21b] are known
compounds and were prepared according to the literature.


Preparation of [Ru(H)(Cl)((S,S)-cyP2(NH)2)] as a mixture of two isomers
(S,S)-9 A and (S,S)-9 B : THF (2 mL) was added to a mixture of
[Ru(H)(Cl)(PPh3)3] (300 mg, 0.34 mmol) and (S,S)-cyP2(NH)2 (225 mg,
0.34 mmol), and the resulting solution refluxed for 1 h. After cooling to
ambient temperature, the solution was filtered and hexanes (10 mL) were
added to the filtrate, precipitating a pale yellow solid. Yield: 254 mg (94%).
The NMR spectra indicate the presence of a mixture of two isomers.
1H NMR (360 MHz, C6D6, 25 �C), isomer A : ���17.1 ppm (br); isomer B :
�17.8 ppm (br t); 31P{1H} NMR, isomer A : �� 69.9 (d, 2JPP � 32.4 Hz),
63.2 ppm (d, 2JPP� 32.4 Hz); isomer B : 65.4 (d, 2JPP� 31.5 Hz), 61.1 ppm (d,
2JPP� 31.5 Hz); elemental analysis calcd (%) for C44H45ClN2P2Ru (800.3):
C 66.0, H 5.7, N 3.5; found C 67.5, H 6.1, N 3.3 (the presence of hexane of
crystallisation would explain the discrepancies).


Preparation of (S,S)-9 B on the NMR scale : Upon treatment with base
(10 equiv) of a mixture of [Ru(H)(Cl)((S,S)-cyP2(NH)2)] (S,S)-9A � (S,S)-
9B (ca. 1:1, 40 to 80 mg) in [D8]THF or C6D6 (0.7 mL) at ambient
temperature, isomer A was transformed into isomer B (rapidly with
tBuOK, more slowly with DBU, no reaction with NEt3). In the case of
DBU, the hydride peaks in the 1H NMR spectrum sharpen to clear dd
patterns [isomer A : �17.1 (dd, 2JHP� 33 Hz, 2JHP� 28.8 Hz; isomer B :
�17.8 (dd, 2JHP� 32.4 Hz, 2JHP� 32.1 Hz)] in the course of the rearrange-
ment. Isolation after isomerization with DBU in C6D6: precipitation with
pentanes, stirring (2 h), filtration, and rinse with pentanes produces a
yellow solid.


Generation of isomeric dihydrides [Ru(H2)((R,R)-cyP2(NH)2)] ((R,R)-
10): Under N2, HBsBu3K in THF (100 mg of a 1.0� solution in THF,
0.12 mmol) was diluted with THF (1.0 mL), and the resulting solution was
added to the mixture of 9A and 9B (100 mg, 0.12 mmol) and the mixture
stirred for 4 h. The suspension was then filtered and the filtrate exaporated
to dryness. The solids were extracted with C6D6 (1 mL total). The 1H and
31P NMR spectra for this C6D6 solution show the presence of three hydride
species. The two major isomers are assigned as a trans-dihydride (37%) and
an unsymmetrical cis-dihydride (45%). trans-(R,R)-10 : 1H NMR
(360 MHz, 25 �C): ���5.55 ppm (t, JHP� 16.7 Hz); 31P{1H} NMR: ��
78.7 ppm (s). Note that a symmetrical cis-dihydride structure would give
similar spectra, but the position of the hydride resonance at �5.5 ppm is
typical of other trans-dihydrides we have observed previously.[9q] cis-(R,R)-
10 : 1H NMR: ���4.49 (ddd, JHPtrans� 96.0, JHPcis� 29.1, JHH� 6.0 Hz),
�15.48 ppm (dt, JHH� 6.0, JHP� 19.2 Hz); 31P{1H} NMR: �� 71.33 (d,
JPP� 38.6 Hz), 70.27 ppm (d). Unknown hydride: 1H NMR: ���7.12 ppm
(dd, JHP� 29, 22 Hz); 31P{1H} NMR: �� 78.2 ppm (br).


Standard HY and TRHY runs : The HYand TRHY runs listed in Tables 2 ±
4, 7 were carried out in cylindrical open glass inserts placed inside a 70 mL
stainless steel autoclave (manufactured at Firmenich) fitted with two
valves, one for pressurizing/degassing and the other for taking samples by
septum/syringe. The autoclave was charged and sealed in a glove box
operated with Ar. H2 gas (99.99990%) was used as received. All substrates
and solvents were distilled from appropriate drying agents under Ar.


General procedure for catalytic HY–representative example for a stand-
ard run (run HY12 in Table 3): Use of (R,R)-2 for the HYof acetophenone
(3), precatalyst/base/substrate ratio 1:90:106, 2.1� in iPrOH; actual mmolar
ratios (2� 10�5):(1.8� 10�3):20. Volumetry: automatic pipettes with a
disposable plastic heads were used.


A 0.02� milky yellow/white suspension/solution of (R,R)-2 (low solubility)
was prepared by dissolving/suspending (R,R)-2 (9.9 mg, 0.01 mmol) in
iPrOH (500 �L) with magnetic stirring (5 min). A 0.002� yellow/white
suspension/solution of (R,R)-2 was then prepared by diluting 100 �L
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(0.002 mmol) of the 0.02� solution with iPrOH (900 �L) and stirring
(5 min). A 0.18� solution of iPrOK was prepared by dissolving tBuOK
(202 mg, 1.8 mmol) in iPrOH (10 mL). The glass insert of the autoclave was
successively charged, 1) with iPrOH (7.2 mL), 2) with the 0.18� solution of
iPrOK (10 �L, 1.8� 10�3 mmol), 3) acetophenone (3, 2.4 g, 20 mmol), and
4) with the 0.002� solution of (R,R)-2 (10 �L, 2� 10�5 mmol). The
resulting mixture was colorless and homogenous upon inspection with
the eye. The charged insert was placed inside the autoclave, the autoclave
was sealed and pressurized with 45 bar of H2, and its contents magnetically
stirred and heated to 60 �C with an oil bath. Samples for analysis by GC
were withdrawn with septum and syringe under a flow of H2 after taking the
autoclave out of the heating bath and degassing. The autoclave was then
repressurized with H2 and the HY continued.


Kinetics : HY reactions were run at 293 K at constant H2 pressures except
during the brief sampling periods that lasted 5 to 2 s by using a 50 mL Parr
reactor. The reactor was flushed several times with Ar and H2 at the pre-set
pressure prior to charging. Aliquots of the reaction mixture were quickly
withdrawn with a syringe under a flow of H2 at regular intervals (the
minimum interval was 120 s) by venting the reactor. Concentrations of
acetophenone (3) and 1-phenylethan-1-ol (4) were determined by 1H NMR
spectroscopy (in C6D6) or GC (in iPrOH and C6D6). The temperature was
maintained at 293 K by use of a constant temperature water bath. Initial
rates were taken from the first linear portion of the plot of alcohol
concentration versus time. This linear portion continued to at least 60%
conversion before a slowing of the reaction was observed. In some cases an
induction period was observed before this rate was established.


In C6D6 as the solvent : A stock solution of (R,R)-9A � (R,R)-9B (1.00�
10�3�) was prepared by dissolving the mixture of isomers (20 mg,
0.025 mmol) in C6D6 (25 mL). A catalyst ± base mixture was prepared by
pipetting the required amount of the stock solution of (R,R)-9A � (R,R)-
9B onto a weighed amount of tBuOK and then adding C6D6 to give a final
volume of 3 mL. This mixture was introduced into the autoclave and
allowed to react under H2 for 45 min. A solution of 3 in C6D6 (2 mL) was
then added to start the reaction. Samples were taken at intervals of
between 2 and 10 min for analysis by NMR spectroscopy and GC. The
pressure was released for about 5 s while the sample was withdrawn against
a flow of H2.


In iPrOH as the solvent : Stock solutions of (R,R)-9 A � (R,R)-9B (2.00�
10�3�) and tBuOK (0.089�) were prepared by dissolving the required
amount of (R,R)-9A � (R,R)-9B (40 mg, 0.05 mmol) in toluene (25 mL)
and of tBuOK (250 mg, 2.23 mmol) in iPrOH (25 mL). The required
amount of (R,R)-9A � (R,R)-9B solution (50 to 200 �L) and toluene were
then mixed to make up a total volume of 200 �L. To this was added the
solution of tBuOK in iPrOH (1 ± 3 mL), then the desired amount of 3, and
finally the required amount of iPrOH to give a final volume of 5 mL. The
resulting solution was then introduced into the autoclave and placed under
H2 to start the reaction.


Rate law derivation for Equation (1):


[Rutot]� [11] � [ketone adduct]


K2� [ketone adduct]/([11][ketone])


therefore:


[11]� [Rutot]/(1 � K2[ketone])


rate�k3[H2][11]


therefore:


rate�d[alcohol]/dt� k3[H2][Rutot]/(1 � K2[ketone])


GC analyses : Chrompack Chirasil-Dex CB 25 m� 0.25 mm capillary
column, H2 as carrier gas.
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Systematic Construction of a Monotetrahydrofuran-Ring Library in
Annonaceous Acetogenins by Asymmetric Alkynylation and Stereodivergent
Tetrahydrofuran-Ring Formation


Naoto Kojima, Naoyoshi Maezaki,* Hiroaki Tominaga, Mikito Asai, Minori Yanai, and
Tetsuaki Tanaka*[a]


Abstract: All eight diastereoisomers of
the monotetrahydrofuran-ring cores of
annonaceous acetogenins have been
synthesized through utilization of asym-
metric alkynylation and stereodivergent
one-pot tetrahydrofuran-ring formation.
In all cases, the asymmetric alkynylation
proceeded with very high diastereose-


lectivity to give eight kinds of optically
pure tetrahydrofuran core from a com-
mon �-oxyaldehyde. We also describe a


comparison of the 1H NMR, 13C NMR,
and CD spectral data of the eight
isomers and give full details of the
tetrahydrofuran-ring construction in-
cluding a model study of asymmetric
alkynylation.Keywords: alkynylations ¥ cycliza-


tion ¥ polyketides ¥ stereodivergent
synthesis ¥ synthetic methods


Introduction


Annonaceous acetogenins (Scheme 1) are a new class of
natural polyketides that have attracted worldwide attention
due to their broad spectrum of biological activity; this activity
includes cytotoxic, antitumor, immunosuppressive, antimalar-
ial, and antifeedant effects.[1, 2] Some of these compounds are


Scheme 1. Representative structure of annonaceous acetogenins, where
n� 1 ± 3 and R, R�� hydrocarbon chains with oxygenated moieties and/or
double bonds.


promising candidates for new types of antitumor drugs
possessing potent inhibitory activity against NADH:ubiqui-
none oxidoreductase of the respiratory chain (mitochondrial
complex I), the main gate of energy production in the cell
(NADH� nicotinamide adenine dinucleotide, reduced


form).[3] Furthermore, it is known that some acetogenins
inhibit multidrug-resistant cancer cells with an ATP-driven
transporter system (ATP� adenosine triphosphate).[4] Over
350 acetogenins have been isolated from various annonaceae
plants so far. Most of them are characterized by having one to
three tetrahydrofuran (THF) ring(s) with various stereo-
chemistries in the center of a long hydrocarbon chain with an
�,�-unsaturated �-lactone moiety at the end. The number and
stereochemistry of the THF rings are known to affect the kind
of effective tumor cell lines for growth inhibition.[1] Therefore,
systematic synthesis of the poly-THF-ring core would be
important to establish a structure ± activity relationship.
Reiterative strategy is an effective approach to synthesize


the poly-THF-ring cores, because of their repeated structure.
This methodology is advantageous in terms of economics
(reuse of the same reagents) and ease of operation. Pioneer-
ing works have been reported by the groups of Figade¡re,
Casiraghi, and Koert. Figade¡re et al. and Casiraghi and co-
workers independently reported a unique reiterative proce-
dure through Lewis acid promoted C-glycosydation with a
2-(trimethylsilyloxy)furan-type C4 unit.[5] Although their
procedure was useful to construct varied collections of the
poly-THF-ring cores, it lacked stereoselectivity. Koert et al.
developed a reiterative method with use of nucleophilic
addition of a 3,4-isopropylidenedioxybutyl anion to �-oxy-
aldehyde.[6] Both syn and anti adducts were synthesized with
good diastereoselectivities by changing the metal species.
However, the non-chelation-controlled addition with an
organozinc reagent gave low yields due to decomposition of
the reagent under the Lewis acidic reaction conditions. In
addition, the diastereoselectivity was low in the cases where
the �-oxyaldehyde was mismatched with the C4 unit.[6b]
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During the course of our synthetic study of annonaceous
acetogenins,[7] we planned a systematic synthesis of the poly-
THF-ring cores based on asymmetric alkynylation of �-
oxyaldehyde with a 3-butyne-1,2-diol derivative, as depicted
in Scheme 2. In a preliminary communication, we demon-


Scheme 2. Strategy of systematic synthesis of poly-THF ring cores. PG�
Protecting group.


strated a highly stereodivergent and stereoselective synthesis
of monoTHF-ring cores.[7c] Herein, we report the systematic
synthesis of all eight isomers of the THF-ring core with two
flanking secondary alcohols, and we discuss the comparison of
their 1H NMR, 13C NMR, and CD spectral data.


Results and Discussion


Our strategy for the systematic synthesis of the THF cores is
outlined in Scheme 2. One key step is asymmetric alkynyla-
tion of the �-oxyaldehyde 4 with the chiral alkyne C4 unit 5,
both enantiomers of which are readily prepared from natural
products in enantiomerically pure form. We expected high
diastereoselectivity from the prominent stereodifferentiating
ability of the method of Carreira and co-workers, and
convenient stereocontrol was also anticipated by changing
the chiral ligand.[8] The employment of alkynylation is
advantageous since the unreacted acetylide can be reused
even if the reaction requires excess reagent. Such reuse is
impossible in the case of an organometallic reagent generated
by halogen ±metal exchange reaction. Another key step is the
stereodivergent THF-ring formation, by which four kinds of
THF-ring core can be synthesized from two common pre-
cursors by changing the protocol (pathways a and b). More-
over, the terminal alcohol in the resulting THF-ring core 2
becomes a junction with the next C4 unit 5 by oxidation to an
aldehyde. Therefore, our strategy can potentially be applied
to the synthesis of poly-THF-ring cores 1.[9]


Initially, we examined the effect of the protecting group of
the �-oxyaldehyde on the reagent-controlled asymmetric
alkynylation with the benzyl ether of propargyl alcohol 7[10]


(Table 1). We selected silyl ethers[11a] (TBS, TES, and TIPS)
and alkyl ethers[11b] (Bn and MEM) as protecting groups for
(S)-6 (PG�H), taking into account its application to the total
synthesis of the annonaceous acetogenins. The asymmetric
alkynylation was carried out by using Zn(OTf)2, and Et3N in
the presence of (1R,2S)- or (1S,2R)-NME according to the
protocol of Carreira and co-workers. As a result, we found
that the stereochemistry of the asymmetric alkynylation was


controlled by the chirality of the reagent rather than that of
the �-oxyaldehyde in all cases.[12±14] The TBS-protected �-
oxyaldehyde afforded the best results in terms of both yield
and diastereoselectivity. Thus, we decided to employ the TBS
group as the protecting group of the �-oxyaldehyde in further
investigations.
We attempted to prepare the C4 unit, 3-butyne-1,2-diol (13),


from �-mannitol by the procedure reported by Gooding,
Cooper and co-workers.[15] However, the yield of the Wittig
reaction of 2,3-O-isopropylidene-�-glyceraldehyde (10) in the
Corey ± Fuchs sequence was poor and not reproducible
(Scheme 3). The problem was overcome by adopting Rassat×s


Scheme 3. Preparation of the C4 unit 14. a) THF, 0 �C; b) nBuLi, THF,
�78 �C�RT; c) Dowex 50W, MeOH, 35 �C, 83% over 2 steps; d) BnBr,
NaH, nBu4NI, THF, 0 �C�RT, 84%.


procedure. Thus, C1-elongation of the aldehyde 10 was
accomplished by using (Ph3PCHBr2)Br and tBuOK,[16] to give
dibromoolefin 11 in good yield and with excellent reprodu-
cibility.[17] Next, the resulting 11 was converted into the diol 13
without isolation of volatile acetonide 12 by the modified
Gooding protocol.[15a] Diol 13 was protected with dibenzyl
ethers to give a protected alkyne 14, which has the advantage
of reducing the number of steps since the deprotection and
reduction of the triple bond can take place simultaneously.


Table 1. Effect of the protecting group of the �-oxyaldehyde on asym-
metric alkynylation.[a]


PG Yield [%] (anti :syn)[b]


(1R,2S)-NME (1S,2R)-NME


TBS 92 (80:20) 86 (8:92)
TES 52 (69:31) 82 (20:80)
TIPS 79 (53:47) 76 (18:82)
Bn 85 (61:39) 85 (24:76)
MEM 70 (59:41) 58 (19:81)


[a] Conditions: Zn(OTf)2 (2.2 equiv), Et3N (2.4 equiv), NME (2.4 equiv),
toluene, RT. Abbreviations: TBS� tert-Butyldimethylsilyl, TES� trie-
thylsilyl, TIPS� triisopropylsilyl, Bn� benzyl, MEM� (2-methoxyeth-
oxy)methyl, OTf� trifluoromethanesulfonate, NME�N-methylephedrine.
[b] Determined from 1H NMR spectroscopic data (500 MHz, CDCl3).
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We next investigated the asymmetric alkynylation with the
chiral C4 unit 14 (Table 2). The stereochemistry of the major
product was mainly subject to the chirality of the chiral ligand
rather than that of the aldehyde or the alkyne.[12, 13] In
particular, a combination of the alkyne (S)-14 with (R)-6
provided better yield and selectivity than the corresponding
combination of (S)-14 with (S)-6.[18]


(R)-2-Silyloxytetradecanal 20 was prepared as shown in
Scheme 4. Optically pure (R)-tetradecane-1,2-diol (16) was
prepared by kinetic resolution of (�)-tetradecene oxide with


Scheme 4. Preparation of aldehyde 20. a) PvCl, pyridine, CH2Cl2, 0 �C�
RT, 85%; b) TBSCl, imidazole, DMF, 0 �C�RT, quantitative; c) DIBAL-
H, CH2Cl2, �78 �C, quantitative; d) Dess ±Martin periodinane, CH2Cl2,
RT, 96%. Pv�Pivalate, DMF�N,N-dimethylformamide, DIBAL-H�
diisobutylaluminum hydride.


Jacobsen×s salen ±manganese catalyst.[19] The diol 16 was
converted into 18 by selective protection of the primary
alcohol to give pivalate 17 followed by silylation of the
secondary alcohol. Treatment of 18 with DIBAL-H at �78 �C
furnished primary alcohol 19 in quantitative yield. This was
then oxidized to form �-oxyaldehyde 20 in 96% yield.
Next, asymmetric alkynylation with the long-chain alde-


hyde 20 was investigated. The stereochemistry of the asym-
metric alkynylation depended on the chirality of the reagent
(Table 3, entries 1 and 2).[20] Aldehyde (R)-20 and (1R,2S)-
NME seem to be a matched pair, as expected from the results
shown in Table 1. However, the yield was low to moderate


compared with the yield of alkynylation of the aldehyde 6.
Based on the model study, a combination of the R-configured
aldehyde and S-configured alkyne was adopted. However, the
reaction became sluggish when the substrates 20 and (S)-14
were employed. In spite of the matched pair, only a trace
amount of the adduct was obtained, and most of 20 decom-
posed during the long reaction time (entries 3 and 4).
We assumed that steric bulkiness of the dibenzyl moiety in


alkyne (S)-14 impeded the reaction. Therefore, we tried a
coupling reaction of the aldehyde 20 and various 3-butyn-1,2-
diol derivatives with lesser steric demands (Table 4). Unpro-
tected diol 13 (entry 1) and diacetyl derivative 22 (entry 2)[21]


afforded no adduct. On the other hand, cyclohexylidene
acetal 23[22] afforded the syn adduct 24a in good yield and with
high diastereoselectivity, but the yield and selectivity for the
anti-adduct 24b were only moderate (entries 3 and 4).[20]


Furthermore, selective deacetalization of 24 was difficult
due to the presence of the acid-sensitive TBS group.
Eventually, we found that a benzylidene acetal is the best


protecting group. The benzylidene acetal 25 was readily
prepared by an acetal-exchange reaction of 3-butyne-1,2-diol


Table 2. Asymmetric alkynylation of aldehyde 6 with chiral alkyne (S)-14.


Aldehyde NME Major product Yield [%] anti :syn[a]


(S)-6 1R,2S 15a 58 84:16
(S)-6 1S,2R 15b 15 39:61
(R)-6 1R,2S 15c 66 8:92
(R)-6 1S,2R 15d 25 73:27


[a] Determined from 1H NMR spectroscopic data (500 MHz, CDCl3).


Table 3. Asymmetric alkynylation of aldehyde 20 with alkynes 7 or (S)-
14.[a]


Entry Alkyne NME Yield [%] anti :syn[b]


1 7 1R,2S 54 3:� 97
2 7 1S,2R 25 64:36
3 (S)-14 1R,2S trace ±
4 (S)-14 1S,2R trace ±


[a] Conditions: Alkyne (2.0 equiv), Zn(OTf)2 (2.2 equiv), Et3N (2.4 equiv),
NME (2.4 equiv), toluene, RT. [b] Determined from 1H NMR spectro-
scopic data (500 MHz, CDCl3).


Table 4. Asymmetric alkynylation of aldehyde 20 with various alkynes.


Entry Alkyne NME Yield [%] anti :syn[a]


1 13 1R,2S no reaction ±
2 22 1R,2S trace ±
3 23 1R,2S 93 3:� 97
4 23 1S,2R 43 85:15


[a] Determined from 1H NMR spectroscopic data (500 MHz, CDCl3).
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(13) in good yield to give an approximately 1:1 mixture of
diastereomeric isomers 25a and 25b,[23] which can be sepa-
rated by column chromatography (Scheme 5).


Scheme 5. Preparation of alkyne 25. a) PhCH(OMe)2, CSA, THF, reflux,
88%. CSA� (�)-10-camphorsulfonic acid.


Table 5 shows the results of the asymmetric alkynylation of
the aldehyde 20 with the alkynes 25a and 25b. The C2
stereogenic centers in the alkynes 25a and 25b did not show
remarkable effects on either the yield or the selectivity
(entries 1 and 2). In both reactions, the syn adduct 26a


predominated over the anti adduct 26b. The results indicate
that separation of 25a and 25b is not required in a practical
operation. In fact, the syn adduct 26a was obtained in
excellent yield with very high diastereoselectivity by using a
mixture of 25a and 25b (entry 3).[24, 25] We also found that the
anti adduct 26b can be obtained in good yield and with
acceptable diastereoselectivity by using the antipode of NME
(entry 4).[26]


The stereochemistry of the coupling products 26a and 26b
was determined by comparison of the coupling constants with
related compounds (Scheme 6).[13] The adducts 26a and 26b
were respectively converted into diacetonides 27a and 27b by
desilylation and subsequent acetalization. The coupling con-
stants (J5,6� 7.3 Hz in 27a and J5,6� 5.5 Hz in 27b) were
identical with those of the related substrates.[27] Moreover, an
NOE was observed between the two protons at the C5 and C6
positions in 27b, but not in 27a.
With the syn and anti adducts 26a and 26b in hand, we


examined the stereodivergent THF-ring formation. The syn-
thesis of the 2,5-trans-fused THF ring with 26a by pathways a
and b is depicted in Schemes 7 and 8.


Scheme 6. Synthesis of acetals 27a and 27b. a) TBAF, THF, RT; b) Me2-
C(OMe)2, pTsOH ¥H2O, CH2Cl2, RT, 94% over 2 steps from 26a, 97%
over 2 steps from 26b. TBAF� tetrabutylammonium fluoride, pTs� 4-
toluenesulfonyl� tosyl.


Scheme 7. Synthesis of THF-ring moiety 31a. a) H2, 10% Pd/C, EtOAc,
RT, 94%; b) TrisCl, pyridine, CH2Cl2, 0 �C�RT, 87%; c) K2CO3, MeOH,
0 �C�RT, 70%. Tris� 2,4,6-triisopropylbenzenesulfonyl.


Scheme 8. Synthesis of THF-ring moiety 31b. a) H2, 10% Pd/C, Et3N,
EtOAc, RT, quantitative; b) pTsCl, pyridine, 0 �C�RT, 96%; c) H2, 10%
Pd/C, EtOAc, RT; d) NaH, THF, 0� 40 �C, 78% over 2 steps.


Hydrogenation of the triple bond accompanied by depro-
tection of the benzylidene acetal with 10% Pd/C in EtOAc
afforded a saturated alcohol 28 in good yield. Selective
sulfonylation of the primary alcohol with TrisCl furnished the
sulfonate 29 in 87% yield. Upon treatment of 29 with K2CO3
in MeOH, THF-ring formation proceeded smoothly via


Table 5. Asymmetric alkynylation of aldehyde 20 with alkynes 25a and
25b.


Entry Alkyne NME Yield [%] anti :syn[a]


1 2S,4S 1R,2S 74 3:� 97
2 2R,4S 1R,2S 86 5:95
3 2RS,4S 1R,2S 96 3:� 97
4 2RS,4S 1S,2R quantitative 94:6


[a] Determined from 1H NMR spectroscopic data (500 MHz, CDCl3).
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epoxide 30 in a one-pot reaction, to give the trans/threo isomer
31a in 70% yield (Scheme 7, pathway a).[28]


Alternatively, the trans/erythro isomer 31b was synthesized
through pathway b (Scheme 8). An attempt to obtain 34 by
tosylation of 26a accompanied by simultaneous reduction of
the triple bond and the benzylidene acetal was unsuccessful,
presumably due to hydrogenolysis of the tosyl group. Selec-
tive hydrogenation of the triple bond in the presence of Et3N
as a catalyst poison[29] followed by tosylation of the secondary
alcohol transformed 26a into tosylate 33 in 96% yield over
two steps. Reductive deacetalization and subsequent intra-
molecular Williamson reaction with NaH in THF promoted
THF-ring formation rather than tetrahydropyran-ring forma-
tion and led to the production of 31b in 78% yield over two
steps.[30]


The deprotection of the benzylidene acetal and the THF-
ring formation can also be performed in a one-pot operation
with a comparative yield by changing the solvent of hydro-
genation to THF (Table 6, entry 2). We found that the yield
was remarkably improved when 34 was present in high
concentration, and 31b could be obtained in quantitative yield
(entry 3).


In a similar manner, a cis/erythro isomer 31c and a cis/threo
isomer 31d were synthesized from the common anti adduct
26b in 73 and 57% overall yield, respectively (Scheme 9).
Next, we examined the conversion of 31a ± d into the THF


cores with two flanking secondary alcohols, whose structure is
frequently found in natural
monoTHF-ring acetogenins.
Oxidation of the terminal pri-
mary alcohol of 31a ±d was
carried out with Dess ±Martin
periodinane[31] to furnish the �-
tetrahydrofuranic aldehydes
35a ±d in good yield (Table 7).
Trimethylsilylacetylene was


then diastereoselectively intro-
duced to the �-tetrahydrofu-
ranic aldehydes 35a ± d (Ta-
ble 8). The reaction proceeded
with predictable selectivities,
and the diastereoselectivity
was very high in all cases, giving
all eight diastereomers 36 ± 39a
and 36 ± 39b with high optical
purity.[32] The stereochemistry
of the adducts was confirmed


by the modified Mosher method.[12] Since selective depro-
tection of the TMS group is possible, these adducts would be
useful for the synthesis of various monoTHF-ring acetogenins.
Representative chemical shifts in the 1H and 13C NMR


spectral data of 36 ± 39a and 36 ± 39b are summarized in
Tables 9 and 10. These eight compounds exhibited a charac-
teristic signal pattern and their signals are distinguishable.
Almost no signal due to other diastereomeric isomers was
observed in each spectrum, a fact which indicates the high
purity of these products.
Figure 1 shows a comparison of the CD spectra of the eight


diastereoisomers. The difference in stereochemistry affects
the maximum wavelength and the intensity, so the diaster-


Table 6. One-pot THF-ring formation of 33.


Entry Conditions Concentration [�][a] Yield [%]


1 1) Pd/C, H2, EtOAc 0.025 78
2) NaH, THF


2 Pd/C, H2, THF 0.025 75
then NaH


3 Pd/C, H2, THF 0.049 quantitative
then NaH


[a] Concentration of 34 in the THF-ring formation step.


Table 7. Oxidation of alcohols 31a ± d to aldehydes 35a ± d.


Alcohol Product Yield [%]


31a 35a 86
31b 35b 85
31c 35c 93
31d 35d 76


Table 8. Asymmetric alkynylation of aldehydes 35a ± d with trimethylsilylacetylene.[a]


Aldehyde NME Product Yield [%] Selectivity[b]


A B �-OH:�-OH


trans threo 1R,2S 36a 70 3:� 97
trans threo 1S,2R 36b 72 � 97:3
trans erythro 1R,2S 37a 75 3:� 97
trans erythro 1S,2R 37b 69 � 97:3
cis erythro 1R,2S 38a 61 3:� 97
cis erythro 1S,2R 38b 71 � 97:3
cis threo 1R,2S 39a 79 3:� 97
cis threo 1S,2R 39b 66 94:6[c]


[a] TMS� trimethylsilyl. [b] Determined from 1H NMR spectroscopic data (500 MHz, CDCl3). [c] Calculated
from yield of product.


Scheme 9. Synthesis of THF-ring moieties 31c and 31d by pathways a or b,
as depicted in Schemes 7 and 8.
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Figure 1. CD spectral data for 36 ± 39a and 36 ± 39b.


eomers can thereby be differentiated. The maximum wave-
length of the trans isomers and the cis isomers was observed at
about 184.4 and 183.4 nm, respectively. The intensity of the
spectra for the trans isomers was generally stronger than that
of the cis isomers.


Conclusion


We have developed a highly stereoselective and stereodiver-
gent synthesis of the cores of monoTHF-ring acetogenins
based on asymmetric alkynylation of a chiral �-oxyaldehyde
with a C4 unit. We have also demonstrated the stereodivergent


synthesis of eight diastereomeric isomers. The asymmetric
alkynylation proceeded, almost exclusively, to give syn and
anti adducts with predictable selectivity by changing the chiral
ligand. Since the antipodes of all chiral materials (alkyne,
aldehyde, NME) are available, the antipodes of each isomer
could theoretically be synthesized. Thus, our methodology
could be widely used for the synthesis of various annonaceous
acetogenins. Application of our strategy to the synthesis of
biologically active acetogenins is under way. Those results will
be reported elsewhere.


Experimental Section


General : Melting points are uncorrected. Optical rotations were measured
by using a JASCO DIP-360 digital polarimeter. 1H NMR spectra were
recorded in CDCl3 solution with a JEOL JNM-GX500 spectrometer
(500 MHz). 13C NMR spectra were recorded in CDCl3 solution with a
JEOL JNM-AL300 spectrometer (75 MHz). All signals are expressed as
ppm downfield from tetramethylsilane as an internal standard (� value).
The following abbreviations are used: br�broad, s� singlet, d� doublet,
t� triplet, q�quartet, qn� quintet, sep� septet, and m�multiplet. IR
absorption spectra (FT: diffuse reflectance spectroscopy) were recorded
with KBr powder with a Horiba FT-210 IR spectrometer, and only
noteworthy absorptions (cm�1) are listed. Mass spectra were obtained with
a JEOL JMS-600H and a JEOL JMS-700 mass spectrometer. Column
chromatography was carried out by using Kanto Chemical silica gel 60N
(spherical, neutral, 63 ± 210 �m). Flash column chromatography was
carried out by using Merck silica gel 60 (40 ± 63 �m). All air- or moisture-
sensitive reactions were carried out in flame-dried glassware under an
atmosphere of Ar or N2. All solvents were dried and distilled according to
standard procedures. All organic extracts were dried over anhydrous
MgSO4, filtered, and concentrated with a rotary evaporator under reduced
pressure. Known compounds (S)-6,[11] 7,[10] 10,[15] 16,[19] 22,[21] and 23[22] were
synthesized according to the literature methods. Experimental procedures
and characterization data for 8, 9, 14, 15, 21, 24a, and 24b are included in
the Supporting Information.


Preparation of 11 with (Ph3PCHBr2)Br : tBuOK (6.42 g, 57.2 mmol) was
added to a solution of (Ph3PCHBr2)Br (31.0 g, 60.2 mmol) in THF
(250 mL) with stirring at 0 �C. After 10 min at RT, a solution of 10
(3.92 g, 30.1 mmol) in THF (50 mL) was added to the mixture at 0 �C. After
10 min, the reaction was quenched with brine. The solvent was evaporated
prior to extraction with n-hexane. The combined organic layers were
washed with water and brine prior to drying and solvent evaporation.
Purification by column chromatography on silica gel (hexane/EtOAc (5:1))
yielded 11 (8.32 g, 97%) as a yellow oil. The spectral data were identical
with those previously reported.[15a]


Preparation of 13 : nBuLi (88.8 mL, 1.56� in n-hexane, 139 mmol) was
added to a solution of 11 (18.0 g, 62.9 mmol) in THF (180 mL) with stirring
at�78 �C over 1 h, then the mixture was allowed to warm to 10 �C over 1 h.
Et2O (110 mL) and water (110 mL) were added to the mixture at RT. After
15 min, the aqueous layer was extracted with Et2O. Dowex 50W (18.0 g)
and MeOH (150 mL) were added to the combined organic layers with
stirring at RT, and the whole reaction mixture was stirred at 35 �C for 15 h.
Dowex 50W was filtered off and the filtrate was concentrated under
reduced pressure. Purification by column chromatography on silica gel
(hexane/EtOAc (3:2� 2:3)) yielded 13 (4.49 g, 83%). The spectral data
were identical with those previously reported.[15a]


(R)-2-Hydroxytetradecanyl pivalate (17): Pivaloyl chloride (5.55 mL,
45.0 mmol) was added to a solution of 16 (6.91 g, 30.0 mmol) in pyridine
(30 mL) and CH2Cl2 (30 mL) with stirring at 0 �C. After 5 min, the whole
mixture was stirred at RT for 15 h. Concentration followed by azeotropic
removal of pyridine with toluene was repeated three times. Purification by
column chromatography on silica gel (hexane/EtOAc (5:1)) yielded 17
(8.01 g, 85%) as a white powder. M.p. 40.1 ± 42.2 �C (n-hexane/EtOAc);
[�]26D ��2.3 (c� 1.59, CHCl3); 1H NMR: �� 0.88 (t, J� 7.0 Hz, 3H), 1.22
(s, 9H), 1.26 ± 1.31 (m, 20H), 1.43 ± 1.52 (m, 2H), 2.00 (br s, 1H), 3.81 ± 3.85
(m, 1H), 3.97 (dd, J� 11.6, 6.7 Hz, 1H), 4.13 (dd, J� 11.6, 3.1 Hz,


Table 9. Representative 1H NMR spectral data of 36 ± 39a and 36 ± 39b
(500 MHz, CDCl3).


Stereochemistry OH C3-H C4-H C7-H C8-H
A/B/C


threo/trans/threo (36a) 2.47 4.18 4.04 3.91 3.57
erythro/trans/threo (36b) 2.35 4.39 4.12 4.04 3.56
erythro/trans/erythro (37a) 2.33 4.36 4.10 4.03 3.78
threo/trans/erythro (37b) 2.43 4.18 4.03 3.92 3.78 ± 3.81
threo/cis/erythro (38a) 2.67 4.17 3.99 3.90 3.79
erythro/cis/erythro (38b) 2.87 4.48 4.09 3.92 3.85
erythro/cis/threo (39a) 3.05 4.50 4.11 3.97 3.62
threo/cis/threo (39b) 2.85 4.18 4.03 3.98 3.58


Table 10. Representative 13C NMR spectral data of 36 ± 39a and 36 ± 39b
(75 MHz, CDCl3).


Stereochemistry C3 C4 C7 C8
A/B/C


threo/trans/threo (36a) 65.6 82.0 82.9 74.9
erythro/trans/threo (36b) 65.0 81.4 83.5 75.0
erythro/trans/erythro (37a) 65.2 81.5 83.6 73.0
threo/trans/erythro (37b) 65.4 82.0 82.6 72.9
threo/cis/erythro (38a) 66.5 81.9 82.8 73.0
erythro/cis/erythro (38b) 65.4 81.3 82.4 73.0
erythro/cis/threo (39a) 65.3 81.3 81.9 74.6
threo/cis/threo (39b) 65.8 81.7 82.4 74.5
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1H) ppm; 13C NMR: �� 14.1, 22.7, 25.3, 27.2 (3C), 29.3, 29.5, 29.55 (2C),
29.63 (2C), 29.7, 31.9, 33.4, 38.9, 68.6, 70.2, 178.7 ppm; IR (KBr): �� � 3535,
1703 cm�1; MS (FAB): m/z : 315 [M�H]� ; HRMS (FAB): m/z calcd for
C19H39O3: 315.2899; found: 315.2909 [M�H]� .
(R)-2-(tert-Butyldimethylsilyloxy)tetradecanyl pivalate (18): Imidazole
(3.40 g, 50.0 mmol) was added to a solution of 17 (7.86 g, 25.0 mmol) in
DMF (25 mL) with stirring at 0 �C. After 5 min, TBSCl (7.54 g, 50.0 mmol)
was added to the mixture with stirring at 0 �C. After 2 h at RT, the mixture
was quenched with water and extracted with EtOAc. The combined organic
layers were washed with water and brine prior to drying and solvent
evaporation. Purification by column chromatography on silica gel (hexane/
EtOAc (10:1)) yielded 18 (11.7 g, quantitative) as a colorless oil. [�]26D �
�1.7 (c� 1.28, CHCl3); 1H NMR: �� 0.06 (s, 3H), 0.07 (s, 3H), 0.87 (t, J�
6.4 Hz, 3H), 0.88 (s, 9H), 1.20 (s, 9H), 1.25 ± 1.39 (m, 20H), 1.42 ± 1.52 (m,
2H), 3.83 (qn, J� 5.5 Hz, 1H), 3.94 (dd, J� 11.0, 5.5 Hz, 1H), 3.97 (dd, J�
11.0, 5.5 Hz, 1H) ppm; 13C NMR: ���4.7, �4.6, 14.1, 18.0, 22.7, 24.9, 25.8
(3C), 27.2 (3C), 29.3, 29.5, 29.55, 29.63 (2C), 29.66, 29.70, 31.9, 34.6, 38.7,
68.1, 70.1, 178.5 ppm; IR (KBr): �� � 1734 cm�1; MS (FAB): m/z : 429
[M�H]� ; HRMS (FAB): m/z calcd for C25H53O3Si: 429.3764; found:
429.3774 [M�H]� .
(R)-2-(tert-Butyldimethylsilyloxy)tetradecanol (19): DIBAL-H (1.0� in
toluene, 40.0 mL, 40.0 mmol) was added to a solution of 18 (8.58 g,
20.0 mmol) in CH2Cl2 (210 mL) with stirring at �78 �C. After 25 min,
saturated Rochelle salt was gradually added to the mixture, and the whole
mixture was stirred at RT for 0.5 h. After solvent evaporation, the mixture
was extracted with EtOAc. The combined organic layers were washed with
water and brine prior to drying and solvent evaporation. Purification by
column chromatography on silica gel (hexane/EtOAc (5:1)) yielded 19
(6.96 g, quantitative) as a colorless oil. [�]26D ��8.4 (c� 1.34, CHCl3);
1H NMR: �� 0.07 (s, 6H), 0.86 (t, J� 7.0 Hz, 3H), 0.89 (s, 9H), 1.25 ± 1.30
(m, 20H), 1.43 ± 1.50 (m, 2H), 2.01 (br s, 1H), 3.42 (dd, J� 11.0, 5.5 Hz,
1H), 3.53 (dd, J� 11.0, 3.7 Hz, 1H), 3.70 (m, 1H) ppm; 13C NMR: ��
�4.6, �4.5, 14.1, 18.0, 22.7, 25.3, 25.8 (3C), 29.3, 29.5, 29.55, 29.62 (2C),
29.64, 29.8, 31.9, 34.0, 66.2, 72.9 ppm; IR (KBr): �� � 3329 cm�1; MS (FAB):
m/z : 345 [M�H]� ; HRMS (FAB): m/z calcd for C20H45O2Si: 345.3189;
found: 345.3185 [M�H]� .
(R)-2-(tert-Butyldimethylsilyloxy)tetradecanal (20): Dess ±Martin period-
inane (1.48 g, 3.48 mmol) was added to a solution of 19 (800 mg, 2.32 mmol)
in CH2Cl2 (12 mL) with stirring at 0 �C. After 15 min at RT, the mixture was
filtered through silica gel and the filtrate was evaporated. Purification by
column chromatography on silica gel (hexane/EtOAc (10:1)) yielded 20
(765 mg, 96%) as a colorless oil. [�]24D ��24.5 (c� 1.69, CHCl3); 1H NMR:
�� 0.04 (s, 3H), 0.05 (s, 3H), 0.85 (t, J� 6.7 Hz, 3H), 0.90 (s, 9H), 1.23 ±
1.42 (m, 20H), 1.53 ± 1.63 (m, 2H), 3.93 (td, J� 6.1, 1.2 Hz, 1H), 9.55 (dd,
J� 1.8, 1.2 Hz, 1H) ppm; 13C NMR: ���5.1, �4.7, 14.1, 18.1, 22.6, 24.6,
25.7 (3C), 29.3, 29.40, 29.41, 29.5, 29.59, 29.61, 29.64, 31.9, 32.6, 77.6,
204.0 ppm; IR (KBr): �� � 1738 cm�1; MS (FAB): m/z : 365 [M�Na]� ;
HRMS (FAB): m/z calcd for C20H42NaO2Si: 365.2852; found: 365.2873
[M�Na]� .
(2RS,4S)-4-Ethynyl-2-phenyl-1,3-dioxolane (25): Benzaldehyde dimethyl
acetal (0.175 mL, 1.16 mmol) and (�)-10-camphorsulfonic acid (13.5 mg,
0.058 mmol) were added to a solution of 13 (50.0 mg, 0.581 mmol) in THF
(4 mL) with stirring at RT. After 1 h under reflux conditions, the reaction
was quenched with Et3N and the solvent was evaporated. NaBH4 (33.0 mg,
0.872 mmol) was added to the solution of the residue in MeOH (3.0 mL)
with stirring at 0 �C. After 30 min at RT, the reaction was quenched with
water and the solvent was evaporated. The residue was extracted with
EtOAc. The combined organic layers were washed with brine prior to
drying and solvent evaporation. Purification by column chromatography on
silica gel (hexane/EtOAc (100:1� 10:1)) yielded 25 (89.2 mg, 88%,
25a :25b� 1:1). Analytical samples of 25a and 25b were purified by
column chromatography on silica gel (hexane/EtOAc (100:1� 10:1)). 25a :
Colorless powder; m.p. 51.0 ± 53.0 �C; [�]26D ��86.3 (c� 1.17, CHCl3);
1H NMR: �� 2.63 ± 2.64 (m, 1H), 4.04 (dd, J� 7.9, 6.1 Hz, 1H), 4.38 (dd,
J� 7.9, 6.7 Hz, 1H), 4.93 (td, J� 6.4, 1.8 Hz, 1H), 6.05 (s, 1H), 7.43 ± 7.46
(m, 3H), 7.54 ± 7.55 (m, 2H) ppm; 13C NMR: �� 65.3, 70.8, 74.7, 80.9, 103.4,
126.4 (2C), 128.1 (2C), 129.3, 136.3 ppm; IR (KBr): �� � 2119, 1066 cm�1;
MS (EI): m/z : (%): 174 (37.2) [M]� , 173 (48.4) [M�H]� , 97 (14.6) [M�
C6H5]� , 78 (100); HRMS (EI): m/z calcd for C11H10O2: 174.0681; found:
174.0683 [M]� . 25b : Colorless oil; [�]26D ��37.5 (c� 1.21, CHCl3);
1H NMR: �� 2.57 (d, J� 1.8 Hz, 1H), 4.15 (dd, J� 8.2, 5.2 Hz, 1H), 4.20


(dd, J� 8.2, 6.7 Hz, 1H), 4.87 (ddd, J� 6.7, 5.2, 1.8 Hz, 1H), 5.87 (s, 1H),
7.40 ± 7.44 (m, 3H), 7.55 ± 7.58 (m, 2H) ppm; 13C NMR: �� 65.9, 70.8, 74.3,
80.8, 105.1, 126.8 (2C), 128.3 (2C), 129.4, 136.8 ppm; IR (KBr): �� � 2121,
1070 cm�1; MS (EI): m/z : (%): 174 (27.9) [M]� , 173 (36.0) [M�H]� , 78
(100); HRMS (EI): m/z calcd for C11H10O2: 174.0681; found: 174.0688
[M]� .


General procedure of the asymmetric alkynylation (Table 5, Entry 3): A
flask was charged with Zn(OTf)2 (2.18 g, 6.01 mmol). Vacuum (5 mmHg)
was applied and heated to 120 �C for 12 h. After the flask was cooled to RT,
the vacuum was released. N-Methylephedrine (1.17 g, 6.55 mmol), toluene
(6 mL), and Et3N (0.912 mL, 6.55 mmol) were added to the flask with
stirring at RT. After 3 h, a solution of 25 (951 mg, 5.46 mmol, 25a :25b�
1:1) in toluene (0.3 mL) was added to the mixture at RT. After 15 min, a
solution of 20 (935 mg, 2.73 mmol) in toluene (0.3 mL) was added to the
mixture with stirring at RT. The reaction mixuture was stirred for 43 h. The
reaction was quenched with saturated NH4Cl and the mixture was
extracted with EtOAc. The combined organic layers were washed with
brine prior to drying and solvent evaporation. Purification by column
chromatography on silica (hexane/EtOAc (50:1� 20:1)) yielded
(2RS,4S,3�R,4�R)-26a (1.36 g, 96%, anti :syn� 3:� 97) as a colorless oil.
(2S,4S)-4-[(3�R,4�R)-4�-(tert-Butyldimethylsilyloxy)-3�-hydroxy-1�-hexade-
cynyl]-2-phenyl-1,3-dioxolane [(2S,4S,3�R,4�R)-26a]: The procedure was
same as that used for preparation of (2RS,4S,3�R,4�R)-26a. Colorless oil;
[�]25D ��34.7 (c� 1.17, CHCl3); 1H NMR: �� 0.12 (s, 3H), 0.15 (s, 3H),
0.88 (t, J� 7.0 Hz, 3H), 0.92 (s, 9H), 1.26 ± 1.31 (s, 20H), 1.50 ± 1.69 (m, 2H),
2.56 (d, J� 7.3 Hz, 1H), 3.76 (td, J� 6.1, 4.3 Hz, 1H), 3.99 (dd, J� 7.9,
6.4 Hz, 1H), 4.29 ± 4.31 (m, 1H), 4.36 (dd, J� 7.9, 6.7 Hz, 1H), 4.93 (ddd,
J� 6.7, 6.4, 1.8 Hz, 1H), 5.96 (s, 1H), 7.36 ± 7.40 (m, 3H), 7.46 ± 7.48 (m,
2H) ppm; 13C NMR: ���4.52, �4.45, 14.0, 18.0, 22.6, 25.0, 25.8 (3C),
29.2, 29.4, 29.46, 29.54 (2C), 29.57, 29.64, 31.8, 33.6, 64.7, 65.8, 71.1, 75.2, 81.9,
86.6, 103.5, 126.5 (2C), 128.2 (2C), 129.3, 136.6 ppm; IR (KBr): �� � 3510,
2251, 1107 cm�1; MS (FAB): m/z : 539 [M�Na]� ; HRMS (FAB): m/z calcd
for C31H52NaO4Si: 539.3533; found: 539.3540 [M�Na]� .
(2R,4S)-4-[(3�R,4�R)-4�-(tert-Butyldimethylsilyloxy)-3�-hydroxy-1�-hexa-
decynyl]-2-phenyl-1,3-dioxolane [(2R,4S,3�R,4�R)-26a]: The procedure
was same as that used for preparation of (2RS,4S,3�R,4�R)-26a. Colorless
oil; [�]24D ��7.5 (c� 1.40, CHCl3); 1H NMR: �� 0.10 (s, 3H), 0.13 (s, 3H),
0.88 (t, J� 6.7 Hz, 3H), 0.91 (s, 9H), 1.26 ± 1.31 (m, 20H), 1.47 ± 1.65 (m,
2H), 2.51 (d, J� 7.3 Hz, 1H), 3.73 (td, J� 6.1, 4.3 Hz, 1H), 4.07 (dd, J� 7.9,
5.5 Hz, 1H), 4.18 (dd, J� 7.9, 6.7 Hz, 1H), 4.26 (ddd, J� 7.3, 4.3, 1.2 Hz,
1H), 4.88 (ddd, J� 6.7, 5.5, 1.2 Hz, 1H), 5.86 (s, 1H), 7.36 ± 7.40 (m, 3H),
7.51 ± 7.53 (m, 2H) ppm; 13C NMR: ���4.5, �4.4, 14.1, 18.1, 22.6, 25.0,
25.8 (3C), 29.3, 29.47, 29.50, 29.57 (2C), 29.61, 29.7, 31.9, 33.6, 64.7, 66.4, 70.6,
75.2, 81.6, 86.2, 104.9, 126.8 (2C), 128.2 (2C), 129.3, 137.0 ppm; IR (KBr):
�� � 3489, 2243, 1066 cm�1; MS (FAB): m/z : 539 [M�Na]� ; HRMS (FAB):
m/z calcd for C31H52NaO4Si: 539.3533; found: 539.3546 [M�Na]� .
(2RS,4S)-4-[(3�S,4�R)-4�-(tert-Butyldimethylsilyloxy)-3�-hydroxy-1�-hexa-
decynyl]-2-phenyl-1,3-dioxolane (26b): The procedure was same as that
used for preparation of (2RS,4S,3�R,4�R)-26a. Colorless oil; [�]26D ��33.6
(c� 1.09, CHCl3); 1H NMR: �� 0.10 (s, 3H), 0.11 (s, 3H), 0.88 (t, J�
6.7 Hz, 3H), 0.91 (s, 4.5H), 0.92 (s, 4.5H), 1.28 ± 1.43 (m, 20H), 1.56 ± 1.69
(m, 2H), 2.32 (d, J� 5.5 Hz, 0.5H), 2.37 (d, J� 6.1 Hz, 0.5H), 3.75 (ddd,
J� 7.3, 5.5, 3.7 Hz, 0.5H), 3.78 (ddd, J� 7.3, 5.5, 3.7 Hz, 0.5H), 3.99 (dd, J�
7.9, 6.1 Hz, 0.5H), 4.07 (dd, J� 7.9, 5.5 Hz, 0.5H), 4.19 (dd, J� 7.9, 6.7 Hz,
0.5H), 4.367 (dd, J� 7.9, 6.7 Hz, 0.5H), 4.374 ± 4.42 (m, 1H), 4.91 (ddd, J�
6.7, 5.5, 1.2 Hz, 0.5H), 4.96 (ddd, J� 6.7, 6.1, 1.2 Hz, 0.5H), 5.87 (s, 0.5H),
5.96 (s, 0.5H), 7.37 ± 7.39 (m, 3H), 7.47 ± 7.49 (m, 1H), 7.52 ± 7.54 (m,
1H) ppm; 13C NMR: (2R)-26b : ���4.6, �4.4, 14.0, 18.0, 22.6, 25.27, 25.8
(3C), 29.3, 29.46, 29.50 (2C), 29.55, 29.59, 29.64, 31.8, 32.4, 65.8, 66.0, 71.1,
74.8, 82.9, 83.1, 103.5, 126.5 (2C), 128.2 (2C), 129.4, 136.5 ppm; (2S)-26b :
���4.6, �4.4, 14.0, 18.0, 22.6, 25.33, 25.8 (3C), 29.3, 29.46, 29.50 (2C),
29.55, 29.59, 29.64, 31.8, 32.3, 66.0, 66.3, 70.7, 74.8, 84.2, 84.8, 104.9, 126.8
(2C), 128.2 (2C), 129.3, 137.1 ppm; IR (KBr): �� � 3462, 2241, 1097 cm�1; MS
(FAB): m/z : 517 [M�H]� ; HRMS (FAB): m/z calcd for C31H53O4Si:
517.3713; found: 517.3705 [M�H]� .
(2S,5R,6R)-1,2:5,6-Di-O-isopropylidene-octadec-3-yne-1,2,5,6-tetrol
(27a): TBAF (1.0� in THF, 0.192 mL, 0.192 mmol) was added to a solution
of 26a (50.0 mg, 0.0967 mmol) in THF (0.5 mL) with stirring at RT. After
1.5 h, water (0.7 mL) and Et2O (1.7 mL) were added to the reaction
mixture, and the aqueous layer was extracted with Et2O. The combined
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organic layers were washed with water and brine prior to drying and solvent
evaporation. Me2C(OMe)2 (9.6 mL, 78.0 mmol) and a catalytic amount of
pTsOH ¥H2O were added to the solution of the crude product in CH2Cl2
(6 mL) with stirring at RT. After 18 h, saturated NaHCO3 and CH2Cl2 were
added, and the organic layer was washed with brine prior to drying and
solvent evaporation. Purification by flash column chromatography on silica
gel (hexane/EtOAc (30:1)) yielded 27a (36.0 mg, 94%) as a pale yellow oil.
[�]28D ��26.8 (c� 1.55, CHCl3); 1H NMR: �� 0.88 (t, J� 7.0 Hz, 3H),
1.20 ± 1.51 (m, 20H), 1.38 (s, 3H), 1.40 (s, 3H), 1.45 (s, 3H), 1.48 (s, 3H),
1.60 ± 1.64 (m, 2H), 3.93 (dd, J� 7.9, 6.1 Hz, 1H), 4.00 (td, J� 7.3, 6.4 Hz,
1H), 4.16 (dd, J� 7.9, 6.1 Hz, 1H), 4.24 (dd, J� 7.3, 1.2 Hz, 1H), 4.76 (td,
J� 6.1, 1.2 Hz, 1H) ppm; 13C NMR: �� 14.1, 22.7, 25.7, 25.9, 26.13, 26.16,
27.1, 29.3, 29.46, 29.54, 29.60, 29.63 (2C), 29.64, 31.9, 32.4, 65.5, 69.8, 70.4,
81.4, 82.7, 83.9, 109.7, 110.4 ppm; IR (KBr): �� � 1063 cm�1; MS (FAB):m/z :
395 [M�H]� ; HRMS (FAB): m/z calcd for C24H43O4: 395.3161; found:
395.3167 [M�H]� .
(2S,5S,6R)-1,2:5,6-Di-O-isopropylidene-octadec-3-yne-1,2,5,6-tetrol
(27b): The procedure was the same as that used for preparation of 27a.
Pale yellow oil; [�]28D ��6.6 (c� 1.35, CHCl3); 1H NMR: �� 0.88 (t, J�
6.7 Hz, 3H), 1.26 ± 1.54 (m, 20H), 1.34 (s, 3H), 1.38 (s, 3H), 1.48 (s, 3H),
1.51 (s, 3H), 1.63 ± 1.70 (m, 1H), 1.73 ± 1.79 (m, 1H), 3.92 (dd, J� 7.9,
6.1 Hz, 1H), 4.06 (td, J� 6.7, 5.8 Hz, 1H), 4.16 (dd, J� 7.9, 6.1 Hz, 1H), 4.76
(dd, J� 5.8, 1.2 Hz, 1H), 4.77 (td, J� 6.1, 1.2 Hz, 1H) ppm; 13C NMR: ��
14.1, 22.7, 25.90, 25.93, 26.1 (2C), 27.9, 29.3, 29.48, 29.54, 29.62 (2C), 29.64
(2C), 30.7, 31.9, 65.5, 69.2, 69.9, 78.1, 82.0, 85.0, 109.5, 110.3 ppm; IR (KBr):
�� � 1065 cm�1; MS (FAB): m/z : 395 [M�H]� ; HRMS (FAB): m/z calcd for
C24H43O4: 395.3161; found: 395.3162 [M�H]� .
(2S,5R,6R)-6-(tert-Butyldimethylsilyloxy)octadecane-1,2,5-triol (28): A
solution of 26a (1.21 g, 2.34 mmol) in EtOAc (23 mL) was hydrogenated
on 10% Pd/C (60.5 mg) with stirring at RT for 24 h. The Pd/C was filtered
off and the filtrate was concentrated under reduced pressure. Purification
by column chromatography on silica gel (hexane/EtOAc (1:4)) yielded 28
(1.14 g, 94%) as a colorless oil. [�]26D ��5.7 (c� 1.60, CHCl3); 1H NMR:
�� 0.08 (s, 3H), 0.09 (s, 3H), 0.88 (t, J� 7.0 Hz, 3H), 0.90 (s, 9H), 1.26 ± 1.31
(m, 20H), 1.38 ± 1.69 (m, 6H), 2.65 (br s, 1H), 3.23 (br s, 1H), 3.47 (dd, J�
11.0, 7.6 Hz, 1H), 3.48 ± 3.53 (m, 2H), 3.63 (dd, J� 11.0, 3.1 Hz, 1H), 3.74
(ddd, J� 11.0, 7.3, 4.3 Hz, 1H) ppm; 13C NMR: ���4.6, �4.2, 14.1, 18.1,
22.7, 24.8, 25.8 (3C), 29.3, 29.55, 29.57, 29.61 (3C), 29.64, 29.8, 29.9, 31.9, 33.7,
66.6, 72.0, 73.0, 75.4 ppm; IR (KBr): �� � 3358, 1080 cm�1; MS (FAB): m/z :
433 [M�H]� ; HRMS (FAB): m/z calcd for C24H53O4Si: 433.3713; found:
433.3726 [M�H]� .
(2S,5R,6R)-6-(tert-Butyldimethylsilyloxy)-2,5-dihydroxyoctadecanyl
2�,4�,6�-triisopropylbenzenesulfonate (29): 2,4,6-Triisopropylbenzenesul-
fonyl chloride (1.05 g, 3.48 mmol) was added to a solution of 28 (500 mg,
1.16 mmol) in pyridine (2 mL) and CH2Cl2 (3 mL) at 0 �C with stirring.
After 20 h at RT, water was added to the reaction mixture, and the mixture
was extracted with EtOAc. The combined organic layers were washed with
brine prior to drying and solvent evaporation. Purification by column
chromatography on silica gel (hexane/EtOAc (5:1)) yielded 29 (704 mg,
87%) as a colorless oil. [�]24D ��0.12 (c� 0.96, CHCl3); 1H NMR: �� 0.07
(s, 3H), 0.08 (s, 3H), 0.87 ± 0.89 (m, 12H), 1.25 (m, 39H), 1.36 ± 1.65 (m,
4H), 1.70 ± 1.75 (m, 1H), 2.41 (d, J� 5.5 Hz, 1H), 2.87 (br s, 1H), 2.88 ± 2.94
(m, 1H), 3.43 ± 3.45 (m, 1H), 3.47 ± 3.50 (m, 1H), 3.92 ± 3.96 (m, 2H), 4.04
(dd, J� 12.8, 7.3 Hz, 1H), 4.14 (sep, J� 6.7 Hz, 2H), 7.19 (s, 2H) ppm;
13C NMR: ���4.7,�4.2, 14.1, 18.0, 22.6, 23.5, 24.66 (2C), 24.69 (2C), 24.74
(2C), 25.8 (3C), 29.3, 29.5 (3C), 29.6 (5C), 29.8 (2C), 31.9, 33.7, 34.2, 69.4,
72.6, 72.8, 75.4, 123.8 (2C), 129.1, 150.8 (2C), 153.8 ppm; IR (KBr): �� �
3379, 1425, 1076 cm�1; MS (FAB): m/z : 699 [M�H]� ; HRMS (FAB): m/z
calcd for C39H75O6SSi: 699.5054; found: 699.5059 [M�H]� .
(2R,5R,6R)-6-(tert-Butyldimethylsilyloxy)-2,5-epoxyoctadecan-1-ol
(31a): K2CO3 (71.9 mg, 0.520 mmol) was added to a mixture of 29 (72.4 mg,
0.104 mmol) with stirring at 0 �C. The whole mixture was stirred at 0 �C for
2 h and at RT for 39 h. Water was added to the reaction mixture. The
mixture was extracted with EtOAc, and the combined organic layers were
washed with brine prior to drying and solvent evaporation. Purification by
column chromatography on silica gel (hexane/EtOAc (10:1)) yielded 31a
(30.2 mg, 70%) as a colorless oil. [�]26D ��4.4 (c� 0.76, CHCl3); 1H NMR:
�� 0.06 (s, 3H), 0.07 (s, 3H), 0.87 ± 0.89 (m, 12H), 1.26 (m, 22H), 1.60 ± 1.74
(m, 2H), 1.88 ± 1.97 (m, 2H), 3.48 (dd, J� 11.6, 6.1 Hz, 1H), 3.57 (ddd, J�
7.0, 6.1, 4.0 Hz, 1H), 3.65 (dd, J� 11.6, 2.7 Hz, 1H), 3.91 (dt, J� 7.3, 6.1 Hz,
1H), 4.05 ± 4.10 (m, 1H) ppm; 13C NMR: ���4.6, �4.2, 14.1, 18.3, 22.7,


25.6, 26.0 (3C), 27.7, 27.8, 29.3, 29.59 (2C), 29.63 (2C), 29.7, 29.8, 31.9, 33.0,
64.9, 75.0, 79.4, 82.1 ppm; IR (KBr): �� � 3421, 1068 cm�1; MS (FAB): m/z :
415 [M�H]� ; HRMS (FAB): m/z calcd for C24H51O3Si: 415.3608; found:
415.3600 [M�H]� .
(2RS,4S)-4-[(3�R,4�R)-4�-(tert-Butyldimethylsilyloxy)-3�-hydroxyoctade-
canyl]-2-phenyl-1,3-dioxolane (32): A mixture of 26a (300 mg, 0.580 mmol)
and Et3N (0.040 mL, 0.290 mmol) in EtOAc (6 mL) was hydrogenated on
10% Pd/C (15 mg) with stirring at RT for 2.5 h. The Pd/C was filtered off
and the filtrate was concentrated under reduced pressure. Purification by
column chromatography on silica gel (hexane/EtOAc (7:1)) yielded 32
(301 mg, quantitative) as a colorless oil. [�]24D ��2.5 (c� 1.00, CHCl3);
1H NMR: �� 0.07 ± 0.09 (m, 6H), 0.87 ± 0.90 (m, 12H), 1.26 (m, 21H),
1.38 ± 1.51 (m, 1.58H), 1.60 ± 1.68 (m, 1.42H), 1.72 ± 1.95 (m, 2H), 2.21 (d,
J� 6.7 Hz, 0.42H), 2.23 (d, J� 6.7 Hz, 0.58H), 3.44 ± 3.53 (m, 2H), 3.64 (t,
J� 6.7 Hz, 0.58H), 3.70 (t, J� 7.3 Hz, 0.42H), 4.12 (t, J� 7.0 Hz, 0.42H),
4.20 ± 4.28 (m, 1.58H), 5.81 (s, 0.42H), 5.93 (s, 0.58H), 7.35 ± 7.39 (m, 3H),
7.46 ± 7.50 (m, 2H) ppm; 13C NMR: ���4.6, �4.1, 14.1, 18.1, 22.6, 25.0,
25.9 (3C), 29.3, 29.5 (2C), 29.59 (2C), 29.63, 29.8, 30.0 (0.58C), 30.2 (0.42C),
30.57 (0.42C), 30.64 (0.58C), 31.9, 33.8, 70.1 (0.42C), 70.7 (0.58C), 72.6
(0.58C), 72.7 (0.42C), 75.26 (0.42C), 75.29 (0.58C), 76.8 (0.58C), 77.6
(0.42C), 103.0 (0.58C), 104.0 (0.42C), 126.3 (1.16C), 126.6 (0.84C), 128.3
(2C), 129.0 (0.42C), 129.2 (0.58C), 137.8 (0.42C), 138.4 (0.58C) ppm; IR
(KBr): �� � 3562, 1070 cm�1; MS (FAB): m/z : 521 [M�H]� ; HRMS (FAB):
m/z calcd for C31H57O4Si: 521.4026; found: 521.4015 [M�H]� .
(2RS,4S)-4-[(3�R,4�R)-4�-(tert-Butyldimethylsilyloxy)-3�-(p-toluenesulfo-
noxyl)octadecanyl]-2-phenyl-1,3-dioxolane (33): pTsCl (522 mg,
2.74 mmol) was added to a solution of 32 (285 mg, 0.548 mmol) in pyridine
(2 mL) with stirring at 0 �C. The stirring was continued at RT for 7 h. The
reaction was quenched with saturated NH4Cl, and the mixture was
extracted with EtOAc. The combined organic layers were washed with
water and brine prior to drying and solvent evaporation. Purification by
column chromatography on silica gel (hexane/EtOAc (10:1)) yielded 33
(354 mg, 96%) as a colorless oil. [�]25D ��13.1 (c� 0.73, CHCl3); 1H NMR:
���0.01 (s, 3H), 0.02 (s, 3H), 0.85 (s, 9H), 0.88 (t, J� 7.0 Hz, 3H), 1.26
(m, 22H), 1.40 ± 1.59 (m, 3H), 1.97 ± 2.04 (m, 1H), 2.42 (s, 1.26H), 2.44 (s,
1.74H), 3.49 (dd, J� 7.9, 6.7 Hz, 0.58H), 3.55 (dd, J� 7.9, 6.7 Hz, 0.42H),
3.65 ± 3.76 (m, 1H), 4.03 (dd, J� 7.3, 6.7 Hz, 0.42H), 4.06 ± 4.14 (m, 1H),
4.18 (dd, J� 7.9, 6.1 Hz, 0.58H), 4.38 (ddd, J� 9.2, 4.3, 3.1 Hz, 0.42H),
4.41 ± 4.44 (m, 0.58H), 5.75 (s, 0.42H), 5.82 (s, 0.58H), 7.30 ± 7.37 (m, 5H),
7.42 ± 7.44 (m, 2H), 7.79 (t, 2H, J� 8.2 Hz) ppm; 13C NMR: ���4.8, �4.6,
14.1, 17.9, 21.6, 22.6, 24.2 (0.42C), 24.3 (0.58C), 25.7 (3C), 25.9, 29.3, 29.5
(2C), 29.56, 29.61 (2C), 29.65, 29.43, 30.2, 31.9, 69.9 (0.42C), 70.5 (0.58C),
71.9 (0.58C), 72.0 (0.42C), 76.2 (0.58C), 76.8 (0.42C), 84.8, 102.9 (0.58C),
103.9 (0.42C), 126.3 (1.16C), 126.5 (0.84C), 127.8 (2C), 128.2 (0.84C), 128.3
(1.16C), 129.0 (0.58C), 129.2 (0.42C), 129.7 (2C), 134.2 (0.42C), 134.3
(0.58C), 137.6 (0.42C), 138.2 (0.58C), 144.7 ppm; IR (KBr): �� � 1068 cm�1;
MS (FAB):m/z : 697 [M�Na]� ; HRMS (FAB):m/z calcd for C38H62NaO6S-
Si: 697.3934; found: 697.3907 [M�Na]� .
(2S,5S,6R)-6-(tert-Butyldimethylsilyloxy)-2,5-epoxyoctadecan-1-ol (31b):
A solution of 33 (55.0 mg, 0.0815 mmol) in EtOAc (1 mL) was hydro-
genated on 10% Pd/C (2.8 mg) with stirring at RT for 24 h. The Pd/C was
filtered off and the filtrate was concentrated under reduced pressure. The
residue was dissolved in THF (3 mL). NaH (62.6% in oil, 12.5 mg,
0.326 mmol) was added to the mixture with stirring at 0 �C. After 1 h at
40 �C, water was added to the reaction mixture, and the mixture was
extracted with EtOAc. The combined organic layers were washed with
brine prior to drying and solvent evaporation. Purification by column
chromatography on silica gel (hexane/EtOAc (10:1)) yielded 31b (26.4 mg,
78% in 2 steps) as a colorless oil. [�]28D ��2.1 (c� 1.17, CHCl3); 1H NMR:
�� 0.06 (s, 6H), 0.86 ± 0.89 (m, 12H), 1.23 ± 1.38 (m, 22H), 1.60 ± 1.69 (m,
1H), 1.82 ± 1.97 (m, 4H), 3.46 (dd, J� 11.6, 6.1 Hz, 1H), 3.62 (dd, J� 11.6,
3.1 Hz, 1H), 3.75 ± 3.78 (m, 1H), 3.90 (dt, J� 10.4, 3.7 Hz, 1H), 4.05 ± 4.10
(m, 1H) ppm; 13C NMR: ���4.5, �4.3, 14.1, 18.2, 22.7, 25.4, 25.9 (3C),
27.6, 29.3, 29.57 (2C), 29.59 (2C), 29.64, 29.7, 29.9, 31.9, 34.7, 65.0, 73.4, 79.5,
82.0 ppm; IR (KBr): �� � 3462, 1051 cm�1; MS (FAB): m/z : 437 [M�Na]� ;
HRMS (FAB): m/z calcd for C24H50NaO3Si: 437.3426; found: 437.3430
[M�Na]� .
One-pot THF-ring formation of 33 : A solution of 33 (151 mg, 0.223 mmol)
in THF (3 mL) was hydrogenated on 10% Pd/C (15.1 mg) with stirring at
RT for 22 h. THF (1.8 mL) and NaH (62.6% in oil, 34.3 mg, 0.892 mmol)
were added to the mixture with stirring at 0 �C. After 2 h at 40 �C, water was
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added to the reaction mixture, and the mixture was extracted with EtOAc.
The combined organic layers were washed with brine prior to drying and
solvent evaporation. Purification by column chromatography on silica gel
(hexane/EtOAc (10:1)) yielded 31b (92.5 mg, quantitative) as a colorless
oil.


(2R,5S,6R)-6-(tert-Butyldimethylsilyloxy)-2,5-epoxyoctadecan-1-ol (31c):
Compound 26b was converted into a triol by the same procedure as that
described for the conversion of 26a into 28. Colorless oil; [�]26D ��5.6 (c�
1.74, CHCl3); 1H NMR: �� 0.07 (s, 3H), 0.08 (s, 3H), 0.88 (t, J� 7.3 Hz,
3H), 0.90 (s, 9H), 1.26 (m, 20H), 1.33 ± 1.65 (m, 6H), 2.87 (br s, 3H), 3.46
(dd, J� 11.0, 7.3 Hz, 1H), 3.57 ± 3.61 (m, 2H), 3.62 (dd, J� 11.0, 3.1 Hz,
1H), 3.68 ± 3.72 (m, 1H) ppm; 13C NMR: ���4.5, �4.4, 14.1, 18.0, 22.6,
25.6, 25.8 (3C), 28.6, 29.3, 29.59 (2C), 29.61 (2C), 29.64 (2C), 29.8, 30.8, 31.9,
66.9, 72.4, 75.1, 75.3 ppm; IR (KBr): �� � 3321, 1084 cm�1; MS (FAB): m/z :
433 [M�H]� ; HRMS (FAB): m/z calcd for C24H53O4Si: 433.3713; found:
433.3719 [M�H]� . The triol was converted into a sulfonate by the same
procedure as that described for the conversion of 28 into 29. Colorless oil;
[�]24D ��3.8 (c� 0.73, CHCl3); 1H NMR: �� 0.06 (s, 3H), 0.07 (s, 3H), 0.88
(t, J� 6.7 Hz, 3H), 0.89 (s, 9H), 1.26 (m, 39H), 1.36 ± 1.49 (m, 4H), 1.73 ±
1.79 (m, 1H), 2.50 ± 2.54 (m, 1H), 2.91 (sep, J� 6.7 Hz, 1H), 3.48 ± 3.50 (m,
1H), 3.56 ± 3.61 (m, 2H), 3.87 ± 3.91 (m, 1H), 3.98 ± 4.00 (m, 2H), 4.14 (sep,
J� 6.7 Hz, 2H), 7.19 (s, 2H) ppm; 13C NMR: ���4.5 (2C), 14.1, 18.0, 22.6
(2C), 23.5 (2C), 24.7 (2C), 25.5, 25.8 (3C), 28.1, 29.3, 29.5 (3C), 29.56 (3C),
29.59, 29.8 (2C), 30.6, 30.7, 31.8, 34.2, 69.6, 72.7, 74.7, 75.2, 123.7 (2C), 129.0,
150.8 (2C), 153.7 ppm; IR (KBr): �� � 3446, 1425, 1074 cm�1; MS (FAB) m/
z : 699 [M�H]� ; HRMS (FAB): m/z calcd for C39H75O6SSi: 699.5054;
found: 699.5046 [M�H]� . The sulfonate was converted into 31c by the
same procedure as that described for the conversion of 29 into 31a.
Colorless oil; [�]24D ��15.5 (c� 0.53, CHCl3); 1H NMR: �� 0.071 (s, 3H),
0.073 (s, 3H), 0.88 (t, J� 6.7 Hz, 3H), 0.90 (s, 9H), 1.26 (m, 20H), 1.39 ± 1.49
(m, 2H), 1.65 ± 1.72 (m, 1H), 1.78 ± 1.94 (m, 3H), 2.05 (t, J� 6.7 Hz, 1H),
3.49 (ddd, J� 11.6, 5.5, 4.9 Hz, 1H), 3.68 ± 3.72 (m, 1H), 3.78 (td, J� 5.5,
4.3 Hz, 1H), 3.85 (ddd, J� 7.9, 6.7, 4.3 Hz, 1H), 3.99 ± 4.04 (m, 1H) ppm;
13C NMR: ���4.4, �4.2, 14.1, 18.1, 22.7, 25.0, 25.8, 25.9 (3C), 27.2, 29.3,
29.57 (2C), 29.63 (2C), 29.7, 29.9, 31.9, 35.0, 65.7, 73.1, 79.4, 82.2 ppm; IR
(KBr): �� � 3481, 1063 cm�1; MS (FAB): m/z : 415 [M�H]� ; HRMS (FAB):
m/z calcd for C24H51O3Si: 415.3608; found: 415.3614 [M�H]� .
(2S,5R,6R)-6-(tert-Butyldimethylsilyloxy)-2,5-epoxyoctadecan-1-ol
(31d): Compound 26b was converted into an alcohol by the same
procedure as that described for the conversion of 26a into 32. Colorless
oil; [�]28D ��5.7 (c� 1.31, CHCl3); 1H NMR: �� 0.08 ± 0.09 (m, 6H), 0.88 ±
0.92 (m, 12H), 1.27 ± 1.77 (m, 25H), 1.93 ± 2.00 (m, 1H), 2.27 (s, 0.5H), 2.32
(s, 0.5H), 3.49 ± 3.66 (m, 2.5H), 3.73 (t, J� 7.3 Hz, 0.5H), 4.12 (t, J� 7.3 Hz,
0.5H), 4.25 ± 4.31 (m, 1.5H), 5.82 (s, 0.5H), 5.95 (s, 0.5H), 7.35 ± 7.40 (m,
3H), 7.47 ± 7.51 (m, 2H) ppm; 13C NMR: ���4.48, �4.45, 14.1, 18.0, 22.6,
25.5, 25.8 (3C), 27.5 (0.5C), 27.7 (0.5C), 29.3, 29.5, 29.56, 29.59 (2C), 29.62,
29.79, 29.84 (0.5C), 29.9 (0.5C), 30.91 (0.5C), 30.95 (0.5C), 31.9, 69.9 (0.5C),
70.6 (0.5C), 73.98 (0.5C), 74.02 (0.5C), 75.27 (0.5C), 75.30 (0.5C), 76.1
(0.5C), 76.9 (0.5H), 103.1 (0.5C), 104.0 (0.5C), 126.3, 126.6, 128.3, 129.0,
129.2, 137.7 (0.5C), 138.3 (0.5C) ppm; IR (KBr): �� � 3507, 1068 cm�1; MS
(FAB): m/z : 543 [M�Na]� ; HRMS (FAB): m/z calcd for C31H56NaO4Si:
543.3846; found: 543.3851 [M�Na]� . The alcohol was converted into a
tosylate by the same procedure as that described for the conversion of 32
into 33. Colorless oil; [�]24D ��9.7 (c� 1.03, CHCl3); 1H NMR: �� 0.002 (s,
1.5H), 0.006 (s, 1.5H), 0.022 (s, 1.5H), 0.023 (s, 1.5H), 0.847 (s, 4.5H), 0.854
(s, 4.5H), 0.88 (t, J� 7.0 Hz, 3H), 1.19 ± 1.52 (m, 23H), 1.63 ± 1.72 (m, 2H),
1.90 ± 1.96 (m, 1H), 2.44 (s, 3H), 3.50 (t, J� 7.3 Hz, 0.5H), 3.57 (dd, J� 7.3,
6.4 Hz, 0.5H), 3.84 ± 3.87 (m, 1H), 4.00 (t, J� 7.3 Hz, 0.5H), 4.03 ± 4.09 (m,
1H), 4.11 (dd, J� 7.3, 6.4 Hz, 0.5H), 4.45 ± 4.52 (m, 1H), 5.75 (s, 0.5H), 5.85
(s, 0.5H), 7.32 (dd, J� 8.6, 1.2 Hz, 2H), 7.36 ± 7.39 (m, 3H), 7.42 ± 7.45 (m,
2H), 7.79 (dd, J� 7.9, 3.1 Hz, 2H) ppm; 13C NMR: ���4.81 (0.5C), �4.79
(0.5C), �4.78 (0.5C), �4.5 (0.5C), 14.1, 18.1, 21.5, 22.6, 23.7 (0.5C), 24.0
(0.5C), 25.4 (0.5C), 25.5 (0.5C), 25.8 (3C), 28.4 (0.5C), 28.8 (0.5C), 29.3,
29.4, 29.48, 29.51, 29.58 (2C), 29.62, 31.9, 34.3, 69.8 (0.5C), 70.3 (0.5C), 73.9
(0.5C), 74.0 (0.5C), 75.3 (0.5C), 76.0 (0.5C), 85.2 (0.5C), 85.3 (0.5C), 102.9
(0.5C), 103.9 (0.5C), 126.2, 126.5, 127.8 (2C), 128.21, 128.24, 129.0 (0.5C),
129.2 (0.5C), 129.6 (2C), 134.3, 137.6 (0.5C), 138.3 (0.5C), 144.6 ppm; IR
(KBr): �� � 1097 cm�1; MS (FAB): m/z : 697 [M�Na]� ; HRMS (FAB): m/z
calcd for C38H62NaO6SiS: 697.3934; found: 697.3936 [M�Na]� . The tosylate
was converted into 31d by the same procedure as that described for the
conversion of 33 into 31b. Colorless oil; [�]28D ��3.3 (c� 1.02, CHCl3);


1H NMR: �� 0.078 (s, 3H), 0.084 (s, 3H), 0.88 (t, J� 6.7 Hz, 3H), 0.90 (s,
9H), 1.26 ± 1.69 (m, 22H), 1.79 ± 1.92 (m, 4H), 2.44 (br s, 1H), 3.47 (dt, J�
10.4, 5.5 Hz, 1H), 3.59 (ddd, J� 6.7, 6.1, 3.7 Hz, 1H), 3.76 (brd, J� 11.0 Hz,
1H), 3.96 (td, J� 6.7, 3.7 Hz, 1H), 4.05 ± 4.09 (m, 1H) ppm; 13C NMR: ��
�4.6,�4.4, 14.1, 18.2, 22.6, 25.6, 25.9 (3C), 27.3, 27.7, 29.3, 29.58, 29.61 (3C),
29.7, 29.8, 31.9, 34.0, 65.3, 74.7, 79.3, 81.2 ppm; IR (KBr): �� � 3448,
1052 cm�1; MS (FAB): m/z : 415 [M�H]� ; HRMS (FAB): m/z calcd for
C24H51O3Si: 415.3607; found: 415.3613 [M�H]� .
(3R,4R,7R,8R)-8-(tert-Butyldimethylsilyloxy)-4,7-epoxy-1-trimethylsilyl-
heneicos-1-yn-3-ol (36a): Dess ±Martin periodinane (1.48 g, 3.50 mmol)
was added to a solution of 31a (363 mg, 0.875 mmol) in CH2Cl2 (9 mL) and
pyridine (1 mL) with stirring at 0 �C. After stirring at RT for 1 h, the
mixture was filtered through silica gel and the filtrate was concentrated
under the reduced pressure. Purification by flash column chromatography
(hexane/EtOAc (30:1)) yielded 35a (309 mg, 86%) as a pale yellow oil. The
aldehyde was unstable and was therefore used immediately in the next step.
Aldehyde 35a was converted into 36a by the same procedure as that
described for the formation of (2RS,4S,3�R,4�R)-26a but with trimethylsi-
lylacetylene instead of 25. Colorless oil; [�]24D ��12.9 (c� 1.03, CHCl3);
1H NMR: �� 0.06 (s, 3H), 0.08 (s, 3H), 0.17 (s, 9H), 0.88 (t, J� 6.7 Hz,
3H), 0.89 (s, 9H), 1.23 ± 1.45 (m, 22H), 1.67 (dq, J� 11.9, 8.7 Hz, 1H),
1.75 ± 1.83 (m, 1H), 1.89 ± 1.96 (m, 1H), 2.02 ± 2.08 (m, 1H), 2.47 (d, J�
4.6 Hz, 1H), 3.57 (td, J� 6.6, 3.7 Hz, 1H), 3.91 (td, J� 8.2, 6.6 Hz, 1H), 4.04
(q, J� 6.7 Hz, 1H), 4.18 (dd, J� 6.7, 4.6 Hz, 1H) ppm; 13C NMR: ���4.6,
�4.1,�0.2 (3C), 14.1, 18.3, 22.7, 25.5, 26.0 (3C), 27.7, 28.3, 29.3, 29.57, 29.59,
29.63 (2C), 29.7, 29.8, 31.9, 33.0, 65.6, 74.9, 82.0, 82.9, 90.3, 103.7 ppm; IR
(KBr): �� � 3429, 2175, 1074 cm�1; MS (FAB): m/z : 533 [M�Na]� ; HRMS
(FAB): m/z calcd for C29H58NaO3Si2: 533.3822; found: 533.3846 [M�Na]� ;
CD (c� 1.96� 10�3, CHCl3) [�]20max (nm): �1.7� 104 (184.4).
(3S,4R,7R,8R)-8-(tert-Butyldimethylsilyloxy)-4,7-epoxy-1-trimethylsilyl-
heneicos-1-yn-3-ol (36b): The procedure was the same as that used for
preparation of 36a. Colorless oil; [�]24D ��22.1 (c� 1.04, CHCl3);
1H NMR: �� 0.06 (s, 3H), 0.07 (s, 3H), 0.17 (s, 9H), 0.88 (t, J� 6.7 Hz,
3H), 0.89 (s, 9H), 1.23 ± 1.47 (m, 22H), 1.64 ± 1.73 (m, 1H), 1.93 ± 2.05 (m,
3H), 2.35 (d, J� 6.7 Hz, 1H), 3.56 (ddd, J� 7.3, 5.5, 4.3 Hz, 1H), 4.04 (ddd,
J� 7.9, 6.1, 5.5 Hz, 1H), 4.12 (td, J� 7.0, 3.7 Hz, 1H), 4.39 (dd, J� 6.1,
3.7 Hz, 1H) ppm; 13C NMR: ���4.6, �4.2, �0.3 (3C), 14.1, 18.2, 22.7,
25.6, 25.9 (3C), 26.7, 27.6, 29.32, 29.58, 29.61 (3C), 29.64, 29.8, 31.9, 32.9,
65.0, 75.0, 81.4, 83.5, 90.5, 103.7 ppm; IR (KBr): �� � 3410, 2175, 1090 cm�1;
MS (FAB): m/z : 533 [M�Na]� ; HRMS (FAB): m/z calcd for C29H58NaO3-
Si2: 533.3822; found: 533.3823 [M�Na]� ; CD (c� 1.96� 10�3, CHCl3)
[�]20max (nm): �3.6� 104 (184.0).
(3R,4S,7S,8R)-8-(tert-Butyldimethylsilyloxy)-4,7-epoxy-1-trimethylsilyl-
heneicos-1-yn-3-ol (37a): The procedure was the same as that used for
preparation of 36a, but with (1S,2R)-NME instead of (1R,2S)-NME.
Colorless oil; [�]23D ��18.6 (c� 1.06, CHCl3); 1H NMR: �� 0.049 (s, 3H),
0.052 (s, 3H), 0.17 (s, 9H), 0.88 (t, J� 7.3 Hz, 3H), 0.89 (s, 9H), 1.23 ± 1.43
(m, 22H), 1.89 ± 2.05 (m, 4H), 2.33 (d, J� 6.1 Hz, 1H), 3.78 (ddd, J� 6.1,
5.5, 3.7 Hz, 1H), 4.03 (ddd, J� 7.3, 6.7, 3.7 Hz, 1H), 4.10 (td, J� 6.7, 3.7 Hz,
1H), 4.36 (dd, J� 6.1, 3.7 Hz, 1H) ppm; 13C NMR: ���4.6, �4.2, �0.2
(3C), 14.1, 18.1, 22.7, 25.4, 25.5, 25.9 (3C), 26.9, 29.3, 29.55, 29.57, 29.62 (2C),
29.64, 29.8, 31.9, 34.7, 65.2, 73.0, 81.5, 83.6, 90.5, 103.9 ppm; IR (KBr): �� �
3417, 2175, 1105 cm�1; MS (FAB): m/z : 533 [M�Na]� ; HRMS (FAB): m/z
calcd for C29H58NaO3Si2: 533.3822; found: 533.3855 [M�Na]� ; CD (c�
1.96� 10�3, CHCl3) [�]20max (nm): �3.9� 104 (184.6).
(3S,4S,7S,8R)-8-(tert-Butyldimethylsilyloxy)-4,7-epoxy-1-trimethylsilyl-
heneicos-1-yn-3-ol (37b): The procedure was the same as that used for
preparation of 36b. Colorless oil; [�]24D ��10.3 (c� 1.01, CHCl3);
1H NMR: �� 0.056 (s, 3H), 0.062 (s, 3H), 0.17 (s, 9H), 0.88 (t, J� 7.3 Hz,
3H), 0.89 (s, 9H), 1.23 ± 1.40 (m, 22H), 1.76 ± 1.87 (m, 2H), 1.95 (dq, J�
11.6, 8.5 Hz, 1H), 2.01 ± 2.07 (m, 1H), 2.43 (d, J� 4.3 Hz, 1H), 3.78 ± 3.81
(m, 1H), 3.92 (ddd, J� 7.9, 6.1, 3.1 Hz, 1H), 4.03 (q, J� 6.7 Hz, 1H), 4.18
(dd, J� 6.7, 4.6 Hz, 1H) ppm; 13C NMR: ���4.6, �4.2, �0.2 (3C), 14.1,
18.1, 22.7, 25.2, 25.5, 26.0 (3C), 28.1, 29.3, 29.5, 29.56, 29.61 (2C), 29.64, 29.8,
31.9, 34.7, 65.4, 72.9, 82.0, 82.6, 90.2, 103.9 ppm; IR (KBr): �� � 3410, 2175,
1055 cm�1; MS (FAB): m/z : 533 [M�Na]� ; HRMS (FAB): m/z calcd for
C29H58NaO3Si2: 533.3822; found: 533.3821 [M�Na]� ; CD (c� 1.96� 10�3,
CHCl3) [�]20max (nm): �1.9� 104 (184.8).
(3R,4R,7S,8R)-8-(tert-Butyldimethylsilyloxy)-4,7-epoxy-1-trimethylsilyl-
heneicos1-yn-3-ol (38a): The procedure was the same as that used for
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preparation of 36a. Colorless oil; [�]23D ��5.3 (c� 0.90, CHCl3); 1H NMR:
�� 0.08 (s, 3H), 0.09 (s, 3H), 0.17 (s, 9H), 0.88 (t, J� 6.7 Hz, 3H), 0.90 (s,
9H), 1.23 ± 1.33 (m, 20H), 1.38 ± 1.44 (m, 1H), 1.47 ± 1.51 (m, 1H), 1.78 ±
1.84 (m, 2H), 1.85 ± 1.92 (m, 1H), 1.97 ± 2.05 (m, 1H), 2.67 (d, J� 5.5 Hz,
1H), 3.79 (ddd, J� 6.1, 4.9, 4.3 Hz, 1H), 3.90 (ddd, J� 7.9, 6.1, 4.3 Hz, 1H),
3.99 (ddd, J� 7.9, 6.1, 4.9 Hz, 1H), 4.17 (dd, J� 6.1, 5.5 Hz, 1H) ppm;
13C NMR: ���4.4, �4.0, �0.2 (3C), 14.1, 18.1, 22.7, 24.9, 25.5, 25.9 (3C),
28.1, 29.3, 29.55, 29.61 (3C), 29.64, 29.9, 31.9, 35.0, 66.5, 73.0, 81.9, 82.8, 90.0,
103.9 ppm; IR (KBr): �� � 3440, 2175, 1070 cm�1; MS (FAB): m/z : 511
[M�H]� ; HRMS (FAB): m/z calcd for C29H59O3Si2: 511.4003; found:
511.4003 [M�H]� ; CD (c� 1.96� 10�3, CHCl3) [�]20max (nm): �1.5� 104
(183.4).


(3S,4R,7S,8R)-8-(tert-Butyldimethylsilyloxy)-4,7-epoxy-1-trimethylsilyl-
heneicos-1-yn-3-ol (38b): The procedure was the same as that used for
preparation of 36b. Colorless oil; [�]22D ��12.5 (c� 1.00, CHCl3);
1H NMR: �� 0.08 (s, 3H), 0.09 (s, 3H), 0.17 (s, 9H), 0.88 (t, J� 7.3 Hz,
3H), 0.89 (s, 9H), 1.26 ± 1.32 (m, 20H), 1.40 ± 1.46 (m, 1H), 1.51 ± 1.58 (m,
1H), 1.76 ± 1.83 (m, 1H), 1.87 ± 1.99 (m, 2H), 2.11 ± 2.17 (m, 1H), 2.87 (d,
J� 3.1 Hz, 1H), 3.85 (dt, J� 6.7, 4.9 Hz, 1H), 3.92 (ddd, J� 8.5, 5.5, 4.9 Hz,
1H), 4.09 (dt, J� 7.9, 3.1 Hz, 1H), 4.48 (t, J� 5.8 Hz, 1H) ppm; 13C NMR:
���4.5, �4.2, �0.2 (3C), 14.1, 18.1, 22.6, 24.8, 25.93, 25.96 (3C), 26.02,
29.3, 29.5, 29.59 (3C), 29.63, 29.9, 31.9, 34.9, 65.4, 73.0, 81.3, 82.4, 90.5,
103.4 ppm; IR (KBr): �� � 3442, 2177, 1051 cm�1; MS (FAB): m/z : 511
[M�H]� ; HRMS (FAB): m/z calcd for C29H59O3Si2: 511.4003; found:
511.3981 [M�H]� ; CD (c� 1.96� 10�3, CHCl3) [�]20max (nm): �0.27� 104
(183.4).


(3R,4S,7R,8R)-8-(tert-Butyldimethylsilyloxy)-4,7-epoxy-1-trimethylsilyl-
heneicos-1-yn-3-ol (39a): The procedure was the same as that used for
preparation of 36b. Colorless oil; [�]21D ��37.5 (c� 1.13, CHCl3);
1H NMR: �� 0.08 (s, 3H), 0.10 (s, 3H), 0.16 (s, 9H), 0.88 (t, J� 7.0 Hz,
3H), 0.91 (s, 9H), 1.26 ± 1.33 (m, 20H), 1.41 ± 1.48 (m, 1H), 1.63 ± 1.70 (m,
1H), 1.77 ± 1.90 (m, 2H), 1.96 (dq, J� 12.8, 8.5 Hz, 1H), 2.11 ± 2.17 (m, 1H),
3.05 (d, J� 3.1 Hz, 1H), 3.62 (ddd, J� 7.3, 6.1, 3.7 Hz, 1H), 3.97 (ddd, J�
7.9, 6.7, 3.7 Hz, 1H), 4.11 (ddd, J� 7.9, 4.9, 3.1 Hz, 1H), 4.50 (dd, J� 3.7,
3.1 Hz, 1H) ppm; 13C NMR: ���4.6, �4.2, �0.2 (3C), 14.1, 18.3, 22.7,
25.4, 26.0 (3C), 26.1, 27.6, 29.3, 29.56, 29.60 (3C), 29.64, 29.8, 31.9, 34.2, 65.3,
74.6, 81.3, 81.9, 90.1, 103.7 ppm; IR (KBr): �� � 3439, 2177, 1057 cm�1; MS
(FAB): m/z : 511 [M�H]� ; HRMS (FAB): m/z calcd for C29H59O3Si2:
511.4003; found: 511.4007 [M�H]� ; CD (c� 1.96� 10�3, CHCl3) [�]20max
(nm): �0.41� 104 (183.6).
(3R,4S,7R,8R)-8-(tert-Butyldimethylsilyloxy)-4,7-epoxy-1-trimethylsilyl-
heneicos-1-yn-3-ol (39b): The procedure was the same as that used for
preparation of 36a. Colorless oil; [�]22D ��7.9 (c� 1.00, CHCl3); 1H NMR:
�� 0.078 (s, 3H), 0.083 (s, 3H), 0.17 (s, 9H), 0.88 (t, J� 7.3 Hz, 3H), 0.90 (s,
9H), 1.23 ± 1.45 (m, 21H), 1.58 ± 1.65 (m, 1H), 1.77 (dq, J� 12.2, 7.9 Hz,
1H), 1.81 ± 1.93 (m, 2H), 2.00 (dq, J� 12.8, 7.9 Hz, 1H), 2.85 (d, J� 5.5 Hz,
1H), 3.58 (td, J� 6.1, 4.3 Hz, 1H), 3.98 (ddd, J� 7.9, 6.7, 4.3 Hz, 1H), 4.03
(dt, J� 7.9, 5.5 Hz, 1H), 4.18 (t, J� 5.5 Hz, 1H) ppm; 13C NMR: ���4.6,
�4.2, �0.2 (3C), 14.1, 18.2, 22.7, 25.4, 26.0 (3C), 27.1, 28.1, 29.3, 29.59, 29.61
(3C), 29.64, 29.8, 31.9, 33.9, 65.8, 74.5, 81.7, 82.4, 89.7, 104.3 ppm; IR (KBr):
�� � 3405, 2175, 1078 cm�1; MS (FAB):m/z : 511 [M�H]� ; HRMS (FAB):m/
z calcd for C29H59O3Si2: 511.4003; found: 511.4022 [M�H]� ; CD (c� 1.96�
10�3, CHCl3) [�]20max (nm): �1.5� 104 (183.2).
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Fabrication of Self-Supported Patterns of Aligned �-FeOOH Nanowires by a
Low-Temperature Solution Reaction


Yujie Xiong,[a] Yi Xie,*[a] Shaowei Chen,[b] and Zhengquan Li[a]


Abstract: Self-supported patterns of
oriented alignment of �-FeOOH nano-
wires are fabricated through a simple
solution reaction from the complex
[Fe(phen)3]2� at 60 �C. The alignment
of nanowires with a diameter of 40 nm
and length of 6 �m is relatively uniform.
HRTEM studies show that the growing
direction of �-FeOOH nanowires is
perpendicular to the orientation plane
of self-formed �-FeOOH flake-like sub-


strates. In the reaction and crystal
growth process, the precursor
[Fe(phen)3]2� is undoubtedly vital to
the formation of nanowire alignment.
In detail, the formation of aligned nano-
wires is thought to be realized by con-


trolling two competing reactions. Elec-
trochemical and UV-visible measure-
ments suggest that the product might
have potential applications in lithium
batteries and semiconductor electronics.
This synthetic process is simple, mild,
clean, reproducible, and free of any
template; it provides a novel pathway
for the low-temperature growth of nano-
wires and their simultaneous oriented
alignment.


Keywords: alignment ¥ FeOOH ¥
iron ¥ nanostructures ¥ oriented
wires


Introduction


Nanowires (which are one-dimensional (1D) objects), as the
smallest dimension structures for efficient transport of
electrons, can be applied to detect the theoretical operating
limits of lithium batteries.[1] Recent research on nanowires is
expanding rapidly into their assembly to two- (2D) and three-
dimensional (3D) ordered superstructures.[2±6] In the past
years, due to the anisotropic structure of nanowires, their
alignments are mainly focused on the solid template meth-
od,[2] such as porous alumina and polymer nanotubes.
Recently, a vapor-phase-transport patterned-catalyst growth
technique[3] has been reported to fabricate oriented alignment
of ZnO nanowires, pioneering a new area of chemical
methods to fabricate nanowire alignment. All these methods
utilized templates to control the directional growth on the
heterogeneous substrates. A solution reaction route has also
been developed to construct nanowire alignment on SnO2 or


Al2O3 substrates.[4] There have been some reports attempting
to create self-supported (that is, supported on the self-formed
homogeneous substrates), aligned 1D nanocrystals by simple
and mild chemical reactions;[5] however, the obtained struc-
tures grow radially, not highly oriented. As for the electrode
materials, fabrication methods of their nanowire alignments
are limited in hard template techniques.[6] Thus seeking a
simple and convenient way to fabricate oriented nanowire
alignment is necessary.


The development of new positive electrode materials has
been of interest up to now. Iron compounds seem to be very
attractive for the production of large-scale lithium batteries,
because of their large natural abundance and low cost.
Recently, �-FeOOH, which exhibits a tunnel-type structure
in which the iron atoms are strongly bonded to the framework
that constitutes the tunnels, has been reported to be a
promising candidate for an active iron-based material for
lithium batteries.[7] This material has a more stable structure in
which the possibility of structural collapse is eliminated, and
lithium ions can be intercalated in the tunnels, resulting in its
potential applications as positive electrode materials. More-
over, �-FeOOH is a semiconductor with the band gap of
2.12 eV[8] and can also be used in oxidation/reduction
reactions and hydroprocessing of coal as catalysts,[9] in the
pigment industry,[10] and in the preparation of ferromagnetic
materials, such as �-Fe2O3.[10] Thus, oriented alignment of �-
FeOOH nanowires might have potential applications in
lithium batteries, semiconductor electronics, and preparation
of magnetic recording media materials. In this paper, we
describe a simple solution reaction based on [Fe(phen)3]2�


[a] Prof. Y. Xie, Dr. Y. Xiong, Dr. Z. Li
Structure Research Laboratory and Department of Chemistry
University of Science and Technology of China
Hefei, Anhui 230026, (P. R. China)
Fax: (�86)551-3603987
E-mail : yxielab@ustc.edu.cn


[b] Prof. S. Chen
Department of Chemistry
Southern Illinois University
Carbondale, Illinois 62901-4409 (USA)
E-mail : schen@chem.siu.edu


Supporting information for this article is available on the WWWunder
http://www.chemeurj.org or from the author.


FULL PAPER


Chem. Eur. J. 2003, 9, 4991 ± 4996 DOI: 10.1002/chem.200305118 ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 4991







FULL PAPER Y. Xie et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 4991 ± 49964992


(phen� 1,10-phenanthroline) to fabricate self-supported pat-
terns of oriented alignment of �-FeOOH nanowires. To the
best of our knowledge, this is the first case that a self-
supported pattern of oriented alignment of nanowires is
fabricated by means of a low-temperature solution route.


Results and Discussion


Phase and purity of as-obtained product–X-ray diffraction
(XRD) pattern : The as-obtained product powder was deter-
mined by the X-ray diffraction (XRD) pattern, shown in
Figure 1. All the reflection peaks can be indexed to pure


Figure 1. The XRD pattern of the oriented alignment of �-FeOOH
nanowires, showing evident orientation along (002) plane.


tetragonal �-FeOOH (JCPDS card 34-1266, a� 10.535 ä, c�
3.030 ä). No characteristic peak was observed for other
impurities such as �-Fe2O3 and �-Fe2O3. The (002) peak
intensity has been evidently increased in the obtained XRD
pattern, implying the �-FeOOH nanowires align along the
[001] axis. The peaks of other crystal planes still appear in the
XRD pattern, due to the fact that this pattern was measured
on the powder sample in which the nanowires were randomly
mixed.


The morphology and growth direction of as-obtained product :
The morphology of the product was examined by the field
emission scanning electron microscopy (FE-SEM), whereby
the solid sample was mounted on a copper slice without any
dispersion treatment. One can observation (Figure 2A and B)
that the nanowires are aligned mostly in the same direction.
More direct observation of the cross section (Figure 2C(3))
reveals that the nanowires with a diameter of 40 nm and
length of 6 �m are densely aligned and relatively straight.
From a blank part near the fringe of aligned nanowires
(Figure 2C(1)) and a naked fringe of flake (Figure 2C(2)), it is
found that the aligned nanowires grow on flake-like sub-
stances that have irregular edges of several micrometers.
More careful observations of these regions show that the
nanowires near the fringes of flakes have less density, shorter
length, and less order alignment. The energy dispersive X-ray
analyses (EDXA) of both the nanowires and the supporting-


Figure 2. A) and B) FE-SEM images of the oriented alignment of �-
FeOOH nanowires without any treatment. C) FE-SEM images of 1) the
aligned nanowires and the blank part near the fringe; 2) the naked fringe of
flakes, revealing the aligned nanowires grow on flakes ; and 3) the cross
section of oriented-aligned nanowires.


flakes show the Fe and O composition to be that of �-FeOOH.
These results clearly show the oriented alignment of �-
FeOOH nanowires supported on self-formed �-FeOOH
flakes.


The product was further investigated by high-resolution
transmission electron microscopy (HRTEM), whereby the
sample was treated by ultrasonic dispersion in ethanol for
30 min and then put onto a copper grid. TEM observations
(Figure 3A and C) show that after ultrasonic dispersion
treatment, the oriented alignments are destroyed and the
nanowires and the supporting-flakes were entirely separated.
The one-dimensional HRTEM image of the nanowires (Fig-
ure 3B) shows that the as-obtained nanowires are structurally
uniform and crystalline. The interdistance of lattice planes is
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approximately 3.8 ä, which can be indexed to the (002)
plane. Meanwhile, the electron diffraction pattern (inset in
Figure 3B) can be indexed to the [110] zone axis of tetragonal
�-FeOOH, further confirming that the nanowires are crystal-
line and grow along [001] axis. Figure 3C shows a typical
TEM image of flakes, in which the texture results from the
electron beam on the thin layer of sample.[11] In the two-
dimensional HRTEM image of the flakes (Figure 3D), lattice
planes can clearly be seen (d� 3.8, 3.6 ä) and indexed to the
(220) and (300) planes of tetragonal �-FeOOH, respectively.
The electron diffraction pattern (inset in Figure 3D) of the
flakes can be indexed to [001] zone axis of tetragonal �-
FeOOH, revealing that the flake-like substrates are oriented
along the (001) plane. All these results indicate that the
growing direction of nanowires is vertical to the orientation
plane of flakes. The EDXA of both the nanowires and the
supporting-flakes show the Fe and O in the composition of �-
FeOOH. These EDXA results performed with TEM are in
good agreement with those from SEM.


Possible formation mechanism of self-supported patterns of
aligned �-FeOOH nanowires : In the current work, the
precursor of [Fe(phen)3]2� is undoubtedly vital to the for-
mation of nanowire alignment. In previous research, although
many other routes were developed to prepare 1D �-
FeOOH,[12] no oriented alignment of 1D objects has been
observed. It indicates that the formation of these nano-
structures does not result from the structural characteristics of
�-FeOOH.


A convenient and basic route to �-FeOOH in previous
research is to carry out the hydration and oxidization/
hydrolysis of Fe2� or hydrolysis of Fe3� ions. Those reactions
are too rapid, resulting in the difficulty of controlling the
crystal growth of �-FeOOH. In our approach to the oriented
alignment of 1D �-FeOOH, the complexing reagent of 1,10-
phenanthroline slows down the oxidization/hydrolysis of Fe2�


ions, so that the reactions proceed more slowly to provide
enough time for the growth of �-FeOOH crystal. It can also
adsorb to specific surfaces to affect the morphology of the
crystals.


From the structural characteristics, [Fe(phen)3]2� has a
distorted octahedral structure, which can be gradually hy-
drated to [Fe(H2O)2(phen)2]2�, [Fe(H2O)4phen]2�, and
[Fe(H2O)6]2� [Eqs. (1) ± (4)].


[Fe(phen)3]2�� 2H2O � [Fe(H2O)2(phen)2]2�� phen (1)


[Fe(H2O)2(phen)2]2�� 2H2O � [Fe(H2O)4phen]2�� phen (2)


[Fe(H2O)4phen]2�� 2H2O � [Fe(H2O)6]2�� phen (3)


4 [Fe(H2O)6]2��O2 � 4�-FeOOH� 8H�� 18H2O (4)


The resulting [Fe(H2O)6]2� can be oxidized and hydrolyzed
into �-FeOOH in air,[13] which ensures the completion of the
hydration from [Fe(phen)3]2� to [Fe(H2O)6]2�. It is note-
worthy that the phen ligand can stabilize Fe2�, preventing
[Fe(phen)3]2� from oxidization by air.[13] With the dissociation
of phen and the hydration of [Fe(phen)3]2�, the complexes of


Figure 3. A) TEM image of �-FeOOH nanowires after ultrasonic dispersion treatment. B) HRTEM image and electron diffraction pattern of �-FeOOH
nanowires. C) TEM image of �-FeOOH flake-like substrates after ultrasonic dispersion treatment. D) HRTEM image and electron diffraction pattern of �-
FeOOH flake-like substrates.
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Fe2� are more and more inclined to be oxidized by air. For
example, a little [Fe(H2O)2(phen)2]2� can be oxidized to
[Fe(H2O)2(phen)2]3�, which can also eventually form �-
FeOOH [Eqs. (5) ± (8)].


4 [Fe(H2O)2(phen)2]2��O2� 2H2O � 4[Fe(H2O)2(phen)2]3��
4OH� (5)


[Fe(H2O)2(phen)2]3�� 2H2O � [Fe(H2O)4phen]3�� phen (6)


[Fe(H2O)4phen]3�� 2H2O � [Fe(H2O)6]3�� phen (7)


[Fe(H2O)6]3� � �-FeOOH� 3H�� 4H2O (8)


Thus, the first-degree hydration process will most probably
form two products: [Fe(H2O)2(phen)2]2� and
[Fe(H2O)2(phen)2]3�, shown as the complex I and II, respec-
tively, in Scheme 1. In complex I, the Fe2� ion has a d6 high-
spin structure, and the two ligands of phen lie on an
approximate square plane.[14] Hence, there exists planar steric
inhibition for the later oxidization/hydrolysis reactions; this
leads to the preferential oxidization/hydrolysis along its
normal direction. This is advantageous for the growth of �-
FeOOH nanowires along [001] axis by the oxidization and
hydrolysis processes. In complex II, the Fe2� ions with d5


structure have larger splitting energy than Fe3� ions, and the
two ligands of phen tend not to from a plane;[13] thus, the steric
inhibition along the normal direction of the complex results in
the preferential hydrolysis at the plane and, hence, the
formation of �-FeOOH flakes with (001) orientation. Evi-
dently, the oxidization degree from complex I to complex II is
relatively low and the first hydration process is more inclined
to produce I. Thus, it should bemore undemanding to produce
the nanowires than the flakes, resulting in the production of a
mass of nanowires and a small quantity of flakes. Since the
axis growth plane of nanowires is consistent with the
orientation plane of flakes, the nanowires should grow easily
on the flakes in an oriented manner.


The reaction temperature is also an important parameter in
the fabrication of these nanostructures. Most probably, a
kinetic control is needed to form both the complexes I and II
at the same time, which in turn results in the simultaneous


formation of nanowires and flakes. Since the oxidization from
complex I to II evidently needs a relatively high temperature,
a temperature of 60 �C is required for the simultaneous
formation of nanowires and flakes. Our experiments indicate
that the products prepared at room temperature are all
nanowires without flakes supporting. However, at too high
reaction temperatures, rapid hydration and oxidization/hy-
drolysis reactions occur, and none of the desired nano-
structures are obtained. For example, only �-FeOOH with
polyhedron morphology is obtained at 100 �C.


The electrochemical properties of as-obtained product : The
Mˆssbauer spectrum reveals that residual chlorine content of
�-FeOOH is relative low; thus, the sample has more sites to
accommodate lithium, resulting in its potential application for
positive electrode material in lithium batteries. Figure 4 shows


Figure 4. Charge and discharge curves of the sample.


the charge and discharge curves of the as-obtained product,
which were obtained by using LiClO4/(2ethylene chloride
� 2dimethyl chloride� diethyl chloride) as electrolyte in a
glass cell. The cell was first discharged to intercalate the
lithium ions in the tunnels and then charged to extract them at
a current density of 0.1 mAcm�2. During the process of first
discharge, the cell shows a plateau at around 2 V and a


Scheme 1. Schematic formation illustration of the oriented alignment of nanowires growing on self-formed flakes.
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capacity of over 278 mAhg�1. These experimental data show
that proton de-intercalation is very difficult, and only lithium
intercalation and de-intercalation occur as the following
reaction [Eq. (9)].


�-FeOOH�Li�� e� � FeOOHLi (9)


The measured capacity of the sample is very close to the
theoretical one (283 mAhg�1) calculated from this reaction
and the reported experimental one of bulk �-FeOOH;[7] this
indicates that approximately one lithium ion could be
intercalated and extracted from the tunnels. It was also
confirmed by elemental analysis of discharged material, which
gives a composition of FeOOHLi0.95 . During the second
discharge, the potential of the cell increased slightly to 2 ±
2.5 V. The overall discharge capacity of the sample after
15 cycles was almost the same as that of the first cycle
(278 mAhg�1), revealing that the charge and discharge cycles
run well.


The X-ray photoelectron spectra (XPS) were used to
analyze the sample before and after discharge. Figure 5A
and B show the XPS core level spectrum of Fe 2p orbitals of
the sample before and after discharge, respectively. The
position of the Fe 2p3/2 peak of the sample before discharge
(712.5 eV) is consistent with that of trivalent iron as reported
in Fe2O3


[15] and bulk �-FeOOH. The Fe 2p peaks after the
discharge are shifted toward low binding energy, and the
observed 2p3/2 binding energy of the discharged sample
(708.1 eV) is consistent with the reported data of divalent
Fe.[15] It indicates that trivalent iron is reduced to the divalent
state during lithium insertion in the tunnels upon discharging.
Figure 5C shows the XPS core level spectrum of Li 1s orbitals
for the discharged sample. The position of the Li 1s peak
(57.1 eV) is very close to that of LiCl (56.9 eV), in which
lithium is purely ionic,[15] revealing that the lithium in the
tunnel after discharge is purely ionic. Therefore, the good
cyclic reversibility of the sample observed in the electro-
chemical performance measurements should be contributed
to the pure ionic state of lithium in the tunnels that can be
freely extracted and intercalated back without any alteration.
The above measurements indicate that the as-obtained
sample exhibits a potential slightly higher than 2 V and a
capacity of 278 mAhg�1. All these features are as same as
those of bulk �-FeOOH.[7] Since 1D systems, as the smallest
dimension structures for efficient transport of electrons, can
be applied to detect the theoretical operating limits of lithium
batteries,[1] and more and more efforts have been applied to
fabricate the nanowire alignment of electrode materials,[6] this
route to fabricate nanowire alignment of electrode materials
is significant. Certainly further work is desired to reveal how
the nanowire alignment of this electrode material improves
the performances of lithium batteries.


The optical properties of as-obtained product : The optical
absorption property of well-aligned �-FeOOH nanowires was
investigated with room-temperature (RT) by UV-visible
spectroscopy (Figure 6A). Since the onset of the absorption
spectrum generally represents the larger end of the size
distribution,[16] the position of the absorption onset shows the


Figure 5. A) Fe 2p core level spectrum of the sample before discharge.
B) Fe 2p core level spectrum of the sample after discharge. C) Li 1s core
level spectrum of the sample after discharge.


length of the nanowires. The larger differences between the
peak (490 nm) and the onset, which might be related to the
width of particle size distribution,[16] are characteristic for
nanowires. The spectrum obtained by using the energy as
abscissa (Figure 6B) shows that the bandgap of the sample is
2.35 eV. Compared to the reported bandgap of bulk �-FeOOH
at 2.12 eV,[8] the substantial blue shift indicates that the �-
FeOOH nanowires are quantum confined and have the
properties of semiconductor.
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Figure 6. A) UV spectrum of the oriented alignment of �-FeOOH nano-
wires. B) Spectrum obtained by using the energy as abscissa.


Conclusion


In summary, self-supported patterns of oriented alignment of
�-FeOOH nanowires are fabricated by a simple solution
reaction from the complex [Fe(phen)3]2� at 60 �C. The align-
ment of nanowires with a diameter of 40 nm and length of
6 �m is relatively uniform. HRTEM studies show that the
growth direction of �-FeOOH nanowires is vertical to the
orientation plane of self-formed �-FeOOH flake-like sub-
strates. The precursor [Fe(phen)3]2� is undoubtedly vital to the
formation of nanowire alignment. In the reaction and crystal
growth process, it is thought that the formation of self-
supported nanowire alignment results from two competing
processes. The characterization of the electrochemical per-
formance and the UV-visible spectrum show that the product
is expected to have potential applications in lithium batteries
and in the semiconductor industry. This process is simple,
mild, clean, reproducible, and free of any template; it provides


a new pathway for the low-temperature growth of nanowires
and their simultaneous oriented alignment.


Experimental Section


In a typical experiment, FeCl2 (0.50 g, 2.5 mmol) and 1,10-phenanthroline
(1.35 g, 7.5 mmol) were loaded into a 125 mL jar that was then filled with
H2O up to 40% of the total volume. Subsequently, the jar was heated at
about 4 �Cs�1 from 25 to 60 �C, and kept at 60 �C for 6 h. All the steps above
were carried out with magnetic stirring. The jar was then cooled to room
temperature naturally. The precipitate was filtered off, washed with
distilled water and absolute ethanol for several times, and then dried in
vacuum at 60 �C for 4 h.


For details on the material characterization please see the Supporting
Information.
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The Effect of Ring Nitrogen Atoms on the Homolytic Reactivity of Phenolic
Compounds: Understanding the Radical-Scavenging Ability of 5-Pyrimidinols


Luca Valgimigli,*[a] Giovanni Brigati,[a] Gian Franco Pedulli,[a] Gino A. DiLabio,[c]
Marina Mastragostino,[d] Catia Arbizzani,[d] and Derek A. Pratt*[b]


Abstract: Six substituted 5-pyrimidinols
were synthesized, and the thermochem-
istry and kinetics of their reactions with
free radicals were studied and compared
to those of equivalently substituted
phenols. To assess their potential as
hydrogen-atom donors to free radicals,
we measured their O�H bond dissocia-
tion enthalpies (BDEs) using the radical
equilibration electron paramagnetic res-
onance technique. This revealed that the
O�H BDEs in 5-pyrimidinols are, on
average, about 2.5 kcalmol�1 higher
than those in equivalently substituted
phenols. The results are in good agree-
ment with theoretical predictions, and
confirm that substituent effects on the
O�H BDE of 5-pyrimidinol are essen-
tially the same as those on the O�H
BDE in phenol. The kinetics of the
reactions of these compounds with per-
oxyl radicals has been studied by their


inhibition of the AIBN-initiated autox-
idation of styrene, and with alkyl and
alkoxyl radicals by competition kinetics.
Despite their larger O�H BDEs, 5-pyr-
imidinols appear to transfer their phe-
nolic hydrogen-atom to peroxyl radicals
as quickly as equivalently substituted
phenols, while their reactivity toward
alkyl radicals far exceeds that of the
corresponding phenols. We suggest that
this rate enhancement, which is large in
the case of alkyl radical reactions, small
in the case of peroxyl radical reactions,
and nonexistent in the case of alkoxyl
radical reactions, is due to polar effects
in the transition states of these atom-
transfer reactions. This hypothesis is
supported by additional experimental


and theoretical results. Despite this
higher reactivity of 5-pyrimidinols to-
wards radicals compared to phenols,
electrochemical measurements indicate
that they are more stable to one-electron
oxidation than equivalently substituted
phenols. For example, the 5-pyrimidinol
analogues of 2,4,6-trimethylphenol and
butylated hydroxytoluene (BHT) were
found to have oxidation potentials ap-
proximately 400 mV higher than their
phenolic counterparts, but reacted
roughly one order of magnitude faster
with alkyl radicals and at about the same
rate with peroxyl radicals. The 5-pyrimi-
dinol structure should, therefore, serve
as a useful template for the rational
design of novel air-stable radical scav-
engers and chain-breaking antioxidants
that are more effective than phenols.Keywords: antioxidants ¥ lipids ¥


phenols ¥ pyrimidinols ¥ radicals


Introduction


Free-radical chain reactions are of nearly ubiquitous occur-
rence. Among them, autoxidation and radical polymerization


have attracted the widest attention due to their importance in
both natural and industrial processes. As a consequence,
chain-breaking radical scavengers, specifically antioxidants
and polymerization inhibitors, have become key in the control
or prevention of these radical chain reactions. Over the last
decade, the role of antioxidants in human health has become
even more significant due to the suggested role of free radicals
in heart (atherosclerosis), lung (emphysema), and neuro-
degenerative (Alzheimer×s and Parkinson×s) diseases, as well
as implications in cancer and aging.[1]


The most important and widely employed chain-breaking
radical scavengers for both commercial and therapeutic
applications are phenols (ArOH). Their mechanism of action
relies on the transfer of their phenolic hydrogen atom to the
chain-carrying radical to yield a stable phenoxyl radical that is
unable to propagate the chain [Eqs. (1) and (2)]:


ArO�H�ROO. � ArO.�ROO�H (1)


ArO.�ROO. � non-radical products (2)
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Several investigations have clearly demonstrated that the
radical-scavenging ability of phenols is a function of their
reactivity toward hydrogen-atom transfer, which in turn
depends on their O�H bond dissociation enthalpy
(BDE).[2, 3] Electron-donating (ED) groups, especially in the
conjugated ortho- and para- positions relative to the phenolic
O�H, weaken the bond and increase the rate of hydrogen-
atom transfer to the abstracting radical.[2] This has so far
constituted the major guideline for the rational design of new
and more effective phenolic antioxidants.[4, 5] However, there
is an important limitation to this approach: while the
substitution of phenols with increasingly ED groups (e.g.,
�NH2 and�NR2) decreases the O�H BDEs of phenols it also
decreases their ionization (oxidation) potentials (IPs) so that
they react directly with oxygen through electron transfer
[Eq. (3)], thus reducing their efficacy as antioxidants and
giving them pro-oxidant properties:[4±6]


ArO�H�O2 � [ArO�H] .��O2 .� (3)


This is the case, for instance, for an aza analogue of �-TOH
(1)[4] and for 9-hydroxyjulolidine (2),[7] which were both found
to be relatively useless as antioxidants because of their
instability toward air oxidation. Similarly, this was found to be
the case for the 1,8-napthalene diol (3),[8] which was predicted
to have a lower O�H BDE than �-TOH by approximately
7 kcalmol�1, but reacted less than twice as fast with peroxyl
radicals presumably due to decomposition as it yielded dark
green solutions that contained a multitude of products upon
exposure to air.


We have recently shown that switching from a phenol (4) to
a pyrimidinol (5) structure may be a solution to this
problem.[9] Inspired by our preliminary results we designed
a series of substituted 5-pyrimidinols and undertook a
systematic study to clarify their interesting homolytic reac-
tivity.


Results


Synthesis of compounds 5a ± f : 5-Pyrimidinol (5a) was
prepared by a modification of the original method proposed
by Bredereck et al.[10] Briefly, 5-bromopyrimidine was treated
with sodium methoxide to yield 5-methoxypyrimidine, which


was subsequently demethylated in good yield by treatment
with EtSNa in DMF at 100 �C.
Substituted 5-pyrimidinols bearing an alkyl group in the


2-position (para to the phenolic moiety, 5 b,c) were obtained
by a procedure developed by Dornow and Hell[11] and
subsequently expanded by Connor and Kostlan as shown in
Scheme 1.[12] Thus, the appropriate �-halodiketone, prepared


Scheme 1.


from the parent diketone as shown, was cyclized to the
corresponding 4-acyloxazole by treatment with ammonium
acetate in acetic acid. The oxazole was then subjected to ring
expansion by reaction with aqueous ammonia in a Parr bomb.
Compounds 5d ± f, bearing a 2-dimethylamino or 2-meth-


oxy group, could be prepared according to the general method
of Walker and LaMattina,[13] by direct condensation of the
appropriately substituted guanidine or urea with an �-
acyloxydiketone, which is easily accessible from the parent
diketone (Scheme 2).


Scheme 2.


While this approach furnished the 2-dimethylamino deriv-
ative 5e in good yield, condensation with the less nucleophilic
O-methylisourea leading to the 2-methoxy derivative 5d was
much less effective. The di-tert-butylated 5-pyrimidinol 5 fwas
even more problematic due to the steric effects of the terminal
tert-butyl groups of the 4-acetoxy-2,2,6,6-tetramethyl-3,5-
heptadione to attack by the 1,1-dimethylguanidine. Whereas
the preparation of 5e could be accomplished at room
temperature, 5 f required heating to 100 �C. Unfortunately,
the higher reaction temperature results in some decomposi-
tion of the DMF leading to side product formation and some
hydrolysis of the acetoxy group leading to some oxidation
product formation. Changing the �-acetoxy to benzyloxy and
maintaining the reaction temperature around 65 �C in the
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condensation step usually provided the most satisfying results.
The preparation of 5 f was also achieved by an approach
similar to that shown in Scheme 1, by using a 2-aminooxazole
in place of the 2-methyloxazole.[14] All products were stable
enough to allow handling in an open atmosphere and could be
purified by column chromatography (see the Experimental
Section).


EPR spectra of 5-pyrimidinoxyl radicals : In order to confirm
our expectation that free radicals would abstract the phenolic
hydrogen atom of 5-pyrimidinols to yield 5-pyrimidinoxyl
aryloxyl radicals, we treated 5a ± f with photolytically gen-
erated tert-butoxyl radicals, in deoxygenated benzene solu-
tions, inside the cavity of an EPR spectrometer. In the case of
5b ± f this yielded a single paramagnetic species with spectral
parameters consistent with the aryloxyl radicals derived from
abstraction of the phenolic hydrogen atom. A representative
spectrum is shown in Figure 1 for the aryloxyl radical derived
from 5e. The reaction of tBuO. with 5a leads to very weak
EPR signals presumably due to the short lifetime of the
corresponding aryloxyl radical.


Figure 1. EPR spectrum of 2-N,N-dimethylamino-4,6-dimethyl-5-pyrimi-
dinoxyl (derived from 5e) in benzene at 298 K and its low-field expansion.
The arrow indicates the expected position for the center of the first quintet
that is not observed due to the low intensity.


The 5-pyrimidinoxyl radicals are characterized by their
similar g factors (g� 2.0045 ± 2.0047) and of particular hyper-
fine patterns (see Table 1), which include small coupling of
the pyrimidine ring nitrogens (aN� 0.31 ± 1.82 G). The mag-
nitude of these hyperfine splitting constants (Table 1) was
found to decrease on increasing the ED character of the
substituents in the ortho- and para-positions relative to the
pyrimidinoxyl oxygen. By analogy to the phenoxyl radicals,
the 5-pyrimidinoxyl radicals are expected to have an odd
alternate spin population pattern with large positive spin
densities on the aryloxyl oxygen and the 2-, 4-, and 6-positions
in the ring, and small negative spin densities on the 5-position
and the ring nitrogen atoms (see canonical structures A ±D,
Scheme 3). Upon increasing the ED character of substituents
in the 2-position, the higher energy polar structures E ±G,
although normally less important, also contribute to the
description of the electronic properties of the 5-pyrimidinoxyl


Scheme 3.


radical. In E ±G, the spin density pattern is complementary to
that predicted for structures A ±D, that is, positive for the 1-,
3-, and 5-positions and negative for the 2-, 4-, and 6-positions.
The decrease of the nitrogen hyperfine splittings observed by
increasing the ED character of the substituents in the
2-position can thus be interpreted in terms of an increasing
weight of structures E ±G, inducing opposite spin densities at
the 1- and 3-positions with respect to A ±D.


The O�H bond dissociation enthalpies of 5-pyrimidinols : The
O�H bond dissociation enthalpies of 5b ± f were measured
using the radical equilibration EPR (REqEPR) technique
[Eqs. (4) ± (10)].[15] Thus, when a 5-pyrimidinoxyl radical is
generated in the presence of a reference phenol with an O�H
BDE close to that of the 5-pyrimidinol under investigation
(within ca. �2.5 kcalmol�1), an equilibrium is established
between the hydrogen-atom-exchanging phenoxyl and 5-pyr-
imidinoxyl radicals [Eq. (7)].


(tBuO)2 �h� 2 tBuO. (4)


tBuO.�PhOH � tBuOH�PhO. (5)


tBuO.�PymOH � tBuOH�PymO. (6)


PhO.�PymOH �k7
k�7
PhOH�PymO. (7)


2PhO. � non-radical products (8)


2PymO. � non-radical products (9)


PhO. �PymO. � non-radical products (10)
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Table 1. Hyperfine splitting constants and g factors of the aryloxyl radicals
obtained by reactions of 5-pyrimidinols 5b ± f with tert-butoxyl radicals in
benzene at 298 K.


5-Pyrimidinol a(N1,3) [G] a(other)/G g factor


5b 1.82 6.76 (6H, 2 o-Me) 2.0047
7.62 (3H, p-Me)


5c 1.66 0.15 (18H, 2 o-CMe3) 2.0047
9.58 (3H, p-Me)


5d 1.38 6.54 (6H, 2 o-Me) 2.0045
1.38 (3H, p-OMe)


5e 0.31 4.01 (6H, 2 o-Me) 2.0046
4.81 (1N, p-NMe2)
4.59 (6H, p-NMe2)


5 f 0.32 0.15 (18H, 2 o-CMe3) 2.0045
4.82 (1N, p-NMe2)
4.73 (6H, p-NMe2)
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The EPR spectra recorded under these conditions are
actually superpositions of the spectra of the two equilibrating
aryloxyl radicals from which the molar ratio [PymO.]/[PhO.]
can be obtained and used to determine the equilibrium
constant K7 [Eq. (11)]:


K7� [PymO.][PhOH]/[PymOH][PhO.] (11)


Initial concentrations are chosen such as to avoid significant
consumption of the phenol and 5-pyrimidinol during the
equilibration experiments (ca. 0.1�).
This approach can only be applied if the rate of the


hydrogen-atom transfer reaction between the equilibrating
species [Eq. (7)] is rapid relative to the decay of the phenoxyl
and 5-pyrimidinoxyl radicals [Eqs. (8) ± (10)], so that it is the
equilibrium concentrations of the two radicals that are
actually measured.[2a] The O�H BDEs can then be calculated
fromK7 by means of Equation (12), assuming that the entropy
change �S0 for the hydrogen-atom transfer reaction [Eq. (7)]
is negligible.


BDE(PymOH)�BDE(PhOH)��H0�BDE(PhOH)�RT lnK7 (12)


The validity of this assumption has already been demon-
strated with phenols[2b] and phenothiazines,[15] and as such we
believe it can be safely extended to 5-pyrimidinols. Results are
collected in Table 2 together with available O�H BDEs
measured previously for equivalently substituted phenols and
�-tocopherol. We also include the calculated data from our
preliminary communication for comparison.[9]


Kinetics of reactions with alkyl radicals : The kinetics of the
reactions of 5a ± fwith alkyl radicals were studied by using the
radical clock technique.[16, 17] This involves the competition
between a reference unimolecular process and the bimolec-
ular process under investigation. Here, the 5-exo cyclization of
the 1-hexenyl radical (kr� 2.3� 105 s�1 at 298 K),[18] the
neophyl radical rearrangement (kr� 1.1� 103 s�1 at
298 K),[19, 20] and the similar 1,2-aryl migration of 2-methyl-2-
(2-naphtyl)-1-propyl (MNP) radical (kr� 1.4� 104 s�1 at
298 K)[21] were employed to determine the rate constants for
hydrogen-atom transfer from 5-pyrimidinols 5a ± f to primary
alkyl radicals.


The alkyl radicals were generated in the reaction medium
by photolyzing a deoxygenated solution of the corresponding
bromide in the presence of hexabutyldistannane, according to
the reactions given in Equations (13) ± (17):


Bu3Sn�SnBu3 �h� 2Bu3Sn . (13)


Bu3Sn
.�RBr � Bu3SnBr�R . (14)


R . �kr R� . (15)


R .�PymOH �kH RH�PymO. (16)


R� .�PymOH � R�H�PymO. (17)


The alkyl radicals were then allowed to react with the
5-pyrimidinol under investigation, which was present in
variable concentration in the reaction mixture. Under con-
ditions chosen to avoid significant consumption of the
5-pyrimidinol during the reaction, the rate constant for
hydrogen-atom transfer from the substrate to the primary
alkyl radical (kH) can be obtained by GC (or GC/MS) analysis
of the reaction mixture according to Equation (18).[17, 22]


kH[PymOH]�kr
	RH

	R�H
 (18)


All measurements were carried out in benzene except for
compounds 5a and 5b, due to their limited solubility in this
solvent. Therefore, in order to obtain comparable values of kH
along the series of 5-pyrimidinols, the reactivity of 5a and 5b
in benzene had to be estimated. This was accomplished by
taking advantage of the linear free-energy relationship of
Equation (19) in which �S is the Kamlet ± Taft ±Abraham
solvatochromic parameter that describes the hydrogen-bond-
accepting ability of a solvent S.[23, 24] Once the value of the
empirical parameter b and that of the rate constant in a non-
hydrogen-bonding solvent (logk0) is determined from exper-
imental values, the value of kS in benzene (�S� 0.10) can be
easily obtained by using Equation (19).[25, 26]


logkS� logk0� b�S (19)


The results are collected in Table 3 together with those for
equivalently substituted phenols measured previously[3] by the
same technique.
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Table 2. Experimental O�H BDEs in benzene at 298 k for 5-pyrimidinols 5a ± f, phenols 4a ± d, and �-tocopherol.[a] All values in kcalmol�1.


5-Pyrimidinol BDE �BDE[b] Calcd[c] �BDE[d] Phenol BDE �BDEb Calcd[c] �BDE[d]


5a (90.3)[e] 0.0 0.0 4a 88.3� 0.8 0.0 0.0
5b 85.20� 0.50 � 5.1 � 6.4 4b 82.73� 0.18 � 5.6 � 6.7
5c 84.10� 0.25 � 6.2 ±[f] 4c 81.02� 0.13 � 7.3 ±[f]


5d 82.48� 0.50 � 7.8 � 9.8 4d 80.0[g] � 8.3 � 10.1
5e 78.16� 0.25 � 12.1 � 15.5 4e[h] ± ± � 14.8
5 f 76.64� 0.10 � 13.7 ±[f] 4 f[h] ± ± ±[f]


�-TOH 78.23� 0.25 � 10.1 � 12.3
[a] Values for the corresponding phenols (when available) are from reference [2]. Errors correspond to twice standard deviation and do not include the error
of the value for the reference phenols used in equilibrations (see Experimental Section). [b] �BDE�BDE(substituted ArOH)�BDE(unsubstituted
ArOH). [c] Using LLM of reference [47]; data from reference [9]. [d] The calculated O�H BDEs in 5-pyrimidinol and phenols are 89.6 and 87.1 kcalmol�1,
respectively. [e] This value could not be obtained from EPR equilibrations and was calculated by least-square fitting of the values for compounds 5b,d,e,
4a,b,d, and �-TOH to the calculated data (see text). [f] Not calculated. See reference [5]. [g] Calculated from the additive contributions of the substituents;
data from reference [2]. [h] Not an air-stable compound.
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The temperature dependence of the rate of hydrogen-atom
abstraction by primary alkyl radicals from a representative
(vide infra) 5-pyrimidinol (5d) was studied by using the
neophyl radical rearrangement as the calibrated competing
unimolecular process (logA� 10.98 s�1, Ea�
10.83 kcalmol�1)[19] in the temperature range 237 ± 276 K.
The Arrhenius plot is shown in Figure 2, from which the


Figure 2. Arrhenius plot for the reaction of 2-methoxy-4,6-dimethyl-5-
pyrimidinol (5d) with neophyl radical in benzene.


following parameters can be calculated: logA� 6.47�
0.36 ��1 s�1, Ea� 0.64� 0.5 kcalmol�1 (value� standard er-
ror).


Kinetics of reactions with alkoxyl radicals : Competition
kinetics were also employed to determine the rate constants
for hydrogen-atom transfer from 5a ± f to alkoxyl radicals.
Here, the competition is between two bimolecular processes:
the reaction of photolytically generated tBuO. with known
amounts of 5-pyrimidinol and known amounts of a reference
substrate [Eqs. (20) ± 24)]. The most appropriate reference
substrate was tris(trimethylsilyl)silane (TTMSS), whose rate
constant for reaction with tert-butoxyl radicals in benzene at
298 K is k19� 1.0� 108 ��1 s�1.[27]


(tBuO)2 �h� 2 tBuO. (20)


tBuO.�PymOH �k21 tBuOH�PymO. (21)


tBuO.� (Me3Si)3SiH �k22 tBuOH� (Me3Si)3Si . (22)


PymO. � non-radical products (23)


(Me3Si)3Si
. � non-radical products (24)


For some compounds, however, the kinetics have also been
investigated by competition with tributyltin hydride (k300K�
2.1� 108 ��1 s�1)[28] or Et3SiH (k300K� 5.7� 106 ��1 s�1).[28]


The tert-butoxyl radicals were generated by irradiating a
solution of di-tert-butyl peroxide that contained an internal
standard and varying amounts of the silane and one of the
5-pyrimidinols with a high pressure Hg-lamp inside a thermo-
statted (298 K) quartz photoreactor. GC and GC/MS analysis
of the reaction mixture before and after UV irradiation
provided the desired rate constants from the loss of the
starting hydrogen-atom-donating substrate (PyrOH and
TTMSS),[29, 17] according to Equation (25).[30]


ln
	�Me3Si�3SiH
i
	�Me3Si�3SiH
f


� k22
k21
ln
	PymOH
i
	PymOH
f


(25)


Results are collected in Table 4 together with those
available from the literature for some representative phenols,
and that for phenol 4bmeasured in this work, for comparison.


Kinetics of reactions with peroxyl radicals : The reactions of
5b ± f with peroxyl radicals were studied by inhibited autox-
idation experiments,[31] that is, by measuring the inhibition of
the AIBN-initiated autoxidation of styrene by the different
5-pyrimidinols in benzene at 50 �C. The rate of oxygen
consumption was monitored with an EPR spectrometer by
measuring the line-width or the intensity of a spectral line of a
persistent nitroxide probe, which was added to the reaction
mixture.[32]


The spin probe employed was tetramethylpiperidine N-
oxide (TEMPO), which was added to the autoxidizing system
in a sufficiently low concentration (usually 5� 10�6�) to avoid
interference with chain propagation. The three spectral lines
of TEMPO (aN� 15.52 G, g� 2.0062) are initially broadened
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Table 3. Second-order rate constants for the reactions of 5-pyrimidinols
5a ± f, phenols 4a ± c, and �-tocopherol with primary alkyl radicals at
298 K.[a]


5-Pyrimidinol kH [��1 s�1] Solvent Phenol kH [��1 s�1]


5a (3.6� 106)[b] PhH 4a 3.4� 104
1.64� 105 CH3CN
1.31� 104 tBuOH 3.8� 102


5b (4.6� 105)[b] PhH 4b 8.5� 104
5.8� 104 CH3CN
8.6� 103 EtOAc
4.9� 103 tBuOH


5c 3.2� 104 PhH 4c 4.8� 103
5d 1.4� 106 PhH
5e 2.9� 106 PhH
5 f 7.1� 105 PhH


PhH �-TOH 6.0� 105


[a] Data for phenols are from reference [3] and were measured by the same
technique and under identical experimental conditions. [b] Calculated from
linear regression of data measured in the other solvents according to
Equation (19) (see text).


Table 4. Second-order rate constants for the reactions of 5-pyrimidinols
5a ± f, phenols 4a ± b, and �-tocopherol with tert-butoxyl radicals at 298 K.


5-Pyrimidinol k [��1 s�1] Solvent Phenol k [��1 s�1]


5a[a] (2.9x 107)[a] PhH 4a[b] 2.8� 108
1.7� 107 CH3CN
9.5� 106 tBuOH


5b[a] (4.3� 108)[a] PhH 4b[c] 8.5� 108
3.5� 108 EtOAc
3.3� 108 tBuOH


5c 4.3� 107 PhH
5d 6.7� 108 PhH
5e 2.4� 109 PhH
5 f 5.0� 108 PhH


PhH �-TOH[b] 3.1� 109


[a] Due to the limited solubility in this solvent, values have been calculated
from linear regression of data measured in the other solvents according to
Equation (19) (see text) [b] Data from reference [26]. [c] Measured in this
work.
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by Heisenberg spin exchange with molecular oxygen in the
air-saturated benzene solution. As oxygen is consumed by the
autoxidation [Eqs. (26) ± (30)] the spectral lines become
sharper, the line-width being a linear function of the molar
oxygen concentration.


R�NNR� �Ri
�
N2� 2R� . (26)


R� . �O2 �diff� R�OO. (27)


R�OO. �RH � R�OOH�R . (28)


R . �O2 �diff� ROO. (29)


ROO. �RH �kp ROOH�R . (30)


ROO. �PymOH �kinh ROOH�PymO. (31)


ROO. �PymO. � non-radical products (32)


2ROO. �kt non-radical products (33)


When 5d ± f were used as antioxidants, a neat inhibition
period of length � was observed (see Figure 3a). This is due to
the competition of reactions in Equations (31) and (32),


Figure 3. a) Oxygen consumption plot for the autoxidation of 5.19�
styrene in benzene containing AIBN (0.0136�) at 323 K, not inhibited
(�), inhibited by 1.07� 10�5� 5d (�), or by 1.07� 10�4� 5c, (�). b) Plot of
the ratio of inhibited over not inhibited rate of oxygen consumption versus
the concentration of the inhibitor (Darley ±Usmar plot) for 5c at 323 K and
numerical fitting of the experimental data according to Equation (36).


representing the chain inhibition by the antioxidant (Pym-
OH), with the chain propagation reaction [Eq. (30)]. At the
end of the inhibition period the antioxidant is completely
consumed and autoxidation can continue uninhibited. From
the length � the ™stoichiometric factor∫ n, that is, the number


of peroxyl radicals trapped by one molecule of antioxidant,
could be determined according to Equation (34). The result-
ing value was n� 2, similar to �-tocopherol.


n� � Ri/[PymOH] (34)


The inhibition rate constant kinh , that is, the rate constant
for the hydrogen-atom abstraction by peroxyl radicals from
the 5-pyrimidinol, could instead be obtained from the slope of
the inhibition period according to Equation (35), by using �-
tocopherol as reference antioxidant[4] under identical exper-
imental conditions.


� d	O2

dt


� kp	styrene
Ri
nkinh	PymOH
 �Ri (35)


The picture was somewhat different with 5b,c for which a
neat inhibition period could not be observed and the oxygen
consumption plot showed a unique retarded autoxidation
trace (see Figure 3a). This behavior is typical of moderately
effective antioxidants that allow chain propagation occur to
some extent. In order to obtain the value of kinh for these
compounds, a series of inhibited autoxidation experiments
were performed under identical experimental conditions
(Ri� 5.0� 10�8 s�1; [styrene]0� 5.19�, T� 323 K) at different
antioxidant concentrations and by plotting the slope of the
autoxidation traces versus the antioxidant concentration,
according to Equations (36) ± (38) developed by Darley ±
Usmar and co-workers (Figure 3b).[33]


��d	O2
�dt�in
��d	O2
�dt�un


� 1� �{(�[PymOH]� 1)� (�2[PymOH]2� 1)1/2} (36)


�� kinh
�2 ktRi�1�2


(37)


�� kp	styrene

�2 ktRi�1�2 � kp	styrene



(38)


For these 5-pyrimidinols, the value of the stoichiometric
factor n could not been determined experimentally, but for
calculations it was assumed to be 2 by analogy with the more
reactive analogues. No autoxidation inhibiting behavior was
observed for the unsubstituted derivative 5a, whose relatively
high (see above) value of BDE make it less reactive toward
peroxyl radicals than styrene itself, under the experimental
conditions employed.
The experimental results are collected in Table 5. Measure-


ments reported by Ingold and co-workers for phenols 4b and
4c,[4] were repeated under experimental conditions identical
to those employed for the 5-pyrimidinols for direct compar-
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Table 5. Second-order rate constants for the reactions of 5-pyrimidinols
5b ± f, phenols 4b,c, and �-tocopherol with peroxyl radicals in benzene at
323 K.


5-Pyrimidinol kinh [��1 s�1] Phenol kinh [��1 s�1]


5b 3.3� 104 4b 1.1� 105
5c 2.2� 104 4c 1.8� 104
5d 2.1� 105
5e 8.6� 106
5 f 4.6� 106


�-TOH 4.1� 106[a]


[a] Reference value obtained from reference [4] as described in reference [15].
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ison.[9] Results were essentially indistinguishable from the
original values.


Calculated barrier heights for hydrogen-atom abstraction
from 5-pyrimidinols by alkyl and peroxyl radicals : To compli-
ment the kinetic data, we computed the structures and
energetics of the transition states for hydrogen-atom abstrac-
tion from both 5-pyrimidinol and phenol by the methyl and
hydroperoxyl radicals. We used the B3LYP/6 ± 31�G(d,p)
level of theory to perform geometry optimizations on the
reactants, transition structures, and products, as well as the
hydrogen-bonded pre- and post-reaction complexes that lie
along the reaction coordinates for reactions that involve the
hydroperoxyl radicals. We also computed single-point ener-
gies using a larger basis set (6 ± 311�G(2d,2p)). For compar-
ison, we performed additional single-point energy calcula-
tions using the MPW1K/6 ± 31�G(d,p) method of Lynch
et al.[34] This approach has been shown to predict hydrogen-
atom transfer reaction barrier heights with a mean unsigned
error of 1.5 kcalmol�1.[35] The results are shown in Table 6.


Oxidation potentials of 5-pyrimidinols : To better understand
the propensity of the 5-pyrimidinols to undergo one-electron
oxidation we have measured the oxidation potentials of 5a ± f
by cyclic voltammety. For comparison, the same measure-
ments were made under the same conditions on the equiv-
alently substituted phenols 4a ± c and �-tocopherol. The
measurements were made with a Pt working electrode and
Ag/Ag� reference electrode in acetonitrile containing 0.5�
Et4NBF4 as electrolyte at a scan-rate of 100 mVs�1.
Reversible redox cycles were obtained only with 5-pyrimi-


dinol 5e, from which the standard potential was calculated,
V���0.55 V versus SCE. Non-reversible voltammagrams
were obtained for 5-pyrimidinols 5b ± d,f, phenols 4a ± c and
�-tocopherol investigated for scan rates up to 200 mVs�1 at
298 K. This is consistent with previously reported electro-
chemical behavior of phenols[36] and is expected given the


increased electron deficiency of radical cations derived from
the electron-poor 5-pyrimidinol ring. No neat oxidation peak
was observed for the unsubstituted 5-pyrimidinol (5a) up to
1.6 V versus Ag/Ag� (1.9 V vs SCE); after this value the
background current from the electrolyte oxidation prevented
the observation of the supposedly weak signal for the
oxidation of the poorly soluble compound 5a. The electro-
chemical behavior was found to be independent of the
working electrode employed (platinum or glassy carbon),
but the renewal of the working-electrode surface, as well as
the exclusive use of freshly prepared solutions of the
compounds, appeared to be a key feature in order to obtain
reproducible results. Results, referred to the SCE electrode,
are collected in Table 7.
In order to evaluate whether the oxidation potentials


correlate with the HOMO±LUMO energy gaps (vide infra),
UV-visible spectra of 5-pyrimidinols 5a ± f, phenols 4a ± c, and
�-tocopherol were measured in the same solvent (CH3CN)
and the maximum absorption wavelengths are reported
alongside the corresponding Eox in Table 7.


Discussion


DFT calculations predict that the presence of two nitrogen
atoms in the phenolic ring at the 3- and 5-positions relative to
the phenolic hydroxyl produces a moderate increase in the
O�H BDE of 2.5 kcalmol�1 (89.6 versus 87.1 kcalmol�1,
respectively).[9] This is best understood as being the result of
both a stabilization of the aromatic � system by the more
electronegative nuclei in the parent aryl alcohol and the
destabilization of the electron-poor aromatic � system in the
aryloxyl radical. At the same time, this is expected to increase
the ionization (oxidation) potential of these compounds
substantially (about 24 kcalmol�1 by DFT[9]), since now the
effect of the electronegative atoms in the radical cation will be
far more destabilizing than on the uncharged radical. These
ideas are illustrated in Figure 4.
Unfortunately, we were unable to obtain both the O�H


BDE and oxidation potential in the unsubstituted 5-pyrimi-
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Table 6. Calculated[a] activation energies and reaction enthalpies for
hydrogen atom abstraction from phenol and 5-pyrimidinol by methyl and
hydroperoxyl radicals. Energies relative to reactants. All values in
kcalmol�1.


ArO�C6H5O ArO�C4H3N2O
I II III I II III


ArO�H� .CH3 � ArO.�H�CH3
Ea 6.2 7.5 10.2 5.8 7.0 9.5
�H � 21.9 � 20.6 � 19.0 � 19.0 � 18.1 � 16.6


ArO�H� .OOH � ArO.�H�OOH
ArO�H ¥¥¥ .OOH[b] � 4.4 � 4.0 � 4.5 � 5.6 � 5.1 � 5.6
[ArO ¥¥¥H ¥¥¥ .OOH]� � 3.4 � 5.1 � 14.7 � 5.3 � 6.6 � 15.1
ArO. ¥ ¥ ¥ H�OOH[c] � 8.1 � 7.0 � 5.6 � 3.6 � 3.0 � 1.7
Ea[d] � 7.8 � 9.1 � 19.2 � 10.9 � 11.7 � 20.7
�H � 0.6 � 1.0 � 3.2 � 3.5 � 3.6 � 5.6
[a] I�B3LYP/6 ± 31�G(d,p)//B3LYP/6 ± 31�G(d,p) II�B3LYP/6 ±
311�G(2d,2p)//B3LYP/6 ± 31�G(d,p) III�MPW1 K/6 ± 31�G(d,p)//
B3LYP/6 ± 31�G(d,p). [b] Hydrogen-bonded pre-reaction complex.
[c] Hydrogen-bonded post-reaction complex. [d] Activation energy is the
difference in energy between the hydrogen-bonded pre-reaction complex
and the transition structure.


Table 7. Experimental oxidation peak potentials in 0.5 � Et4NBF4 in
acetonitrile and UV-visible spectral parameters recorded in acetonitrile for
5-pyrimidinols 5a ± f, phenols 4a ± c and �-tocopherol at 298 K.


Compound Eox vs SCE [V] �max [nm] �molar [Lmol�1cm�1]


4a 1.83 272 925
5a (2.68)[a] 270 2011
4b 1.45 280 743
5b 1.82 270 4214
4c 1.34 279 1492
5c 1.80 267 4950
5d 1.33 290 5604
5e 0.55 327 4007
5 f 0.75 321 3808
�-TOH 0.89 295 3374


[a] Only a lower limit for this value could be obtained directly from cyclic
voltammetry (1.9 V); this value was calculated by least-square fitting of the
values for compounds 5b ± f to the calculated data (see text).
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Figure 4. Schematic representation of the effects of incorporating nitrogen
in the aromatic ring on the relative stabilities of phenol, phenoxyl, and the
phenoxyl radical cation as predicted by DFT calculations.


dinol (5a) to directly compare with the values measured for
the unsubstituted phenol (4a). However, the fact that we
cannot measure these values for 5-pyrimidinol, but we can for
phenol, indicates that both the O�H BDE and oxidation
potential for 5a are indeed greater than for phenol. We are,
nevertheless, able to make estimates of what these values
would be under the current experimental conditions by using
correlations between the other experimental data and our
calculated data. A correlation of the calculated and exper-
imental O�H BDEs in phenols and 5-pyrimidinols is pre-
sented in Figure 5. Clearly, there is an excellent correlation
between them. Thus, an ™experimental∫ solution-phase (ben-
zene) value for the O�H BDE in the unsubstituted 5-pyr


Figure 5. Correlation of the radical equilibration-derived experimental
O�H BDEs in benzene at 298 K with the DFT-calculated gas-phase O�H
BDEs at 298 K in 5-pyrimidinols (�, solid line) and phenols (�, dashed
line). The star indicates the derived solution-phase BDE for the unsub-
stituted 5-pyrimidinol 5a.


imidinolcan be derived from its calculated value of
89.6 kcalmol�1. This value, 90.3 kcalmol�1, is 2.0 kcalmol�1


greater than that in phenol (88.3 kcalmol�1)[2] in good agree-
ment with the predicted gas-phase difference of 2.5 kcalmol�1.
This point is represented with a star in Figure 5.
In Figure 6a a similar correlation of the calculated adiabatic


gas phase IPs in phenols and 5-pyrimidinols and their
corresponding experimental oxidation potentials is presented.


Figure 6. Correlations of the experimental oxidation potentials versus
A) the calculated gas-phase adiabatic ionization potentials (0 K) and
B) the HOMO±LUMO gap energy as determined by UV-visible absorp-
tion spectroscopy in 5-pyrimidinols (�, solid lines) and phenols (�, dashed
lines).


Here, the correlation is only satisfactory. Not surprisingly,
solvent effects change things considerably and also differently
for phenols and 5-pyrimidinols (vide infra). Again, we can
derive an ™experimental∫ solution-phase (acetonitrile) value
for the oxidation potential of the unsubstituted 5-pyrimidinol
from the calculated IP of 219.7 kcalmol�1.[9] This value,
2.6(8) V, is 850 mV greater than that in phenol (1.83 V),
corresponding to approximately 19.6 kcalmol�1 in free en-
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ergy, in reasonable agreement with the increase in the
calculated gas-phase IP of 24.3 kcalmol�1.
Interestingly, both the substituent effects on the O�H


BDEs and the IPs in 5-pyrimidinols were predicted by theory
to be largely preserved compared to phenols, as was clearly
shown by roughly parallel Hammet-type plots of computed
O�H BDEs and IPs versus �p� for substituents para to the
O�H moiety for mono-substituted phenols and 5-pyrimidi-
nols.[9] This theoretical prediction is nicely borne-out by the
substituent effects measured by EPR and presented in
Table 2.
The situation is not as simple for the experimental


oxidation potentials. As can be seen from Table 6, 5-pyrimi-
dinols are very stable toward one-electron oxidation, and
their oxidation potentials are significantly higher than that of
phenols bearing the same set of substituents (e.g., ca.
�400 mV for 5b ± 4b and 5c ± 4c). This fully confirms our
predictions based on calculated (DFT) ionization potentials
(IPs).[9] As we have already pointed out, when the calculated
adiabatic IPs are plotted against the experimental Eox values,
good linear correlations (Figure 6a) are obtained both for
phenols (R2� 0.989) and 5-pyrimidinols (R2� 0.911). How-
ever, unlike for the similar plot of gas-phase calculated O�H
BDEs and experimental BDEs determined in benzene (Fig-
ure 5), the two families of compounds do not fall on a single
regression line in Figure 6. This can be explained by more
substantial solvent (acetonitrile) effects on the heterocyclic
substrate and, more importantly, on the corresponding radical
cation with respect to the phenolic redox couple. Conceivably,
the stronger solvent interactions with the 5-pyrimidinol
radical cations as compared to the phenol radical cations give
way to lower oxidation potentials. Interestingly, on going from
the 4,6-dimethylated to the 4,6-di-tert-butylated compounds,
the Eox increases (0.75 V for 5 f versus 0.55 V for 5e) or does
not really change (1.82 V for 5b versus 1.80 V for 5c) for the
5-pyrimidinols we studied. This is opposite to the trend for
phenols (e.g., 1.45 V for 4b versus 1.34 V for 4c), and opposite
to the calculated gas-phase IPs for both the phenols and
5-pyrimidinols, suggesting that perhaps in the 4,6-di-tert-
butylated 5-pyrimidinols, the preferential solvation is slightly
attenuated. The reliability of the electrochemical measure-
ments is nicely corroborated by correlations of the oxidation
potentials with the HOMO±LUMO electronic transition
energy both with 5-pyrimidinols (R2� 0.993) and phenols
(R2� 0.950) (see Figure 6b).
With the role of the ring nitrogen atoms on the hydrogen-


atom transfer and electron-transfer thermochemistry of
5-pyrimidinols now relatively well characterized both theo-
retically and experimentally, we turn to their effects on the
kinetics of reactions of these compounds with free radicals. It
has been shown elsewhere that within the same series of
antioxidants a good linear free-energy relationship exists
between the BDE of the bond being broken upon attack from
the radical species and the logarithm of the bimolecular rate
constant for the reaction with that radical.[2, 3, 15] An exami-
nation of Tables 2 ± 5 reveals that, at least to a qualitative
level, the same holds true for 5-pyrimidinols, that is, the
relative reactivity of 5-pyrimidinols toward alkyl, alkoxyl, and
peroxyl radicals depends on the magnitude of the O�H BDE,


once the contribution from steric hindrance has been taken
into account.[37] However, a closer look at the data in these
tables allows an unexpected observation to be made: while
the reactivity of 5-pyrimidinols toward alkoxyl radicals
(Table 4) is roughly indistinguishable to that of phenols of
the same or comparable O�H BDE, the reactivity of
5-pyrimidinols toward peroxyl radicals (Table 5) is very close
to that of phenols with the same set of substituents despite the
larger O�HBDE (ca. 2.5 kcalmol�1). Indeed the values of kinh
are 3.3� 104 and 1.1� 105 ��1 s�1 for 5b and 4b, respectively,
with a ratio kinh(5b)/kinh(4b) 0.3, and 2.2� 104 and 1.8�
104 ��1 s�1 for 5c and 4c, respectively, with a ratio kinh(5c)/
kinh(4c) 1. Furthermore, despite the fact that 5e has essen-
tially the same O�H BDE and the same steric crowding
around the reaction center of �-tocopherol (the reference
phenolic antioxidant), it is more than twice as reactive than �-
tocopherol itself, and thus is among the most effective
antioxidants known (kinh� 8.6� 106 ��1 s�1 at 323 K).
Even more significant is the high reactivity displayed by


5-pyrimidinols toward alkyl radicals (Table 3) relative to
phenols with the same set of substituents, for example, 5c
(kH� 3.2� 104 ��1 s�1) and 4c (kH� 4.8� 103 ��1 s�1). The
picture is, however, best envisaged when comparing com-
pounds of the same O�H BDE and similarly hindered
phenolic O�H moieties; thus 5d outperforms 4b by more
than one order of magnitude (kH(5d)/kH(4b) 16). Evidently we
are facing an unusual rate enhancement as a consequence of
the insertion of the two nitrogens in the phenolic ring. This
phenomenon is maximum with alkyl radicals and moderate
with peroxyl radicals, while it is not observed with alkoxyl
radicals. The rate-enhancing effect also appears to become
less and less important on increasing the electronic density at
the aromatic ring; thus the electron-rich 5e (BDE�
78.16 kcalmol�1) is ™only∫ five times more reactive than �-
tocopherol (BDE� 78.23 kcalmol�1) towards alkyl radicals,
while the value of kH for the electron-poor unsubstituted
derivative 5a (BDE� 90.3 kcalmol�1) is two orders of
magnitude higher than the corresponding kH for phenol 4a
(BDE� 88.3 kcalmol�1).
The possibility that the higher than expected reactivity of


5-pyrimidinols is due to some mechanism different from
hydrogen-atom abstraction (e.g., by electron transfer from the
antioxidant to the peroxyl radical followed by fast proton
exchange) can be clearly ruled out for several reasons. First,
we have shown that both the calculated gas-phase adiabatic
ionization potentials as well as the experimentally determined
solution-phase oxidation potentials are higher in 5-pyrimidi-
nols than in the equivalently-substituted phenols. Second, our
EPR experiments revealed that the aryloxyl radical is the only
paramagnetic species generated in reactions of 5-pyrimidinols
with alkoxyl radicals. Furthermore, in our preliminary inves-
tigation,[9] we studied the deuterium kinetic isotope effect
(DKIE) on the reaction of 2,4,6-trimethyl-5-pyrimidinol with
alkyl radicals and on that of 2-N,N-dimethylamino-4,6-
dimethyl-5-pyrimidinol with peroxyl radicals. The DKIE was
measured as kH/kD� 3.1 for both reactions at 298 K. This
value is in line with that previously observed with other
antioxidants, such as phenols[4] and aromatic amines,[15] and is
consistent with a primary DKIE; thus hydrogen abstraction
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appears to be the mechanism for the radical scavenging by
5-pyrimidinols.
In our preliminary communication we suggested, as a


possible explanation for the observed rate enhancement, the
presence of polar effects,[38] that is, that the transition state
(TS) for hydrogen abstraction from 5-pyrimidinols might be
stabilized by the contribution of ionic configurations to its
wavefunction, therefore, reducing the activation energy
required for hydrogen-atom transfer (as represented by the
charge-separated resonance forms in Figure 7). We had


Figure 7. Reaction scheme for the hydrogen abstraction from phenols
(Ar�Phenyl or C6H5, solid line) and 5-pyrimidinols (Ar�Pyrimidyl or
C4H3N2, dotted line) by a radical species R


. , illustrating the contribution of
polar forms in the stabilization of the transition state.


suggested this explanation based upon the idea that the
5-pyrimidinol ring would accommodate a partial negative
charge much better than the phenolic ring. This is supported
by the experimental pKas for 5-pyrimidinol (6.8) and phenol
(9.9).[39] If such a mechanism is operating, this effect is
expected to be more significant on the transition state
involving the nucleophilic alkyl radicals compared to the
electrophilic but polarizable peroxyl radicals. Little or no
stabilization of the TS is expected to come from forms in
which a partial positive charge is placed on the electro-
negative ™RO∫ moiety in hydrogen-atom abstractions by
alkoxyl radicals. These expectations are actually satisfied by
the experimental observations with alkyl and peroxyl radicals.
The close to diffusion rate of hydrogen atom abstraction by
alkoxyl radicals does not allow us to appreciate a very minor
contribution, if any, from polar effects. Furthermore, as it is
actually observed, the contribution from polar forms is
expected to decrease on increasing the ED character of
substituents in the 5-pyrimidinol ring.
The calculations for the barrier heights corresponding to


abstraction of the phenolic hydrogen atom by a methyl radical
from phenol and 5-pyrimidinol are also consistent with the
foregoing. Thus, despite the fact that the reaction of a methyl
radical with phenol is more exothermic than the correspond-
ing reaction with 5-pyrimidinol by about 2.5 kcalmol�1


(calculated difference in O�H BDE between 5-pyrimidinol
and phenol), the latter has a lower barrier by approximately
0.5 kcalmol�1. This is contrary to the Hammond postulate and
is inconsistent with the picture formed from previous work,
which has shown that logkH for phenols and alkyl radicals
correlates very nicely with the O�H BDE.[3] This further


supports the idea of some additional stabilization of the TS by
charge separation.
The results for the calculated barrier heights for the


reactions of phenol and 5-pyrimidinol with hydroperoxyl
radical are different in that they correspond to the relative
exothermicity of the reaction. The reaction of phenol with
hydroperoxyl is roughly 0.5 ± 1 kcalmol�1 endothermic and
the barrier is 8 ± 9 kcalmol�1. The corresponding reaction with
5-pyrimidinol is about 3.5 kcalmol�1 endothermic and the
barrier is 11 ± 12 kcalmol�1. These results are in line with the
Hammond postulate and suggest that no major contribution,
if any, is to be expected from polar effects in these reac-
tions.
In order to obtain some experimental evidence that points


more directly to a polar effect in the 5-pyrimidinol/alkyl
radical reaction, we investigated the temperature dependence
of the rate of hydrogen abstraction by alkyl radicals from
5-pyrimidinol 5d (O�H BDE� 82.5 kcalmol�1) and com-
pared the measured activation energy (Ea) with the value
available from similar studies[3] for the essentially isothermal
reaction of alkyl radicals with 2,4,6-trimethylphenol (4b, O�H
BDE� 82.7 kcalmol�1). The activation energy for the hydro-
gen abstraction from 4b by 5-hexenyl radical in benzene had
been previously reported by some of us as Ea�
3.34 kcalmol�1,[3] while the corresponding term for 5d and
the neophyl radical was measured in this work to be Ea�
0.64 kcalmol�1. Despite the fact that these values are expected
to have appreciable uncertainties due to the limited temper-
ature range that we were able to investigate (ca. 60 �C), the
activation energy measured for the 5-pyrimidinol reaction is
significantly lower than the value recorded for the phenol.
Since the two compounds have essentially identical O�H
BDEs, similar activation energies are expected for their
reaction with alkyl radicals if no other factors affect the
energy of the transition state.[40] The Ea difference between
the two reactions can therefore be taken as an estimate of the
average contribution of the polar effect. Interestingly this
value (Ea(5d)�Ea(4b)��2.7 kcalmol�1) slightly overwhelms
the unfavorable �BDEOH � � 2.5 kcalmol�1 difference be-
tween 5-pyrimidinols and phenols, in good agreement with the
theoretical data. We believe that these results taken together
with the theoretical data and the preceding experimental data
is compelling evidence that suggests the intervention of a
polar effect in the atom transfer between 5-pyrimidinols and
alkyl radicals. Unfortunately, whether or not a similar, but
much attenuated, effect operates in reactions of 5-pyrimidi-
nols and peroxyl radicals remains unclear.
In their only appearances in the literature, 5-pyrimidinols


have been described as having promising pharmacological
activity. Indeed, compounds belonging to this class have been
identified as potential anti-inflammatory and cyto-protective
drugs, whose targets include lipoxygenases and cyclooxyge-
nases.[41] Since the actual mechanism of activity of 5-pyrimi-
dinols has not been elucidated and since several radical
species are known to be involved in the inflammatory
processes,[42] a fascinating hypothesis is that the radical
scavenging ability of these compounds might actually play a
role in their pharmacological activity. We are currently
investigating this further.
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Experimental Section


General procedures : Melting points were recorded on a Reichert
Thermovar apparatus and are uncorrected. GC-MS was performed on a
Hewlett ± Packard 5890 Series II gas chromatograph coupled to a HP5971
Mass Selective Detector which was operated at EI�, 70 eV. High-resolution
mass spectra were obtained on a VG 7070E double-analyzer spectrometer
(EI�, 70 eV). NMR spectra were obtained by using a Varian Gemini
300 MHz with [D6]DMSO as solvent except where noted. EPR spectra
were recorded on a Bruker ESP 300 spectrometer equipped with a ER
033M FF-Lock and a temperature-control standard accessory, a Hewlett ±
Packard 5350B microwave frequency counter, and a NMR gaussmeter for
the determination of the g factors, which were corrected with respect to that
of the perylene radical cation in concentrated H2SO4 (g� 2.00258). Cyclic
voltammetry was performed in acetonitrile with an EG&G PAR 273A
potentiostat-galvanostat. UV-visible spectra were recorded in acetonitrile
with a resolution of 1 nm using a Jasco V-550 spectrophotometer.


Materials : Solvents were of the highest grade available and were used
without further purification. All compounds, except where otherwise
noted, were commercially available (Aldrich, Fluka or Sigma) and were
used as received. 2R,4�R,8�R-(�)-�-Tocopherol (Aldrich) was purified by
column chromatography on silica gel according to a previously described
method.[26] Neophyl bromide (2-methyl-2-phenyl-1-bromopropane) was
prepared from neophyl chloride (Aldrich) according to a literature
procedure.[43] 2-Methyl-2-(2-naphthyl)-1-bromopropane was prepared as
previously described.[21] Di-tert-butylperoxide (98%, Aldrich) was perco-
lated through activated basic alumina and stored at 5 �C prior to use.


Synthesis of 5-methoxypyrimidine :[44] 5-Bromopyrimidine (15 g, 90 mmol;
Fluka) was treated with 5.4 g (0.1 mol) of sodium methoxide (Fluka)
dissolved in methanol (170 mL) at 110 �C in a Parr reactor for 16 hours. The
mixture was cautiously treated with water, neutralized with acetic acid, and
extracted with diethyl ether (3� 100 mL). After drying over Na2SO4, the
solvent was removed under vacuum and the brown solid purified by column
chromatography on silica gel (ethyl acetate/petroleum benzene 9:1) to
yield 7 g (70%) of pale yellow crystals. M.p. 47 ± 48 �C (lit. 47 �C[44]); GC-
MS: m/z (%): 110 (100) [M]� , 83 (14), 68 (98); 1H NMR: �� 3.88 (s, 3H),
8.53 (s, 2H), 8.78 (s, 1H).


Synthesis of 5-pyrimidinol (5a): Sodium hydride (3.38 g, 140.9 mmol;
Aldrich, 60% suspension in mineral oil) was dissolved in dry DMF (60 mL)
in fire-dried glassware to which ethanethiol (4.38 g, 70.4 mmol) was added
dropwise. After stirring for 15 minutes, 5-methypyrimidine was added and
the mixture is heated at 100 �C for 4 hours under argon. The brown
suspension was then ice-cooled, water was added (100 mL), and the
mixture neutralized with acetic acid and extracted in ethyl acetate (4�
100 mL). The organic extract was dried over Na2SO4, the solvent
evaporated under vacuum, and the yellow solid purified by column
chromatography on silica gel eluting with ethyl acetate and crystallized
from dioxane to yield 5a (1.7 g, 50%) as white needles. M.p. 209 ± 212 �C
(lit. 209 ± 211 �C[10]); GC-MS: m/z (%): 96 (100) [M]� , 69 (5), 67 (1);
1H NMR: �� 8.33 (s, 2H), 8.66 (s, 1H), 10.45 ppm (s, 1H, exchanges with
D2O).


Synthesis of 2,4-dimethyl-5-acetyloxazole :[11] 3-Chloropentan-2,4-dione
(8 g, 59.4 mmol; Aldrich) and ammonium acetate (13.7 g, 178.2 mmol,
3 equiv) of were reacted in refluxing acetic acid (70 mL) for 4 hours. The
mixture was then adjusted to pH 5 and extracted with diethyl ether (3�
70 mL). The dried (Na2SO4) organic extract was evaporated under vacuum
and the residue purified by column chromatography on silica gel
(petroleum benzine/ethyl acetate 8:2) to yield the title compound as
orange crystals (30%). M.p. 61 �C (lit. 61 �C[11]); GC-MS:m/z (%): 139 (35)
[M]� , 124 (11), 96 (40), 68 (100).


Synthesis of 2,4,6-trimethyl-5-pyrimidinol (5b):[11] 2,4-Dimethyl-5-ace-
tyloxazole (2.2 g, 15.8 mmol) was reacted with conc. aqueous ammonia
(20 mL, 51 mmol) at 180 �C inside a Parr reactor for 10 hours. After cooling
and adjusting to pH 5 by addition of conc. HCl, the organic material was
extracted in diethyl ether (3� 25 mL) and the extract dried over Na2SO4
and evaporated under vacuum. The solid was crystallized twice from
benzene to yield compound 5b as pale yellow crystals (60%). M.p. 153 �C
(lit. 152 ± 154 �C[11]); GC-MS: m/z (%): 138 (100) [M]� , 123 (20), 109 (18),
95 (9), 82 (14), 69 (32); 1H NMR: �� 2.27 (s, 6H), 2.36 (s, 3H), 8.86 ppm (s,
1H, exchanges with D2O).


Synthesis of 4-bromo-2,2,6,6-tetramethylheptan-3,5-dione :[45] Bromine
(16.4 g, 0.1 mol) was added dropwise to a stirred solution of 2,2,6,6-
tetramethylheptan-3,5-dione (25 g, 0.13 mol; Aldrich) dissolved in CCl4
(150 mL). After stirring for 30 min at room temperature the solvent was
removed under reduced pressure and the resulting yellow oil diluted with
diethyl ether (200 mL), and washed with water (200 mL), NaHCO3 0.5�
(200 mL), and sodium thiosulphate 0.5� (200 mL). After drying (Na2SO4),
the solvent was removed and residue crystallized from hexane at �18 �C to
yield 24.7 g (73%) of title product as white crystals. M.p. 45 �C (lit. 44�
45 �C[45]); GC-MS: m/z (%): 262 ± 264 (0.1) [M]� , 178 ± 180 (15), 163 ± 165
(2), 127 (43), 57 (100); 1H NMR (CDCl3): �� 1.26 (s, 18H), 5.66 ppm (s,
1H).


Synthesis of 2-methyl-4-tert-butyl-5-(2,2-dimethylpropanoyl)oxazole :[12]


4-Bromo-2,2,6,6-tetramethylheptan-3,5-dione (1.5 g, 5.7 mmol) and ammo-
nium acetate (2.63 g, 34.2 mmol) were refluxed in acetic acid (60 mL) for
27 hours. The mixture was diluted with water adjusted to pH 5 by adding
NaOH 0.5� and extracted with ethyl acetate (3� 20 mL). The dried
(Na2SO4) organic solution was concentrated under reduced pressure to
yield an orange oil that is purified by column chromatography on silica gel
(petroleum ether/ethyl acetate 8:2). Yield: 1.25 g (98%); GC-MS:m/z (%):
223 (1) [M]� , 208 (1), 166 (31), 138 (65), 82 (32), 69 (73), 57 (100); 1H NMR
(CDCl3): �� 1.29 (s, 9H), 1.35 (s, 9H), 2.09 ppm (s, 3H).
Synthesis of 2-methyl-4,6-di-tert-butyl-5-pyrimidinol (5c):[12] 2-Methyl-4-
tert-butyl-5-(2,2-dimethylpropanoyl)oxazole (1.25 g, 5.6 mmol) was heated
at 180 �C for 36 hours in a Parr bomb in the presence conc. aqueous
ammonia (100 mL). After removal of the excess ammonia under reduced
pressure, the pH of the solution was adjusted to pH 6 by addition of conc.
HCl. The organic material was then extracted in diethyl ether, which was
subsequently removed under vacuum after drying over Na2SO4. Purifica-
tion by column chromatography on silica gel (petroleum ether/ethyl acetate
8:2) yields 0.87 g (70%) of compound 5c as white crystals. M.p. 55 ± 56 �C;
GC-MS: m/z (%): 222 (14) [M]� , 207 (100), 180 (86), 165 (24), 138 (21), 69
(24); HRMS: m/z : calcd for C13H22N2O 222.1732; found: 222.1734;
1H NMR: �� 1.33 (s, 18H), 2.41 (s, 3H), 7.74 ppm (s, 1H, exchange with
D2O); 13C NMR: �� 25.36, 28.86, 37.33, 144.98, 156.51, 165.35 ppm.
Synthesis of 3-benzyloxypentan-2,4-dione : Sodium benzoate (35.5 g,
0.25 mol) and 3-chloropentan-2,4-dione (16.7 g, 0.12 mol) were reacted in
anhydrous DMSO as described for 4-benzyloxy-2,2,6,6-tetramethylheptan-
3,5-dione. The addition of water followed by extraction in diethyl ether
afforded the title compound as a light orange oil (27.1 g; 100%). GC-MS:
m/z (%): 220 (0.1) [M]� , 178 (10), 105 (100), 77 (40); 1H NMR (CDCl3):
�� 2.39 (s, 6H), 5.72 (s, 1H), 7.50 (m, 2H), 7.64 (t, J� 8 Hz, 1H), 8.12 ppm
(d, J� 7 Hz, 2H).
Synthesis of 2-methoxy-4,6-dimethyl-5-benzyloxypyrimidine : 3-Benzyloxy-
pentan-2,4-dione (3.2 g, 14.9 mmol) was added to of O-methylisourea
hydrogen sulphate (2.56 g, 14.9 mmol; Aldrich) and sodium acetate (2.4 g,
29.8 mmol) in anhydrous DMF (50 mL) under argon. The suspension was
stirred overnight at 100 �C, then cooled, diluted with water (50 mL),
neutralized with acetic acid, and extracted with diethyl ether (3� 25 mL);
the organic layers were then dried (Na2SO4) and the solvent removed under
vacuum. The residue was purified by column chromatography on silica gel
(petroleum ether/ethyl acetate 8:2) to yield 0.7 g (20%) of the title
compound. GC-MS:m/z (%): 258 (5) [M]� , 227 (0.1), 125 (1), 105 (100), 77
(32); 1H NMR: �� 2.24 (s, 6H), 3.88 (s, 3H), 7.47 (m, 2H), 7.69 (t, J� 8 Hz,
1H), 8.17 ppm (d, J� 7 Hz, 2H).
Synthesis of 2-methoxy-4,6-dimethyl-5-pyrimidinol (5d): The protected
5-pyrimidinol (0.7 g, 2.7 mmol) was treated with KOH (0.3 g, 5.4 mmol) in
refluxing ethanol for 10 hours. After cooling and diluting with water, the
solution was adjusted to pH 5 by addition of acetic acid and extracted in
ethyl acetate. After drying (Na2SO4), the solvent was removed under
vacuum and the residue purified by column chromatography on silica gel
(petroleum ether/ethyl acetate 9:1) to yield 0.4 g (98%) of white crystals.
M.p. 89 ± 90 �C; GC-MS:m/z (%): 154 (100) [M]� , 124 (73), 95 (16) 82 (18);
HRMS: m/z (%): calcd for C7H10N2O2: 154.0742; found: 154.0741;
1H NMR: �� 2.27 (s, 6H), 3.75 (s, 3H), 8.56 ppm (s, 1H, exchanges with
D2O); 13C NMR (CD3OD): �� 18.83, 55.02, 144.19, 158.02, 210.02 ppm.
Synthesis of 3-acetoxypentan-2,4-dione : 3-Chloropentan-2,4-dione (10 g,
74.6 mmol; Aldrich) was treated with sodium acetate (12.2 g, 149.2 mmol)
in anhydrous DMSO for 3 hours at room temperature. After addition of
water, the product was extracted in diethyl ether, and the organic solution
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dried (Na2SO4) and concentrated under vacuum. The residue was purified
by column chromatography on silica gel (petroleum ether/ethyl acetate 8:2)
to yield 9.2 g (80%) of the title compound. GC-MS: m/z (%): 158 (10)
[M]� , 116 (87), 101 (28), 74 (100); 1H NMR (CDCl3): �� 2.02 (s, 3H), 2.23
(s, 6H), 5.48 (s, 1H).


Synthesis of 2-dimethylamine-4,6-dimethyl-5-pyrimidinol (5e):[13] 3-Ace-
toxypentan-2,4-dione (1.0 g, 6.3 mmol), sodium acetate (1.0 g, 12.6 mmol),
and 1,1-dimethylguanidine sulphate (1.7 g, 6.3 mmol; Aldrich) were
suspended in anhydrous DMF (70 mL) under argon and the mixture was
stirred for 4 hours at 100 �C. After dilution with water, the resulting
solution was extracted with ethyl acetate (3� 25 mL), the dried (Na2SO4)
extract concentrated under reduced pressure, and the resulting orange oil
subjected to column chromatography on silica gel (petroleum ether/ethyl
acetate 8:2). The title product was crystallized from benzene/petroleum
ether to yield 0.39 g of pale yellow needles (30%). M.p. 149 ± 151 �C; GC-
MS:m/z (%): 167 (85) [M]� , 152 (100), 138 (87), 124 (38), 69 (20); HRMS:
m/z (%):calcd for C8H13N3O: 167.1059; found: 167.1057; 1H NMR: �� 2.18
(s, 6H), 2.97 (s, 6H), 7.84 ppm (br s, 1H, exchanges with D2O); 13C NMR
(CDCl3): �� 20.50, 37.52, 134.08, 154.69, 157.33 ppm.
Synthesis of 4-benzyloxy-2,2,6,6-tetramethylheptan-3,5-dione : Sodium
benzoate (20.3 g, 0.14 mol; Aldrich) and 4-bromo-2,2,6,6-tetramethylhep-
tan-3,5-dione (24.7 g, 0.094 mol) were mechanically stirred in anhydrous
DMSO (250 mL) for 3 hours under argon. After cooling (0 �C) and diluting
with water the title compound crystallized as a pure white solid. Yield
28.0 g (99%); M.p. 82 �C (lit. 85 �C[46]); GC-MS: m/z (%): 304 (0.1) [M]� ,
298 (0.1), 247 (0.1), 220 (5), 105 (100), 86 (5), 77 (20); 1H NMR (CDCl3):
�� 1.25 (s, 18H), 6.46 (s, 1H), 7.47 (m, 2H), 7.61 (t, J� 8 Hz, 1H), 8.08 ppm
(d, J� 9 Hz, 2H).
Synthesis of 2-dimethylamino-4,6-di-tert-butyl-5-pyrimidinol (5 f): 4-Benz-
yloxy-2,2,6,6-tetramethylheptan-3,5-dione (1.0 g, 3.29 mmol) was added to
a stirred suspension of 1,1-dimethylguanidine sulphate (0.87 g, 3.29 mmol)
and K2CO3 (0.9 g, 6.5 mmol) in anhydrous DMF (30 mL) under argon. The
suspension was vigorously stirred overnight at 65 �C then diluted with water
(50 mL) and extracted with diethyl ether, which was then removed under
reduced pressure after drying over Na2SO4. The dark oil was purified by
column chromatography on silica gel (petroleum ether/dichloromethane
9:1) to yield compound 5 f as colorless crystals (80 mg; 10%). M.p. 65 ±
66 �C; GC-MS: m/z (%): 251 (90) [M]� , 236 (92), 222 (31), 209 (96), 194
(28), 167 (43); HRMS: m/z (%):calcd for C14H25N3O: 251.1998; found:
251.1998; 1H NMR: �� 1.32 (s, 18H), 3.02 (s, 6H), 6.90 ppm (s, 1H,
exchanges with D2O); 13C NMR (CDCl3): �� 28.70, 37.13, 37.55, 138.64,
156.08, 163.29 ppm.


Measurement of O�H BDEs : A deoxygenated benzene solution contain-
ing the 5-pyrimidinol under investigation (0.01 ± 1�), an appropriate
reference phenol (0.1 ± 0.2�) and di-tert-butyl peroxide (0.1�) was sealed
under nitrogen in a suprasil quartz EPR tube sitting inside the thermo-
statted cavity of an EPR spectrometer. Photolysis was carried out by
focusing the unfiltered light from a 500 W high-pressure mercury lamp on
the EPR cavity. With compounds originating relatively persistent radical
species (i.e., aryloxyl radicals showing no decay during an EPR field-
sweep) a short (1 ± 5 s) UV pulse was used, while with the less persistent
radicals continuous photolysis was necessary to establish ™radical buffer∫
conditions.[2] The temperature was controlled with a standard variable
temperature accessory and was monitored before and after each run with a
copper-constantan thermocouple. Relative radical concentrations were
determined by comparing the double integrals of at least two lines of the
equilibrating species or, when strong line overlap was present, by
comparison of the digitized experimental spectra with computer simulated
ones. In these cases an iterative least-squares fitting procedure based on the
systematic application of the Monte ±Carlo method was performed in
order to obtain the experimental spectral parameters of the two species
including their relative intensities.


Kinetic measurements


Reactivity toward alkyl radicals : In a typical experiment, 200 �L of a
solution of the 5-pyrimidinol under investigation (0.001 ± 0.1�) containing
either neophyl bromide, 2-methyl-2-(2-naphtyl)-1-propyl bromide or
6-bromo-1-hexene (0.005 ± 0.01�) and bis(tributyltin) (0.001 ± 0.001�) were
sealed in a quartz tube, after being deoxygenated by bubbling nitrogen. The
initial concentration of 5-pyrimidinol was chosen to be high enough to
avoid significant consumption during irradiation, yet low enough to avoid


self-association.[3] The reaction mixture was then irradiated for 15 ±
30 minutes at the desired temperature in a suitable thermostatted photo-
reactor built in our laboratories, equipped with a 125 W high-pressure
mercury lamp, and analyzed by gas chromatography by means of direct
injection and a wide-bore HP-5 column (30 m, 0.53 mm� 2.65 �m film
thickness). The identity of the hydrocarbons to be detected was checked in
a preliminary set of experiments by using GC-MS and authentic samples as
standard reference. For each 5-pyrimidinol, in each solvent, 4 ± 7 measure-
ments were made at the desired temperature with different substrate
concentration and the reaction products× ratio [RH]/[R�H] was plotted
versus the 5-pyrimidinol concentration in order to obtain the kH/kr ratio by
linear regression of the experimental data.


Reactivity toward alkoxyl radicals : A solution of di-tert-butyl peroxide
(0.01 ± 0.1�), a 5-pyrimidinol (ca. 10 ± 500� 10�3�), tris(trimethylsilyl)si-
lane (1 ± 500� 10�3�) as reference hydrogen donor and tert-butylbenzene
as internal GC standard, in benzene, was degassed and sealed under
nitrogen in quartz ampules. For some of the compounds measurements
were repeated using tributyltin hydride (10 ± 100� 10�3�) as competing
hydrogen donor. For the less reactive compounds 5a,b triphenylsilane was
used in place of TTMSS. The reaction mixture was photolyzed at 298 K for
15 ± 30 minutes in a thermostatted photoreactor equipped with a 125 W
high-pressure mercury lamp, and the disappearance of the products was
analyzed by GC. For each compound, the results were averaged over 3 ± 5
measurements with different 5-pyrimidinol/silane concentrations.


Reactivity toward peroxyl radicals : The autoxidation experiments were
performed on solutions of styrene (5.2�) in benzene containing the desired
5-pyrimidinol (5� 10�6 ± 1� 10�3�), AIBN (1� 10�3 ± 4� 10�2�) as ther-
mal initiator, and the stable nitroxide TEMPO (ca. 5� 10�6�) that were air
saturated at room temperature and introduced (ca. 200 �L) into a capillary
tube with the internal diameter of about 1.85 mm. A second capillary tube
(external diameter of 1.60 mm) sealed at one end was introduced into the
sample tube so to leave very little dead volume space. The tube was sealed
and put into the EPR cavity kept at 50 �C and the first spectrum was
recorded after approximately 1 minute to allow for temperature equilibra-
tion time.


Initiation rates : Ri� 2[�-tocopherol]/�, whereby � is the length of the
inhibition period under experimental conditions such that the chain length
is 1, that is, any peroxyl radical deriving from the decomposition of the
initiator (and subsequent reaction with molecular oxygen) reacts with �-
tocopherol. In all the other experiments (i.e., when kinh was to be
measured) care was taken to ensure that the chain length was 8 or higher
during the inhibited period.


The EPR spectra were recorded at regular intervals on a Bruker ESP 300
spectrometer by using the following settings: microwave frequency
9.74 GHz, power 6.4 mW, modulation amplitude 0.7 G, center field
3320 G, sweep time 81 s and time constant 81 ms. For each spectra the
amount of oxygen still present in the sample was determined from the
intensity (I) of the first spectral line of TEMPO, after calibration of the
spectrometer response, according to a previously described method: I�1/2�
Wint� 4�rDox[O2][32] whereby Wintr is the intrinsic line width of TEMPO,
and Dox is the diffusion coefficient of oxygen in the solvent employed.


Electrochemical measurements : Electrochemical experiments on platinum
(PtE) and glassy carbon electrodes (GCE) were performed by cyclic
voltammetry (CV) by using a three-electrode cell with separated compart-
ments in an Ar-filled Mbraun Labmaster 130 dry-box (oxygen and water
content �1 ppm) at room temperature. A reference electrode Ag/AgNO3
1.0� 10�2� in CH3CN was used, and all the potential data in the text are
corrected to be versus saturated calomel electrode (SCE). The CVs were
performed in CH3CN that contained 0.5 � Et4NBF4 with electroactive
molecule concentration �2.5m�, related to the molecule solubility, with
scan rate in the range 50 ± 200 mVs�1. The CH3CN (Fluka) was a reagent
grade product carefully distilled and dried over molecular sieves before
use, and Et4NBF4 (Fluka) was electrochemical grade product dried at 80 �C
under dynamic vacuum overnight. The water content in the solvent and in
the solutions, 30 ppm and 45 ppm respectively, were checked with a
Metrohm 684 KF coulometer.


Method of calculation : The methods for calculating O�Hbond dissociation
enthalpies and ionization potentials of all compounds have been described
elsewhere.[47, 48] For the species involved in barrier height calculations,
geometry optimizations were performed using the B3LYP functional[49]
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with a 6 ± 31�G(d,p) basis set. For hydrogen-atom abstractions by
hydroperoxyl, the hydrogen-bonded pre- and post-reaction complex
structures were also determined. Minima were verified by performing
vibrational frequency calculations. Vibrational frequencies were scaled by
0.9806 as suggested by Scott and Radom.[50] In general, the transition state
structures were found using the STQN algorithm of Ayala and Schlegel,[51]


with the OPT�QST2 or OPT�QST3 keywords in Gaussian-98.[52] In
some cases, a guess at the transition-state structure was obtained from a
failed QST2 calculation and used in a subsequent QST3 calculation. This
procedure was usually successful. Transition-state structures were verified
by the presence of a single negative vibrational mode corresponding to the
reaction path connecting reactants and products. Additional single-point
energy calculations were performed on all structures at the B3LYP/6 ±
311�G(2d,2p) and MPW1K/6 ± 31�G(d,p)[34] levels for comparison.
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Synthesis of a Hexagonal Nanosized Macrocyclic Fluorophore with Integrated
Endotopic Terpyridine Metal-Chelation Sites


Paul N. W. Baxter*[a, b]


Abstract: A rigid nanosized hexagonal
phenylethynyl cyclophane 5 has been
prepared, which incorporates two
2,2�:6�,2��-terpyridines as integral struc-
tural units, for the purpose of binding
metal ions. Macrocycle 5 was obtained
by a 14-step synthesis in an overall yield
of 11%, and was characterised by spec-
troscopic techniques. The efficiency and
ease of all transformations, and the
relatively enhanced yield of the final
macrocyclisation suggests that the entire
synthetic pathway should be amenable


to scale-up. Cyclophane 5 possesses four
bulky triisopropylsilyl(TIPS)-protected
ethyne substituents which serve a dual
role. Firstly, they solubilise the structure
thereby facilitating purification and sub-
sequent handling. Secondly, they enable
post-synthetic modification in which
additional functionality may be attached


to the periphery of the ring. Significant-
ly, 5 was found to be a fluorescent
chromophore, and may therefore poten-
tially function as a new sensory platform
for the detection of metal ions and
H-bond donating biological substrates.
The structurally well-defined nanosized
morphology of 5, coupled with its inter-
esting spectroscopic properties, supports
the expectation that 5 and related archi-
tectures will attain a wealth of future
applications within the developing fields
of nanochemistry and nanoscience.


Keywords: alkynes ¥ cyclooligomer-
isation ¥ cyclophanes ¥ macrocyclic
ligands ¥ nanostructures


Introduction


Over the past two decades, synthetic organic chemistry has
witnessed a gradual paradigm shift, from that of the discovery
of new reactions and the synthesis of novel small molecules, to
the property-targeted generation of new materials with
specific functions.[1a±d] Nowhere has the quest for organic
molecules with new properties been more intense than in the
developing fields of nanoscience and nanochemistry. Nano-
sized organic molecules may exhibit novel physicochemical
properties not expressed by their component parts, and in this
respect constitute a reservoir of structurally and functionally
complex modules from which the forthcoming generation of
21st century smart materials may be expected to emerge.[2a±h]


The relationship between morphology and function be-
comes especially significant when the size of a molecule enters
into the nanoscopic domain. However, the preservation of
molecular shape necessitates the employment of relatively
rigid structural units that can collectively resist opposing
external forces that would otherwise lead to solvophobic


collapse of the desired superstructure. In recent years,
phenylethynyl precursor units have been demonstrated to
serve as particularly effective rigidifying building blocks for
the conservation of nanomolecular shape.[3a±c] The latter
approach has thus far enabled the creation of a structurally
diverse variety of organic phenylethynyl-nanoarchitectures,
such as hyperbranched and dendritic macromolecules,[4a±d]


catenanes,[5] linear oligomers and nanowires,[6a±f] folded spi-
ral[7a±e] and double helical structures,[8a ,b] cages[9a ,b] and macro-
cycles.[10a±n] With respect to phenylethynyl nanoarchitecture
generation, large macrocyclic structures have attracted a
considerable proportion of interest, due primarily to their
ready synthetic access. The latter class of organic materials are
particularly attractive candidates for nanochemical applica-
tions as they display useful functional properties, such as for
example, host ± guest inclusion,[11a±d] liquid crystallinity,[12a±c]


solid-state porosity.[13a ,b]


To expand and diversify the potential range of utilisable
properties of nanosized phenylethynyl macrocycles, an espe-
cially intriguing avenue of investigation would be to endow
such scaffolds with the ability to bind metal ions and
complexes, either internally or externally on the outer surface
of the ring.[14a±l] As well as the above-mentioned properties,
rigid molecular edifices of this type may be envisioned to
exhibit electrochemical, photochemical, magnetic, optical,
catalytic, mechanical and sensory abilities for example.[15a±f]


In relation to the latter considerations, earlier work focused
upon the syntheses of ortho-conjugated phenylethynyl macro-
cycles of the tetrabenzodehydroannulene-type, which incor-
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porated 2,2�-bipyridine 1 ± 3,[14f,h] and pyridine 4,[14a] moieties
for the purpose of metal ion coordination. It was anticipated
that interaction of the pyridine nitrogen atoms with metal ions
would initiate electron density perturbations within the


conjugated macrocyclic framework, which would in turn be
accompanied by a change in properties such as redox
potentials and fluorescence emission energies and intensities.
The ligands would thus function as cation sensors, affording
for example visual spectroscopic signal outputs characteristic
of specific metals. Detailed ion-binding studies revealed that
1 ± 4 did in fact function as fluorescence ion sensors, with 1
giving a chromogenic response specific to Zn2� ions, 2 and 3
undergoing fluorescence quenching with Cu2� and 4 display-
ing fluorescence quenching spe-
cific to Hg2� and PdCl2. It was
concluded from the latter studies
that subtle structural changes in
the macrocyclic framework re-
sulted in dramatic changes in
ion-binding selectivity and sen-
sory signal output. Prior to the
above investigations, it was an-
ticipated that a rigidified, nano-
sized macrocycle with endotopic
metal ion binding sites of in-
creased denticity, may display
particularly efficient guest inclu-
sion and therefore sensory prop-
erties, due to the inherent pre-
organisation of the ring. Signifi-
cantly, a sensory platform of this
type may be expected to signal


the presence of for example, nanosized hydrogen bond donor
biomolecular guests as well as cations.


Nanophane 5 (see Scheme 3) is an example of an organic
molecule that embodies the latter structural requirements.
The cyclophane comprises two endotopic oligopyridine
2,2�:6�,2��-terpyridine units incorporated into a conjugated
hexagonal phenylethynyl macrocyclic scaffold of nanoscopic
dimensions. Towards the goal of creating nanosized sensory
materials, the following account describes the successful
synthesis of 5, and its characterisation by spectroscopic
methods.


Results and Discussion


Nanophane 5 was constructed by using a synthetic strategy
that involved three main stages. In the first stage, the
phenylethynyl vertex precursor 13 was prepared from the
commercially available 6 in five steps (Scheme 1). The second
stage required the synthesis of the metal ion binding module
24 in seven steps starting from the commercially available 14
(Scheme 2). Finally, 13 and 24 were combined to provide the
macrocycle half unit 25, which was subsequently deprotected
and cyclised to give 5 (Scheme 3).


Synthesis of vertex precursor 13 : During initial attempts to
prepare 13, it was anticipated that the required unsymmetrical
1,3,5-R,R�,R��-phenyl substitution pattern could be achieved
by using sequential Sonogashira coupling reactions directly
upon 6 (Scheme 1). However, the 1:1 stoichiometric reaction
between trimethylsilylacetylene (TMSA) in the presence of
CuI and [PdCl2(PPh3)2] catalysts and in Et3N/toluene solu-
tions over a range of temperatures yielded only statistical
mixtures of unreacted 6, 8, di- and tri-ethynylated products
which were difficultly separable by column chromatography
on a large scale. Pure 8 was therefore obtained by way of 7.
The reaction between 7[16] and TMSA in Et3N with CuI and
[PdCl2(PPh3)2] catalysts proceeded very selectively at ambient
temperature to afford 8[17a, b] in 93% yield after work-up.
Treatment of 8 with one equivalent of nBuLi in Et2O at low
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Scheme 1. Synthesis of phenylethynyl vertex precursor 13. i) a) 1 equiv nBuLi, �78 �C, Et2O, 3 h, b) I2/Et2O
(84%); ii) [PdCl2(PPh3)2], CuI cat., TMSA, Et3N, 20 �C, 4d (93%); iii) a) 1 equiv n-BuLi, �78 �C, Et2O, 2 h,
b) ICH2CH2I/Et2O (95%); iv) [PdCl2(PPh3)2], CuI cat. , TIPSA, Et3N, 20 �C, 4.5 days (99%); v) as in (iv), (97%);
vi) as in (i), (71%); vii) as in (ii), (72%); viii) as in (iii), (93%).
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temperature, followed by quenching the phenyllithium inter-
mediate with 1,2-diiodoethane provided 9 in 95% yield after
chromatographic purification. The oil 9 was then coupled with
triisopropylsilylacetylene (TIPSA) in Et3N with CuI and
[PdCl2(PPh3)2] catalysts, to give 10 as a colourless, very viscous
oil in near quantitative yield after work-up.


In parallel to the above synthesis, an alternative preparative
pathway to 10 was also investigated, in which the TIPSA
group was introduced prior to the TMSA. Thus coupling of 7
with TIPSA under conditions similar to that used for the
generation of 8, afforded 11[18] in 97% yield after chromatog-
raphy. Selective monolithiation of 11 followed by addition of
iodine to the intermediate phenyllithium, employing condi-
tions identical those used for the generation of 7, gave 12 in
71% yield. The reaction of 12 with TMSA in Et3N in the
presence of CuI and [PdCl2(PPh3)2] catalysts furnished 10 in
72% isolated yield. The syntheses of 12 and its subsequent
conversion to 10 proceeded in significantly lower yields
compared to the previously described route using 9. The
inferior yields of 12 were partly attributable to a side reaction
in which proteo-debromination of the phenyl ring was
occurring. Both the production of 12 and its reaction with
TMSA involved considerably less clean transformations than
those encountered during the syntheses of 9 and its conversion
to 10. Laborious and repeated column chromatographic
purifications of 12, and the 10 prepared from 12, were thus
required to obtain products that were clean by 1H NMR
spectroscopy. These latter findings demonstrated that the
optimal preparative route to 10 required the introduction of
the TIPSA group in the final synthetic step.


It was anticipated that later in the reaction sequence, the
utilisation of iodophenyl 13, rather than 10, would afford bis-
coupling product 25 in higher yield and greater purity.[19]


Bromophenyl 10 was therefore
lithiated and iodinated at low
temperature in Et2O, to furnish
13 in 93% yield after work-up.


Synthesis of terpyridine precur-
sor 24 : The terpyridine precur-
sor 24 was synthesised by way of
a seven-step pathway starting
from 14 (Scheme 2). Thus 14
was converted to 15[20a ,b] and
the latter compound subjected
to a Corey ± Fuchs reaction, in
which a CH2Cl2 solution of CBr4
was added to a mixture of 15,
PPh3 and excess Et3N in CH2Cl2
at�78 �C. The dibromovinylpyr-
idine 16 was subsequently ob-
tained in 93% yield after work-
up. The reaction was found to be
very exothermic when conduct-
ed at ambient temperature, af-
fording considerably reduced
yields of 16. Dibromovinylpyri-
dine 16 was dehydrobrominated
with NaOMe in MeOH solution


at ambient temperature, to give 17 in 85% yield after
chromatography and recrystallisation.[21a±c] Bromoethyne 17
was then found to undergo a selective halogen ± lithium
exchange at the ethynyl-bromine with one equivalent of
nBuLi in Et2O at �78 �C. Subsequent quenching of the
reaction with ClSiMe3 at low temperature, provided 18 in
88% yield after work-up.


At this point it was envisioned that the tri-n-butylstannyl-
pyridine 19 would also serve as a useful synthon in the
preparation of ethynyl-oligopyridine molecular scaffolds.[22a, b]


Accordingly, the latter stannylpyridine was synthesised by
treatment of a solution of 18 in THF at �78 �C with one
equivalent of nBuLi, followed by quenching of the pyridyl-
lithum intermediate with ClSn(nBu)3, affording 19 in 68%
isolated yield. Scaling-up the lithiation ± stannylation reaction
to quantities of 18 of greater than 2 g did however result in the
isolation of significantly reduced yields of 19. With both
oligopyridine building blocks 18 and 19 in hand, exploratory
investigations could then be undertaken in order to determine
the optimal conditions for the generation of 23.


To assess the potential utility of 19 for the construction of
oligopyridine units, initial approaches to the synthesis of
terpyridine 23 focused upon the palladium catalysed Stille
reaction between 19 and 2,6-dibromopyridine 20.[23] Thus the
reaction between 19 and 20 in the presence of Pd(PPh3)4
catalyst and LiCl in toluene yielded 59% of 23. However,
reduced yields of 23 resulted when the reaction was carried
out using �0.5 g of 19.


Distannylpyridines have been described in the literature as
serving as ideal substrates for the rapid and convergent
construction of oligopyridines.[23, 24a±e] It was originally antici-
pated therefore that the use of distannylpyridines 21[25] and
22[24c, 26a, b] may provide the most convergent and economic
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Scheme 2. Synthesis of 5,5��-diethynyl-terpyridine precursor 24. i) a) 1 equiv nBuLi,�78 �C, Et2O, 1.75 h, b)DMF
(80%); ii) a) PPh3, Et3N, CH2Cl2, b) CBr4/CH2Cl2,�70 �C, 1 h (93%); iii) NaOMe/MeOH, 20 �C, 48 h (85%); iv)
a) 1 equiv nBuLi, �78 �C, Et2O, 2.5 h, b) ClSiMe3 (88%); v) a) 1 equiv nBuLi, �78 �C, THF, 1 h, b) ClSn(nBu)3
(68%); vi) [Pd(PPh3)4] cat. , LiCl, toluene, 120 �C, 24 h (59%); vii) as in (vi), (35%); viii) as in (vi), (53%); ix)
TBAF/THF, THF/distilled H2O, 20 �C, 6 h (93%).
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method of access to 23. However, reaction of a 2:1 stoichio-
metric ratio of 18 :21 under conditions identical to those used
for the preparation of 23 from 19 and 20, resulted in the
formation of 23 in a much reduced isolated yield of 35%.
Reaction scale-up caused further reductions in the yield of 23.
When the coupling was performed using 22 in place of 21, an
enhancement in the isolated yield of 23 to 53% occurred, and
the reaction was also found to be amenable to scale-up.


The above results therefore suggest that the syntheses of
terpyridine 23 from 19 � 20, and 18 � 21, are limited
primarily to small-scale preparations. The most reliable
approach to 23, using the pyridine building blocks described
above is thus the reaction between 18 and 22.


Treatment of an aqueous THF solution of 23 with TBAF,
resulted in smooth desilylation to afford the deprotected
diethynyl-terpyridine precursor 24, in 93% yield.[27]


Synthesis of cyclophane 5 : The third and final stage in the
construction of 5 comprised the combination of the central
metal ion-binding terpyridine unit 24 with 13 to give the
macrocycle precursor half-unit 25 (Scheme 3). Selective
deprotection of 25 followed by a metal-mediated oxidative
dimerisation was then expected to result in the formation of 5.


Thus the ambient temperature reaction between a 2:1
stoichiometric combination of 13 and 24, in the presence of
[PdCl2(PPh3)2] and CuI catalysts and Et3N in pyridine,[28]


afforded 25 in 62% yield. When the reaction was performed
with [PdCl2(dppf)] ¥ CH2Cl2 (dppf� 1,1�-bis(diphenylphos-
phino)ferrocene) in place of [PdCl2(PPh3)2], a product of


inferior purity was obtained, which required repeated chro-
matography to remove the contaminants. As a result, a
slightly lower yield of 59% 23 was isolated from the reaction
catalysed by [PdCl2(dppf)] ¥ CH2Cl2.


Preferential deprotection of trimethylsilylethynes in the
presence of triisopropylsilylethynes has been reported to be
achievable with aqueous hydroxide.[29] Surprisingly, when a
solution of 25 in THFat 0 �C was treated with two equivalents
of aqueous KOH in MeOH, and the reaction stirred at
ambient temperature for 24 h, the deprotection occurred
unselectively with the formation of a statistical distribution of
four desilylated products as judged by TLC analysis. The
desired terpyridine 26 was subsequently isolated from the
reaction in a disappointing 53% yield. An alternative
selective deprotection methodology was therefore attempted,
which involved the use of K2CO3 in MeOH.[30] Thus, the
reaction between a 1:1 stoichiometric mixture of 25 and
powdered K2CO3 in 2:1 Et2O/MeOH at ambient temperature
resulted in the clean formation of 26, which was isolated in
97% yield. Having successfully obtained the precursor
diethynyl-terpyridine 26 in sufficient quantities, its macro-
cyclisation reaction to 5 could finally be undertaken.[31]


Previous ethyne-coupling macrocyclisations to give 1 ± 3
suggested that cyclisation yields were strongly influenced by
the coordination of the precursor bipyridine subunits to the
CuCl catalyst, and/or other copper species generated there-
from.[14f,h] For example, macrocyclisations performed under
similar conditions afforded a much lower yield of 2 (9 ± 13%),
compared to that of 1 (34%). The yield disparity between 1


and 2 was consistent with the
presence of ion-templating phe-
nomena.[32]


In the light of the aforemen-
tioned observations, it was
therefore decided to explore
the effectiveness of the Eglin-
ton/Galbraith ethyne coupling
protocol in the cyclisation of 26,
which uses [Cu2(OAc)4] in
place of CuCl.[31] The
[Cu2(OAc)4] would be expected
to exhibit a significantly lower
ambient temperature coordina-
tion affinity towards 26 com-
pared to that of CuCl, and CuI/II


species generated from the lat-
ter. The relatively high concen-
tration of [Cu2(OAc)4] com-
pared to 26 would also disfa-
vour the generation of
[Cu(26)2]I/II type complexes.


Rewardingly, the cyclisation
of 26 under medium/high dilu-
tion conditions in degassed pyr-
idine with an excess of
[Cu2(OAc)4], proceeded with-
out problem, affording a re-
spectable 39% yield of 5 after
work-up. A 1H NMR and
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Scheme 3. Synthesis of macrocycle 5 from precursors 13 and 24. i) [PdCl2(PPh3)2], CuI cat. , pyridine, 20 �C, 7d
(62%); ii) K2CO3, MeOH/Et2O, 20 �C, 14 h (97%); iii) a) excess [Cu2(OAc)4], pyridine, 20 �C, 8 h addition, then
b) seven days, 20 �C (39%).
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MALDI TOF mass spectral analysis of the toluene extract of
the crude reaction product prior to chromatographic purifi-
cation, showed that 5 was formed in �50% yield. The
MALDI TOF mass spectrum also exhibited three small
higher mass peaks assignable to the presence of a small
quantity of tetrameric, pentameric and hexameric cyclic or
linear oligomers.[33]


Characterisation of nanophane 5 : The structure of the product
isolated from the [Cu2(OAc)4]-mediated coupling of 26 was
established to be that of the macrocyclic architecture 5
(Scheme 3) on the basis of mass spectrometric, infrared, 1H
and 13C NMR spectroscopic studies.


The FAB mass spectrum of the coupling product recorded
in 10 ± 20% CF3COOH/CHCl3 displayed a single isotope
cluster peak centred at m/z 1681, in the m/z range of 350 ±
2040, corresponding exactly to that calculated for the [M��
H] isotopic envelope of macrocycle 5. This structural assign-
ment was further substantiated by a high-resolution FAB
mass spectrometric measurement of the [M��H] isotopic
envelope, which confirmed the exact elemental composition
of the product to be C114H115N6Si4 in accordance with the
macrocyclic structure 5 plus one hydrogen. The 13C NMR
spectrum of the coupling product of 26 comprised 22 peaks,
consistent with the above macrocyclic structural assignment.
The chemical shifts of the six peaks at �� 105.0 ± 75.2 ppm
correspond to the chemically and magnetically inequivalent
carbon atoms of three unsymmetrically substituted alkyne
groups. The remaining 14 downfield peaks at �� 155.6 ±
119.7 ppm, and the two upfield peaks at �� 18.7 ± 11.6 ppm,
correspond to the aromatic ring and isopropyl carbon atoms,
respectively.


The 1H NMR spectrum of the coupling product of 26, was
also consistent with the macrocyclic structure 5, displaying
eight resonances with the expected splitting patterns between
�� 9.0 and 7.5 ppm, due to aromatic protons (Figure 1). 1H ±
1H COSYand ROESYmeasurements also verified that it was


Figure 1. 500 MHz 1H NMR of 5 recorded in CDCl2CDCl2 at 80 �C.


a single compound and not a mixture of species. Peaks
originating from the protons of terminal ethynes were
completely absent in the 1H NMR spectrum of the coupling
product, lending further support for the macrocyclic identity
of this compound.


Spectral assignments of 5 were made on the basis of
integrations, coupling constants and comparisons with the
spectra of 23 ± 26.[34]


Spectroscopic properties of 5, and precursors 23 ± 26 : The UV/
Vis spectra of CHCl3 solutions of 23 ± 26 all comprised four
absorption envelopes. In the case of 25 and 26 (Figure 2), the


Figure 2. UV/Vis spectra of 5 and 23 ± 26 in CHCl3 solution at 20 �C.


two lowest energy absorptions were shifted approximately 20
to 30 nm to lower energy indicating an increased degree of
conjugation within these molecules. The UV/Vis spectrum of
5 on the other hand was particularly distinctive, comprising six
absorption envelopes from 261 to 348 nm (Figure 2). The
absorption maxima of 5 exhibited a linear relationship
between concentration and absorbance, and zero change in
energies at [5] �1.1� 10�5 mol dm�3, demonstrating that
kinetically fast aggregation phenomena were either negligible
or absent in dilute solution.


Interestingly, CHCl3 solutions of macrocycle 5, and terpyr-
idine precursors 23 ± 26 all emitted a strong purple-blue
coloured fluorescence when irradiated with a UV lamp
operating at 365 nm. The emission energies and intensities
of all compounds remained unchanged in the presence and
absence of air, showing that the excited states of 23 ± 26 and 5
were insensitive to quenching by oxygen. The emission bands
of the terpyridine ligands decreased in energy in the following
order, 24� 23� 25� 26� 5 (Figure 3). The effect of the
electron donating Me3Si substituents in 23 were therefore to
lower the emission energy of the conjugated terpyridine
chromophore. The even greater relative decrease in the
emission energy of 25, 26 and 5 evidenced the extension of the
chromophore conjugation into the peripheral phenyl rings.
The fluorescence emission spectra of 25 and 26 were however,
virtually identical, exemplifying the structural similarity of the
excited states of these two molecules. Dilution studies
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Figure 3. Normalised fluorescence emission spectra of 5 and 23 ± 25 in
CHCl3 solution at 20 �C (300 nm excitation).


performed with CHCl3 solutions
of 23 ± 26, revealed that the
emission energies remained con-
stant with change in concentra-
tion below 2� 10�5 mol dm�3,
showing that excited-state ag-
gregation of these systems was
absent in dilute solution. In the
case of 5, similar dilution studies
demonstrated that the macrocy-
cle was not undergoing excited-
state aggregation at [5]� 2.9�
10�6 mol dm�3.[35] However, the
emission spectrum of a thin film
of 5 comprised a broad band
(�max� 454 nm) at a significantly
lower energy than that of 5 in
solution (�max� 358 and
375 nm), indicating that excit-
ed-state aggregation of the mac-
rocycle was existent in the solid
state.


Conclusion


The above work discloses a successful preparative strategy for
the construction of a large nanosized ethynyl cyclophane, or
nanophane 5, which incorporates oligopyridine subunits for
the purpose of metal ion coordination.[36] The synthesis
comprised a convergent approach in which the appropriately
functionalised phenylethynyl vertex 13, and metal ion binding
terpyridine 24 were independently assembled, then subse-
quently connected to give the macrocycle half-unit 25.
Selective deprotection of 25 to give 26, followed by cyclisation
afforded 5, in a total of 14 steps from 6, 14 and 22, and in an
overall yield of 11%. Eleven of the steps proceeded in�80%
yield, and the employment of the Eglinton/Galbraith ethyne
coupling protocol for the final cyclisation resulted in the


isolation of a respectable 39% yield of 5. Furthermore, all
reaction products were readily purified by conventional
column chromatographic techniques. These factors collec-
tively suggest that the entire synthetic sequence should be
amenable to scale-up in order to provide gram quantities of
5.[37]


Molecular modelling studies confirmed that 5 was a nano-
sized macrocyclic structure possessing a large central cavity,
and with a calculated intra-terpyridyl distance of 15 ä (Fig-
ure 4).[38] Cyclophane 5 should therefore be expected to bind
to a wide spectrum of guest species either by hydrogen-
bonding to the terpyridyl nitrogen atoms,[39a, b] or through
coordination interactions when the terpyridines are bound to
metal ions. Of especial note is the fact that 5 is fluorescent
when exposed to UV light. This latter physical property,
coupled with potential guest inclusion abilities suggests that 5
and related structures may possibly function for example, as a
new class of nanosensory materials.[40a±f]


A design feature of particular significance is that 5 has been
constructed with four outwardly projecting triisopropylsilyle-
thynyl subunits. The latter functionality endows 5 with two
important structural assets; 1) enhanced solubility in lip-
ophilic solvents, which facilitates purification, characterisa-
tion and processing and reduces problems originating from
self-aggregation phenomena, and 2) the possibility of post-
synthetic-modification. In the latter case, partial or complete
deprotection of the TIPS groups should enable further
Sonogashira alkynyl couplings to be performed upon 5,
thereby allowing the introduction of a plethora of additional
functionality, and the possibility for incorporation into larger
superstructures.[41]


The synthetic approach to 5 detailed above should thus
enable the creation of a palate of hybrid organic/inorganic
scaffolds currently conceivable on the nanostructural hyper-
surface. Nanophane 5 and related structures may also be
expected to contribute to the development of novel materials


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5011 ± 50225016


Figure 4. Energy-minimised structures of the all-planar conformation of the macrocyclic ring of 5, without the
TIPSA substituents; plan view through cavity: space-filling representation (left), stick representation (right). The
minimisations were obtained by AM1 semi-empirical calculations, using SPARTAN 02 Linux/Unix, Wave-
function, Irvine CA (USA).
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with complex functional properties, within the realm of
nanoscience and nanotechnology.


Experimental Section


General : Starting materials 6 and 14, 20, TMSA, TIPSA,[42] CuI, and
[Cu2(OAc)4] were purchased from Aldrich and used as received. The
catalysts [Pd(PPh3)4],[43] [PdCl2(PPh3)2],[44] [PdCl2(dppf)] ¥ CH2Cl2,[45] were
prepared according to literature procedures. Standard inert atmosphere
and Schlenk techniques were employed for reactions conducted under
argon. The Et3N, toluene and pyridine solvents used in the preparation of
respectively 8, 10, 11, 23 and 25, were deoxygenated by bubbling with argon
for 0.5 h directly prior to use. The THFand Et2O used in the preparation of
7, 9, 12, 13, 15, 18 and 19 were freshly distilled off Na/benzophenone under
argon. The CH2Cl2 solvent used in the preparation of 16 was freshly
distilled off P4O10 under argon. The silica used for all flash chromatography
was purchased from Merck (Geduran, Silica gel Si 60, 40 ± 60 �m). The
alumina (neutral, standard activity) used in the chromatographic purifica-
tion of 19 and 24 was purchased from Merck. Unless otherwise stated, all
1H NMR spectra were recorded at 500 MHz and 13C NMR spectra at
125.8 MHz in CDCl3 at 25 �C. The 1H and 13C NMR spectra recorded in
CDCl3 were referenced to the solvent peaks at �� 7.26 and 77.0 ppm,
respectively. The 1H and 13C spectra of 5 recorded in CDCl2CDCl2 were
referenced to the solvent peaks at �� 6.00 and 74.0 ppm, respectively.
Intramolecular proton connectivities were determined by 1H ± 1H COSY,
NOESY and ROESY NMR measurements. The fluorescence emission
spectra were recorded at 20 ± 25 �C on a Aminco, Bowman Series 2
luminescence spectrophotometer (SLM Instruments, Inc.). All fluores-
cence emission spectra recorded in CHCl3 solution were corrected for the
instrumental response. The infrared spectrum of 25 was recorded as a
CHCl3 evaporated thin film on a KBr disc, and that of 5 as nujol and
polychlorotrifluoroethylene mulls. All the other infrared spectra were
recorded as liquid thin films or KBr discs. Melting point measurements
were performed on an Electrothermal Digital Melting Point apparatus
calibrated with standards of known melting points. Elemental analyses
were performed by the Service de Microanalyse, Institut de Chimie,
Universite¬ Louis Pasteur.


(3-Bromo-5-iodophenylethynyl)trimethylsilane (9): A dried 500 mL two-
necked round-bottomed flask charged with 8 (4.208 g, 1.27� 10�2 mol), was
equipped with a vacuum/argon inlet adaptor, alcohol thermometer, rubber
septum and a magnetic stirrer ovoid. The flask was then evacuated and
back-filled with argon four times in succession and Et2O (125 mL), which
had been freshly distilled off Na/benzophenone under argon, was added by
syringe. The stirred solution was subsequently cooled to an internal
temperature of�78 �C using a CO2/acetone bath. A 1.6� solution of nBuLi
in hexanes (8 mL, 1.28� 10�2 mol) was added dropwise by syringe at a rate
which maintained the reaction temperature between �78 and �70 �C.
During addition, the reaction solution initially became pink in colour, then
changed to pale yellow and finally became almost colourless when all the
nBuLi had been added. The reaction solution was then stirred at�78 �C for
2 h. Et2O (25 mL) was syringed into a dried, argon-filled schlenk flask
containing diiodoethane (5 g, 1.77� 10�2 mol), and the mixture stirred until
all the diiodoethane had dissolved. The diiodoethane solution was then
added dropwise by syringe to the phenyllithium reaction mixture at a rate
which maintained the internal temperature between �78 and �70 �C. The
reaction mixture was stirred at �78 �C for a further 1 h, and was then
allowed to warm to ambient temperature with continued stirring overnight.
The reaction solution was extracted with distilled water (3� 60 mL), and
the organic layer separated, dried (anhydrous MgSO4), filtered, and the
Et2O removed by distillation at ambient pressure on a water bath. The
remaining oil was flash chromatographed three times on columns of silica,
eluting with hexane. The product thus obtained was finally dried under
dynamic vacuum (0.01 mmHg) to yield 9 (4.556g, 95%) as an odourless,
colourless oil.
1H NMR: �� 7.797 (t, 4J(4,2;4,6)� 1.6 Hz, 1H; H4), 7.731 (t, 4J(6,2;6,4)�
1.3 Hz, 1H; H6), 7.560 (t, 4J(2,4;2,6)� 1.5 Hz, 1H; H2), 0.237 ppm (s, 9H;
Si(CH3)3); 13C NMR: �� 139.7, 139.1, 133.9, 126.6, 122.4, 101.5, 97.6 (-C	),
93.6 (-C	),�0.3 ppm (Si(CH3)3); IR: �� � 2958 (s), 2165 (s) (C	C), 1572 (s),
1533 (s), 1414 (s), 1397 (s), 1249 (s), 1104 (m), 893 (s), 844 (s), 760 (s), 730


(s), 670 (s), 654 cm�1 (m); EIMS (CHCl3): m/z (%): 380 (44) [M�], 365
(100) [M�� {CH3}]; HRMS (EI, CHCl3, [M�]) calcd for C11H12BrISi:
377.8936; found: 377.8932.


1-Bromo-3-[2-(1-triisopropylsilylethynyl)]-5-[2-(1-trimethylsilylethynyl)]-
benzene (10), (from 9): Et3N (30 mL), which had been bubbled with argon,
was added by syringe to a mixture of 9 (4.239 g, 1.12� 10�2 mol) and
[PdCl2(PPh3)2] (0.060 g, 8.55� 10�5 mol) under an atmosphere of argon.
After the mixture had been stirred for a few minutes, TIPSA (2.087 g,
1.14� 10�2 mol) and a solution of CuI (0.060g, 3.15� 10�4 mol) in degassed
Et3N (10 mL) were added consecutively by syringe. The mixture was stirred
at ambient temperature for 4.5 days in the absence of light, during which
time a copious cream precipitate formed. All solvent was subsequently
removed under reduced pressure on a water bath and the residue worked-
up and purified as described for 8 above. After flash chromatography on
silica with hexane eluant, the product was dried under dynamic vacuum to
yield 10 (4.778 g, 99%) as a colourless odourless oil.
1H NMR: �� 7.539 (d, 2H; H2/6), 7.482 (t, 1H; H4), 1.120 (s, 21H;
CH(CH3)2), 0.244 ppm (s, 9H; Si(CH3)3); 13C NMR: �� 134.6, 134.4, 133.9,
125.4, 125.0, 121.6, 104.4 (-C	), 102.5 (-C	), 96.6 (-C	), 93.2 (-C	), 18.6
(CH(CH3)2), 11.2 (CH(CH3)2),�0.2 ppm (Si(CH3)3); IR: �� � 2958 (s), 2943
(s), 2892 (s), 2865 (s), 2156 (m) (C	C), 2063 (w) (C	C), 1550 (s), 1250 (s),
975 (s), 882 (s), 860 (s), 843 (s), 676 cm�1 (s); EIMS (CHCl3): m/z (%): 434
(5) [M�], 419 (5) [M��CH3], 391 (100) [M�� {CH(CH3)2}], 363 (22)
[M�� {CH(CH3)2}� 2{CH2}], 349 (25) [M�� {CH(CH3)2}� 3{CH2}], 335
(49) [M�� {CH(CH3)2}� 4{CH2}], 321 (63) [M�� {CH(CH3)2}� 5{CH2}];
HRMS (EI, CHCl3, [M�]) calcd for C22H33BrSi2: 432.1304; found: 432.1301.


(3,5-Dibromophenylethynyl)triisopropylsilane (11): Et3N (25mL), which
had been bubbled with argon, was added by syringe to a mixture of 7
(4.170 g, 1.15� 10�2 mol), TIPSA (2.103 g, 1.15� 10�2 mol) and
[PdCl2(PPh3)2] (0.093 g, 1.32� 10�4 mol) under an atmosphere of argon.
A solution of CuI (0.083 g, 4.36� 10�4 mol) in degassed Et3N (4 mL) was
then added by syringe and the mixture stirred at ambient temperature for
four days in the absence of light. All solvent was subsequently removed
under reduced pressure on a water bath and the residue worked-up and
purified as described for 8 above. After flash chromatography on silica with
hexane eluant, the product was dried under dynamic vacuum to yield 11
(4.681 g, 97%) as a colourless oil.
1H NMR (CDCl3, 500 MHz, 21 �C): �� 7.608 (t, 4J(4,2;4,6)� 1.8 Hz, 1H;
H4), 7.531 (d, 2H; H2/6), 1.117 ppm (s, 21H; CH(CH3)2); 13C NMR: ��
134.0, 133.4, 126.8, 122.5, 103.6 (-C	), 94.3 (-C	), 18.6 (CH(CH3)2),
11.2 ppm (CH(CH3)2); IR: �� � 2958 (s), 2942 (s), 2890 (s), 2864 (s), 2163
(m) (C	C), 1578 (s), 1540 (s), 1462 (s), 1418 (s), 1400 (s), 996 (s), 896 (s), 882
(s), 855 (s), 748 (s), 680 (s), 670 (s), 651 cm�1 (s); EIMS (CHCl3): m/z (%):
416 (22) [M�], 373 (100) [M�-{CH(CH3)2}], 345 (22) [M�� {CH(CH3)2}�
2{CH2}], 331 (21) [M�� {CH(CH3)2}� 3{CH2}], 317 (37) [M��
{CH(CH3)2}� 4{CH2}], 303 (43) [M�� {CH(CH3)2}� 5{CH2}]; HRMS
(EI, CHCl3, [M�]) calcd for C17H24Br2Si: 414.0014; found: 414.0008.


(3-Bromo-5-iodophenylethynyl)triisopropylsilane (12): The preparation of
12 was performed in a similar way to that of 9 described above. Thus Et2O
(25 mL, freshly distilled from Na/benzophenone under argon) was syringed
into a dried argon filled flask containing 11 (1.730 g, 4.16� 10�3 mol), and
the stirred solution cooled to �78 �C. A 1.6� solution of nBuLi in hexanes
(2.6 mL, 4.16� 10�3 mol) was added dropwise by syringe at a rate which
maintained the reaction temperature between �78 and �70 �C. The
resulting pale brown solution was then stirred at �78 �C for 2 h. A solution
of iodine (1.06 g, 8.35� 10�3 mol) in Et2O (10 mL, freshly distilled from Na/
benzophenone under argon) was prepared in a dried argon filled schlenk,
and subsequently added dropwise by syringe to the lithiophenyl solution at
a rate which maintained the reaction temperature at �70 �C. The reaction
was then stirred at �78 �C for 2 h, and allowed to warm to ambient
temperature overnight with continued stirring. Work-up, purification and
drying as described for 9 above, yielded 12 (1.358 g, 71%) as a colourless
oil.
1H NMR: �� 7.797 (t, 4J(4,2;4,6)� 1.7 Hz, 1H; H4), 7.723 (t, 4J(6,2;6,4)�
1.3 Hz, 1H; H6), 7.558 (t, 4J(2,4;2,6)� 1.6 Hz, 1H; H2), 1.116 ppm (m,
21H; CH(CH3)2); 13C NMR: �� 139.5, 139.1, 134.0, 126.9, 122.4, 103.5, 94.2
(-C	), 93.7 (-C	), 18.6 (CH(CH3)2), 11.2 ppm (CH(CH3)2); IR: �� � 2955 (s),
2941 (s), 2923 (s), 2890 (s), 2864 (s), 2161 (m) (C	C), 2063 (w) (C	C), 1573
(s), 1533 (s), 1462 (s), 1414 (s), 1397 (s), 884 (s), 855 (s), 730 (s), 678 (s),
670 cm�1 (s); EIMS (CHCl3): m/z (%): 464 (10) [M�], 421 (100) [M��
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{CH(CH3)2}], 393 (23) [M�� {CH(CH3)2}� 2{CH2}], 379 (20) [M��
{CH(CH3)2}� 3{CH2}], 365 (37) [M�� {CH(CH3)2}� 4{CH2}], 351 (48)
[M�� {CH(CH3)2}� 5{CH2}]; HRMS (EI, CHCl3, [M�]) calcd for
C17H24BrISi: 461.9875; found: 461.9865.


1-Bromo-3-[2-(1-triisopropylsilylethynyl)]-5-[2-(1-trimethylsilylethynyl)]-
benzene (10), (from 12): Et3N (15mL), which had been bubbled with argon,
was added by syringe to a mixture of 12 (1.356 g, 2.93� 10�3 mol),
[PdCl2(PPh3)2] (0.030 g, 4.27� 10�5 mol) and CuI (0.031 g, 1.63�
10�4 mol) under an atmosphere of argon. The mixture was stirred for a
few minutes, then a solution of TMSA (0.321g, 3.27� 10�3 mol) in degassed
Et3N (4 mL) was added by syringe. The mixture was subsequently stirred at
ambient temperature for four days in the absence of light. The reaction was
worked up as described for 8 above. The crude product was purified by
twice flash chromatographing on silica with hexane as eluant, followed by
drying under dynamic vacuum to yield 10 (0.909 g, 72%) as a colourless
viscous oil.


1-Iodo-3-[2-(1-triisopropylsilylethynyl)]-5-[2-(1-trimethylsilylethynyl)]-
benzene (13): The preparation of 13 was performed in an identical way to
that of 9 described above. Thus a 1.6� solution of nBuLi in hexanes
(7.0 mL, 1.12� 10�2 mol) was added dropwise by syringe to a stirred
solution of 10 (4.587 g, 1.06� 10�2 mol) in Et2O (140 mL), which had been
previously cooled to �78 �C. The addition was conducted at a rate which
maintained the reaction temperature below �70 �C. The pale yellow
lithiophenyl solution was stirred at �78 �C for 2 h, then a solution of
diiodoethane (6.00 g, 2.13� 10�2 mol) in Et2O (50 mL) added by syringe at
a rate which ensured the reaction temperature remained between �78 and
�70 �C. The reaction solution was stirred at �78 �C for 1.5 h, then allowed
to warm to ambient temperature with continued stirring, and worked up as
described for 9 above. The crude product was twice flash chromatographed
on silica with hexane as eluant, and the isolated 13 dried under dynamic
vacuum (0.01 mmHg) first at 70 �C to remove any excess diiodoethane, then
at ambient temperature, to give 13 (4.710 g, 93%) as a pale yellow viscous
oil.


1H NMR: �� {(7.741 (t, 4J� 1.5 Hz, 1H), 7.732 (t, 4J� 1.6 Hz, 1H)); H2/6},
7.509 (t, 4J(4,2;4,6)� 1.4 Hz, 1H; H4), 1.113 (s, 21H; CH(CH3)2), 0.237 ppm
(s, 9H; Si(CH3)3); 13C NMR: �� 140.3, 140.1, 134.4, 125.3, 125.0, 104.2,
102.3 (-C	), 96.6 (-C	), 93.1 (-C	), 92.9 (-C	), 18.6 (CH(CH3)2), 11.2
(CH(CH3)2),�0.2 ppm (Si(CH3)3); IR: �� � 2958 (s), 2942 (s), 2865 (s), 2155
(m) (C	C), 2062 (w) (C	C), 1542 (s), 1250 (s), 973 (s), 857 (s), 843 (s), 816
(s), 678 cm�1 (s); EIMS (CHCl3): m/z (%): 480 (6) [M�], 465 (4) [M��
CH3], 437 (100) [M�� {CH(CH3)2}], 409 (21) [M�� {CH(CH3)2}�
2{CH2}], 395 (25) [M�� {CH(CH3)2}� 3{CH2}], 381 (42) [M��
{CH(CH3)2}� 4{CH2}], 367 (60) [M�� {CH(CH3)2}� 5{CH2}]; HRMS
(EI, CHCl3, [M�]) calcd for C22H33ISi2: 480.1166; found: 480.1157.


2-Bromo-5-(2,2-dibromovinyl)pyridine (16): A dried 500 mL two-necked
round-bottomed flask charged with 15 (8.00 g, 4.30� 10�2 mol) and PPh3


(23.00g, 8.77� 10�2 mol) was equipped with a vacuum/argon inlet adaptor,
alcohol thermometer, rubber septum and a magnetic stirrer ovoid. The
flask was then evacuated and back-filled with argon four times in
succession and CH2Cl2 (200 mL), which had been freshly distilled off
P4O10 under argon, was added by syringe. The stirred solution was
subsequently cooled to an internal temperature of �78 �C using a CO2/
acetone bath, and Et3N (6mL) added by syringe. During cooling, the 15 re-
precipitated from solution. CH2Cl2 (40 mL) was syringed into a dried,
argon-filled schlenk flask containing CBr4 (29.00 g, 8.74� 10�2 mol), and
the mixture stirred until all solids had dissolved. The CBr4 solution was then
added dropwise by syringe to the suspension of 15 at a rate which
maintained the internal temperature between �78 and �70 �C. The cream
coloured mixture was stirred at �70 �C for a further 1 h, and was then
allowed to warm to 10 �C with continued stirring over 4 h. All solvent was
removed by distillation on a water bath at ambient pressure, and the
remaining honey coloured syrup twice flash chromatographed on silica,
eluting with CH2Cl2. The product thus obtained was dried under dynamic
vacuum to yield 16 (13.70 g, 93%) as a hard cream coloured solid. The solid
could be further purified by sublimation under vacuum at 80 �C/0.01 mmHg
whereby it formed jagged platy needles resembling shards of broken glass.
M.p. 67.7 ± 69.4 �C.


1H NMR: �� 8.439 (dd, 4J(6,4)� 2.6 Hz, 1H; H6), 7.829 (dd, 3J(4,3)�
8.4 Hz, 4J(4,6)� 2.5 Hz, 1H; H4), 7.498 (d, 3J(3,4)� 8.5 Hz, 1H; H3),
7.403 ppm (s, 1H; CH�CBr2); 13C NMR: �� 149.9, 141.6, 137.2, 132.3, 130.7,


127.8, 93.3 ppm; EIMS (CHCl3): m/z (%): 341 (100) [M�], 262 (42) [M��
Br], 181 (75) [M�� 2Br]; HRMS (FAB, [M��H]) calcd for C7H5Br3N:
339.7972; found: 339.7965.


2-Bromo-5-[2-(1-bromoethynyl)]pyridine (17): Sodium metal (0.914 g,
3.97� 10�2 mol) was cut into strips and added in portions to absolute
MeOH (60 mL) over 2 h. During addition, the vigorous exothermic
reaction was periodically moderated by immersion of the reaction flask
in an ice bath when necessary. When the addition was complete, the
mixture was stirred until all the sodium had reacted, and the resulting
solution allowed to cool to ambient temperature. The latter NaOMe
solution was then added dropwise to a solution of 16 (13.47 g, 3.94�
10�2 mol) in MeOH (250 mL), and the mixture stirred at ambient temper-
ature for 48 h. During stirring, a copious white suspension slowly formed.
The progress of the reaction could be monitored by TLC (Silica plate/
CH2Cl2 eluant). The solvent was then removed by distillation under
reduced pressure on a water bath at 45 �C, and the residue partitioned
between distilled water (200 mL) and CH2Cl2 (200 mL), and the aqueous
phase extracted with further CH2Cl2 (3� 50 mL). The combined organic
extracts were dried (anhydrous MgSO4), filtered and the solvent removed
by distillation under ambient pressure on a water bath. The crude product
was then twice flash chromatographed on columns of silica, eluting with
CH2Cl2. The last quarter of the 17 co-eluted with a contaminant, which
could however be removed upon two successive recrystallisations from
MeOH. The combined yield was further dried under dynamic vacuum to
furnish 17 (8.741g, 85%) as cream coloured crystals. The product could also
be additionally purified by sublimation under vacuum (80 �C/0.01 mmHg)
to give a white crystalline solid. M.p. 132.8 ± 133.5 �C.
1H NMR: �� 8.436 (d, 4J(6,4)� 2.3 Hz, 1H; H6), 7.570 (dd, 3J(4,3)�
8.2 Hz, 4J(4,6)� 2.4 Hz, 1H; H4), 7.450 ppm (d, 3J(3,4)� 8.3 Hz, 1H;
H3); 13C NMR: �� 152.9, 141.5, 140.9, 127.7, 119.2, 75.8 (-C	), 55.3 ppm
(-C	); IR: �� � 2199 (s) (C	C), 1543 (s), 1459 (s), 1447 (s), 1354 (s), 1091 (s),
1022 (s), 832 cm�1 (s); EIMS:m/z (%): 261 (100) [M�], 180 (54) [M��Br],
101 (27) [M�� 2Br]; HRMS (FAB, [M��H]) calcd for C7H4Br2N:
259.8710; found: 259.8714.


2-Bromo-5-[2-(1-trimethylsilylethynyl)]pyridine (18): Compound 18 was
prepared by a halogen/lithium exchange reaction in an identical way to that
described above for the preparation of 9. Thus a 1.6� solution of nBuLi in
hexanes (30 mL, 4.80� 10�2 mol) was added dropwise by syringe to a
stirred suspension of 17 (12.15 g, 4.66� 10�2 mol) in Et2O (400 mL), which
had been previously cooled to�78 �C. The addition was conducted at a rate
which maintained the reaction temperature below �70 �C. After the
addition was complete, the resulting orange solution was stirred at �78 �C
for 2.5 h, during which time a suspended solid re-precipitated. Chloro-
trimethylsilane (8.56g, 7.88� 10�2 mol) was then added by syringe at a rate
which ensured that the reaction temperature remained below �70 �C. The
stirred mixture was maintained at �78 �C for 1 h, allowed to warm to
�35 �C and held at this temperature for 1 h, then left to warm to ambient
temperature overnight. The mixture was subsequently extracted with
distilled water (3� 70 mL), and the ether layer dried (anhydrous MgSO4),
filtered, and the solvent removed by distillation on a water bath at ambient
pressure. The remaining yellow solid was flash chromatographed on silica,
eluting with 10% Et2O/hexane. The product co-eluted with a contaminant
which could, however, be removed upon successive extraction of the eluate
with 5� aqueous HCl (2� 100 mL) and distilled water (100 mL). The
organic phase was then dried (anhydrous MgSO4), filtered and the solvent
removed by distillation under reduced pressure on a water bath. The
product was finally dried under dynamic vacuum to yield 18 (10.36 g, 88%)
as a pungent smelling soft white crystalline solid. M.p. 71.0 ± 71.9 �C.


1H NMR: �� 8.425 (dd, 4J(6,4)� 2.4 Hz, 5J(6,3)� 0.8 Hz, 1H; H6), 7.572
(dd, 3J(4,3)� 8.2 Hz, 4J(4,6)� 2.4 Hz, 1H; H4), 7.427 (dd, 3J(3,4)� 8.2 Hz,
5J(3,6)� 0.8 Hz, 1H; H3), 0.254 ppm (s, 9H; Si(CH3)3); 13C NMR: ��
152.8, 141.2, 140.9, 127.5, 119.5, 100.0 (-C	), 99.9 (-C	), -0.2 ppm
(Si(CH3)3); IR: �� � 2162 (C	C) (s), 1569 (s), 1449 (s), 1362 (s), 1251 (s),
1225 (s), 1084 (s), 1016 (s), 862 (s), 841 (s), 826 (s), 759 (s), 679 cm�1 (s);
EIMS: m/z (%): 255 (25) [M�], 240 (100) [M��CH3]; HRMS (FAB,
[M��H]) calcd for C10H13BrNSi: 254.0001; found: 254.0003.


2-(Tri-n-butylstannyl)-5-[2-(1-trimethylsilylethynyl)]pyridine (19): A 1.6�
solution of nBuLi in hexanes (5.2 mL, 8.32� 10�3 mol) was added dropwise
by syringe to a stirred solution of 18 (2.008g, 7.90� 10�3 mol) in THF
(40 mL), which had been previously cooled to�85 �C (liq. N2/hexane bath).
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The addition was conducted at a rate which maintained the reaction
temperature below �78 �C. After the addition was complete, the resulting
orange-brown solution was stirred at �78 �C for 1 h, then ClSn(nBu)3
(4.20 g, 1.29� 10�2 mol) added by syringe at a rate which maintained the
reaction temperature below�70 �C. The resulting pale yellow-orange solu-
tion was stirred at �78 �C for 1 h, and allowed to warm to ambient
temperature overnight with continued stirring.Most of the THFwas removed
by distillation under reduced pressure on a water bath and the residue
partitioned between distilled water and Et2O, and extracted with distilled
water (2� 60 mL). The organic phase was dried (anhydrous MgSO4),
filtered, the solvent removed by distillation on a water bath at ambient
pressure, and the remaining oil chromatographed on a short column of
alumina, eluting with 5% Et2O/hexane. The product thus obtained was
dried under dynamic vacuum to yield 19 (2.504g, 68%) as a colourless oil.


1H NMR: �� 8.776 (dd, 4J(6,4)� 2.1 Hz, 5J(6,3)� 0.8 Hz, 1H; H6), 7.527
(dd, 3J(4,3)� 7.6 Hz, 4J(4,6)� 2.1 Hz, 1H; H4), 7.346 (dd, 3J(3,4)� 7.7 Hz,
5J(3,6)� 0.9 Hz, 1H; H3), 1.536 (pentet, 3J(2,1/2,3)� 7.8 Hz, 6H;
CH2CH2CH2CH3), 1.310 (sextet, 3J(3,2/3,4)� 7.4 Hz, 6H;
CH2CH2CH2CH3), 1.111 (t, 3J(1,2)� 8.1 Hz, 6H; CH2CH2CH2CH3), 0.866
(t, 3J(4,3)� 7.3 Hz, 9H; CH2CH2CH2CH3), 0.252 ppm (s, 9H; Si(CH3)3);
13C NMR: �� 174.4, 152.6, 135.6, 131.2, 118.2, 102.3 (-C	), 97.6 (-C	), 29.0,
27.3, 13.7, 9.9,�0.1 ppm (Si(CH3)3); IR: �� � 2956 (s), 2925 (s), 2871 (s), 2851
(s), 2160 (s) (C	C), 1464 (s), 1446 (s), 1250 (s), 1022 (s), 866 (s), 843 (s),
760 cm�1 (s); HRMS (FAB, [M��H]) calcd for C22H40NSiSn: 462.1947;
found: 462.1945.


5,5��-bis-[2-(1-trimethylsilylethynyl)]-2,2�:6�,2��-terpyridine (23), (From
18�22): Toluene (24 mL), which had been bubbled with argon, was added
by syringe to a mixture of 18 (1.816g, 7.14� 10�3 mol), [Pd(PPh3)4] (0.090 g,
7.79� 10�5 mol) and anhydrous LiCl (1.820 g, 4.29� 10�2 mol) under an
atmosphere of argon. 2,6-bis(trimethylstannyl)pyridine 22 (1.331g, 3.29�
10�3 mol) was then added by syringe, and the mixture stirred in a bath at
118 �C for 28 h. All solvent was removed under reduced pressure on a water
bath and the residue flash chromatographed on a column of silica, eluting
first with CH2Cl2. The product 23 could be visualised on the column as a
purple-blue fluorescent band upon irradiation with a UV lamp operating at
365 nm. When the 23 had descended halfway down the column, the silica
above the product was removed, and the 23 eluted from the column with
1% MeOH/CH2Cl2. If the latter procedure is not adhered to, then the
impurities and 23 co-elute. The product thus obtained was briefly ultra-
sonicated in ice-cold MeCN (3 mL), filtered under vacuum, washed with
ice-cold MeCN (2 mL), and air-dried to yield 23 (0.742 g, 53%) as a white
powder. M.p. 226.9 ± 228.6 �C.
1H NMR: �� 8.751 (d, 4J(6,4;6��,4��)� 1.4 Hz, 2H; H6/6��), 8.551 (d,
3J(3,4;3��,4��� 8.2 Hz, 2H; H3/3��), 8.452 (d, 3J(3�,4�;5�,4�)� 7.9 Hz, 2H;
H3�/5�), 7.953 (t, 3J(4�,3�;4�,5�)� 7.8 Hz, 1H; H4�), 7.896 (dd, 3J(4,3;4��,3��)�
8.2 Hz, 4J(4,6;4��,6��)� 2.0 Hz, 2H; H4/4��), 0.297 (s, 18H; Si(CH3)3);
13C NMR: �� 154.9, 154.7, 152.1, 139.7, 138.0, 121.6, 120.2, 101.8 (-C	),
99.2 (-C	),�0.2 ppm (Si(CH3)3); IR: �� � 2957 (s), 2160 (C	C) (s), 1584 (s),
1543 (s), 1445 (s), 1250 (s), 1022 (s), 865 (s), 843 (s), 818 (s), 757 (s), 660 (s),
645 cm�1 (s); UV/Vis (CHCl3): �max (�)� 274 (30778), 298sh (35746), 312
(43496), 318 nm (43653 M�1cm�1); fluorescence emission ([23]� 2.3�
10�6 mol dm�3 in CHCl3, 300 nm excitation): �max� 343, 353 nm; EIMS:
m/z (%): 425 (76) [M�], 410 (100) [M��CH3]; elemental analysis calcd
(%) for C25H27N3Si2: C 70.54, H 6.39, N 9.87; found: C 70.50, H 6.37, N
10.03.


5,5��-Bis-[2-(1-trimethylsilylethynyl)]-2,2�:6�,2��-terpyridine (23), (From
19�20): Compound 23 was prepared and purified using a procedure
identical to that described above. Thus from the reaction between 19
(0.505 g, 1.09� 10�3 mol), 20 (0.107 g, 4.52� 10�4 mol), [Pd(PPh3)4]
(0.017 g, 1.47� 10�5 mol) and anhydrous LiCl (0.153 g, 3.61� 10�3 mol),
stirred and heated at 120 �C in toluene (5 mL) for 24 h, was isolated 23
(0.114 g, 59%).


5,5��-Diethynyl-2,2�:6�,2��-terpyridine (24): TBAF (2 mL, 1.0� solution in
THF, 2� 10�3 mol) was added to a stirred solution of 23 (0.400 g, 9.40�
10�4 mol) in THF (20 mL) and distilled water (0.5 mL). The solution was
then stirred at ambient temperature in the absence of light for 6 h. All
solvent was removed under reduced pressure at ambient temperature and
the residue partitioned between distilled water (40 mL) and Et2O (60 mL)
and extracted with further distilled water (4� 20 mL). The organic phase
was then dried (anhydrous MgSO4), filtered, and the solvent removed on a


water bath at atmospheric pressure. The remaining solid was chromato-
graphed on alumina, eluting with CH2Cl2. The solid thus obtained was
briefly ultrasonicated in MeOH (3 mL), filtered under vacuum, washed
with MeOH (2 mL) and finally air dried to yield 24 (0.245 g, 93%) as a
white fibrous solid. M.p. 182.0 ± 182.8 �C.


1H NMR: �� 8.793 (dd, 4J(6,4;6��,4��)� 2.1 Hz, 5J(6,3;6��,3��)� 0.7 Hz, 2H;
H6/6��), 8.580 (dd, 3J(3,4;3��,4��)� 8.2 Hz, 5J(3,6;3��,6��)� 0.8Hz, 2H; H3/3��),
8.466 (d, 3J(3�,4�;5�,4�)� 7.7 Hz, 2H; H3�/5�), 7.970 (t, 3J(4�,3�;4�,5�)� 7.9 Hz,
1H; H4�), 7.936 (dd, 3J(4,3;4��,3��)� 8.2 Hz, 4J(4,6;4��,6��)� 2.1 Hz, 2H; H4/
4��), 3.314 ppm (s, 2H; H-C	C); 13C NMR: �� 155.3, 154.6, 152.2, 139.9,
138.0, 121.7, 120.3, 119.2, 81.4 (-C	), 80.7 ppm (-C	); IR: �� � 3242 (H-C	)
(s), 2107 (C	C) (w), 1587 (s), 1544 (s), 1478 (s), 1444 (s), 1369 (s), 1024 (s),
865 (s), 815 (s), 750 cm�1 (s); UV/Vis (CHCl3): �max (�)� 263 (31675), 292sh
(31894), 305 (37953), 313 nm (37090 ��1cm�1); fluorescence emission
([24]� 2.8� 10�6 mol dm�3 in CHCl3, 300 nm excitation): �max� 338,
349 nm; EIMS: m/z (%): 281 (100) [M�], 253 (33); elemental analysis
calcd (%) for C19H11N3: C 81.12, H 3.94, N 14.94; found: C 81.23, H 3.68, N
14.81.


2,2�:6�,2��-terpyridine-5,5��-diylbis-[1-(2,1-ethynediyl)-3-(2-(1-triisopropylsi-
lylethynyl))-5-(2-(1-trimethylsilylethynyl))benzene] (25): Argon bubbled
pyridine (15 mL) was added by syringe to a mixture of 13 (0.904 g, 1.88�
10�3 mol), 24 (0.245g, 8.71� 10�4 mol) and [PdCl2(PPh3)2] (0.042g, 5.98�
10�5 mol) under argon. After stirring the mixture for 0.1 h, a solution of CuI
(0.030 g, 1.58� 10�4 mol) in Et3N (2 mL) was added by syringe, and the
reaction stirred in the absence of light at ambient temperature for seven
days. All solvent was then removed under reduced pressure, the residue
extracted with hot hexane (4� 35 mL), and the combined extracts filtered
under vacuum through a G4 frit. The hexane was removed under reduced
pressure and the residue flash chromatographed on silica, eluting with
CH2Cl2. The product thus obtained was finally dried under vacuum
(0.01 mmHg/24 h), to yield 25 (0.531g, 62%) as a cream coloured opaque
glass.


1H NMR: �� 8.823 (dd, 4J(6,4;6��,4��)� 2.1 Hz, 5J(6,3;6��,3��)� 0.8 Hz, 2H;
pyridine H6/6��), 8.632 (dd, 3J(3,4;3��,4��)� 8.2 Hz, 5J(3,6;3��,6��)� 0.8 Hz,
2H; pyridine H3/3��), 8.491 (d, 3J(3�,4�;5�,4�)� 7.8 Hz, 2H; pyridine H3�/5�),
7.990 (t, 3J(4�,3�;4�,5�)� 7.8 Hz, 1H; pyridine H4�), 7.961 (dd, 3J(4,3;4��,3��)�
8.2 Hz, 4J(4,6;4��,6��)� 2.1 Hz, 2H; pyridine H4/4��), 7.623 (m, 4H; phenyl
H2/6), 7.559 (t, 4J(4,2;4,6)� 1.5 Hz, 2H; phenyl H4), 1.137 (s, 42H;
CH(CH3)2), 0.261 (s, 18H; Si(CH3)3); 13C NMR: �� 155.0, 154.7, 151.7,
139.4, 138.0, 135.3, 134.7, 134.6, 124.3, 123.9, 123.1, 121.6, 120.5, 119.9, 105.0
(-C	), 103.0 (-C	), 96.0 (-C	), 92.5 (-C	), 91.9 (-C	), 87.4 (-C	), 18.6
(CH(CH3)2), 11.2 (CH(CH3)2),�0.2 ppm (Si(CH3)3); IR: �� � 2957 (s), 2942
(s), 2924 (s), 2865 (s), 2157 (C	C) (m), 1578 (s), 1446 (s), 1250 (s), 982 (s),
881 (s), 855 (s), 843 (s), 818 (s), 761 (s), 679 cm�1 (s); UV/Vis (CHCl3): �max


(�)� 257 (79995), 269 (96148), 333 (75333), 345 nm (70154��1cm�1);
fluorescence emission ([25]� 1.3� 10�6 moldm�3 in CHCl3, 300 nm exci-
tation): �max� 357, 373 nm; FABMS: (1% CF3COOH/NBA): m/z (%): 987
(100) [M��H]; HRMS (FAB, [M��H]) calcd for C63H76N3Si4: 986.5116;
found: 986.5130.


2,2�:6�,2��-terpyridine-5,5��-diylbis-[1-(2,1-ethynediyl)-3-(ethynyl)-5-(2-(1-
triisopropylsilylethynyl))benzene] (26): Powdered K2CO3 (0.080 g, 5.79�
10�4 mol) was added to a solution of 25 (0.571 g, 5.79� 10�4 mol) in 2:1
Et2O/MeOH (20 mL) and the mixture stirred at ambient temperature in
the absence of light for 14 h. A copious white suspension formed, during
the first hour of stirring. All solvent was removed by distillation under
reduced pressure on a water bath at ambient temperature, and the residue
dissolved in CH2Cl2 and extracted with distilled water (3� 25 mL). The
organic phase was dried (anhydrous MgSO4), filtered, and the solvent
removed by distillation on a water bath at atmospheric pressure. The
remaining solid was suspended in MeOH (15 mL) and homogenised by
brief ultrasonication, filtered under vacuum, washed with excess MeOH
and air dried to yield 26 (0.472g, 97%) as a dusty white powder. M.p.
235.0 ± 237.2 �C upon heating from 233.0 �C, and�325 �C upon slow heating
from �226 �C.


1H NMR: �� 8.827 (d, 4J(6,4;6��,4��)� 2.1 Hz, 2H; pyridine H6/6��), 8.634
(d, 3J(3,4;3��,4��)� 8.3 Hz, 2H; pyridine H3/3��), 8.495 (d, 3J(3�,4�;5�,4�)�
7.8 Hz, 2H; pyridine H3�/5�), 7.988 (t, 3J(4�,3�;4�,5�)� 7.9 Hz, 1H; pyridine
H4�), 7.967 (dd, 3J(4,3:4��,3��)� 7.9 Hz, 4J(4,6;4��,6��)� 2.3 Hz, 2H; pyridine
H4/4��), 7.660 (t, 4J(2,4;2,6)� 1.5 Hz, 2H; phenyl H2), 7.635 (t, 4J(6,2;6,4)�
1.6 Hz, 2H; phenyl H6), 7.584 (t, 4J(4,2;4,6)� 1.5 Hz, 2H; phenyl H4),
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3.126 (s, 2H; H-C	C)), 1.141 ppm (s, 42H; CH(CH3)2); 13C NMR: ��
155.1, 154.7, 151.7, 139.4, 138.0, 135.5, 135.1, 134.6, 124.4, 123.2, 122.9, 121.7,
120.4, 119.8, 104.8 (-C	), 92.8 (-C	), 91.7 (-C	), 87.6 (-C	), 81.8 (-C	), 78.5
(-C	), 18.7 (CH(CH3)2), 11.2 ppm (CH(CH3)2); IR: �� � 3303 (H-C	) (m),
2942 (s), 2864 (s), 2156 (C	C) (s), 1578 (s), 1446 (s), 881 (s), 817 (s), 753 (s)
680 cm�1 (s); UV/vis (CHCl3): �max (�)� 256 (76991), 270 (78223), 332
(84956), 345 nm (78382��1cm�1); fluorescence emission ([26]� 1.3�
10�6 mol dm�3 in CHCl3, 300 nm excitation): �max� 356, 373 nm; FABMS:
(1% CF3COOH/NBA): m/z (%): 842 (100) [M��H]; HRMS (FAB,
[M��H]) calcd for C57H60N3Si2: 842.4326; found: 842.4334.


Cyclophane 5 : In a well-ventilated hood, [Cu2(OAc)4] (2.40g, 1.32�
10�2 mol) was dissolved in hot pyridine (600 mL), and the solution left to
cool to ambient temperature, then bubbled with argon for 2 h. A solution of
26 (0.200 g, 2.37� 10�4 mol) in degassed pyridine (20 mL) was subsequent-
ly added dropwise to the [Cu2(OAc)4] solution over 8 h with continued
stirring and argon bubbling. Awhite suspended solid slowly formed during
the addition. After all the 26 had been added, the blue mixture was stirred
under a static atmosphere of argon at ambient temperature in the absence
of light for seven days. All solvent was then removed under reduced
pressure on a water bath, and distilled water (200 mL) added along with
excess ice, followed by the dropwise addition of concentrated aqueous
KCN (10 mL). The mixture was stirred for 0.2 h, filtered under vacuum,
and the collected solid washed with excess distilled water and air-dried. The
product was then boiled in toluene (250 mL), gravity filtered, and the
filtrate left to cool to ambient temperature. The solid which formed was
isolated by filtration under vacuum, washed with toluene (4 mL), air-dried
and dissolved in boiling CHCl3 (500 mL). The hot solution was then
successively flash chromatographed three times on silica, eluting each
column first with CHCl3 followed by 2% MeCN/CHCl3. The progress of
the chromatographic purification was best monitored using a UV lamp
operating at 365 nm. Upon irradiation of the columns, the product and
impurities appeared as purple fluorescent bands. The product thus obtained
was suspended in acetone (4 mL), filtered under vacuum, washed with
acetone and finally air dried to yield 5 (0.077 g, 39%) as a white solid. M.p.
�320 �C.
1H NMR (CDCl2CDCl2, 500 MHz, 80 �C): �� 8.871 (d, 4J(6,4;6��,4��)�
1.7 Hz, 4H; pyridine H6/6��), 8.680 (d, 3J(3,4;3��,4��)� 8.3 Hz, 4H; pyridine
H3/3��), 8.541 (d, 3J(3�,4�;5�,4�)� 7.8 Hz, 4H; pyridine H3�/5�), 8.033 (dd,
3J(4,3;4��,3��)� 8.2 Hz, 4J(4,6;4��,6��)� 2.1 Hz, 4H; pyridine H4/4��), 8.003 (t,
3J(4�,3�;4�,5�)� 7.9 Hz, 2H; pyridine H4�), 7.749 (t, 4J(2,4;2,6)� 1.4 Hz, 4H;
phenyl H2), 7.696 (t, 4J(6,2;6,4)� 1.5 Hz, 4H; phenyl H6), 7.636 (t,
4J(4,2;4,6)� 1.5 Hz, 4H; phenyl H4), 1.231 ppm (s, 84H; CH(CH3)2);
13C NMR (CDCl2CDCl2, 125.8 MHz, 110 �C): �� 155.6, 155.0, 151.6 (C6/6��,
py), 139.6 (C4/4��, py), 137.8 (C4�, py), 135.7 (C2, ph), 135.3 (C4, ph), 135.0
(C6, ph), 125.0, 123.9, 122.6, 121.8 (C3�/5�, py), 120.5 (C3/3��, py), 119.7, 105.0
(-C	), 93.9 (-C	), 91.7 (-C	), 88.3 (-C	), 80.7 (-C	), 75.2 (-C	), 18.7
(CH(CH3)2), 11.6 ppm (CH(CH3)2); IR: �� � 2942 (s), 2865 (s), 2154 (C	C)
(m), 1577 (s), 1447 (s), 876 (s), 813 (s), 676 cm�1 (s); UV/Vis (CHCl3): �max


(�)� 261 (117543), 274 (129708), 298 (141700), 317 (238469), 338
(261379), 348 sh nm (175827��1cm�1); fluorescence emission ([5]� 2.9�
10�7 moldm�3 in CHCl3, 300 nm excitation): �max� 358, 375 nm; MALDI
MS (1, 8, 9-anthracenetriol matrix): m/z (%): 1681 (100) [M��H]; HRMS
(FAB, 10% CF3COOH/CHCl3, [M��H]) calcd for C114H115N6Si4:
1679.8260; found: 1679.8313.
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ethynylpyridyl scaffolds, see: a) reference [14 h]; b) P. N. W. Baxter, J.
Org. Chem. 2000, 65, 1257.


[23] For a pioneering investigation into the construction of oligopyridines
using Sille-coupling methodology, see: Y. Yamamoto, Y. Azuma, H.
Mitoh, Synthesis, 1986, 564.


[24] The use of distannylpyridines for the palladium-catalysed synthesis of
oligopyridines has been recently revived; a) M. Heller, U. S. Schubert,
J. Org. Chem. 2002, 67, 8269; b) G. Manickam, A. D. Schl¸ter, Eur. J.
Org. Chem. 2000, 3475; c) U. S. Schubert, C. Eschbaumer, Org. Lett.
1999, 1, 1027; d) U. S. Schubert, C. Eschbaumer, C. H. Weidl, Synlett
1999, 342; e) U. Lehmann, O. Henze, A. D. Schl¸ter, Chem. Eur. J.
1999, 5, 854.


[25] G. S. Hanan, U. S. Schubert, D. Volkmer, E. Rivie¡re, J.-M. Lehn, N.
Kyritsakas, J. Fischer, Can. J. Chem. 1997, 75, 169.


[26] a) E. F. Co¬ rsico, R. A. Rossi, Synlett, 2000, 227; b) Y. Yamamoto, A.
Yanagi, Chem. Pharm. Bull. 1982, 30, 1731.


[27] During manuscript preparation, a publication appeared, outlining a
synthesis involving 23 and 24. See: J. Otsuki, H. Kameda, S. Tomihira,
H. Sakaguchi, T. Takido, Chem. Lett. 2002, 610. However, information
concerning the preparation, yields, purification and characterisation
of 23 and 24, were not reported in the latter communication. This data
is therefore provided above.


[28] It was initially anticipated that the relatively strongly chelating
terpyridine unit 24, may possibly interfere with its coupling to 13, by
selective coordination and concomitant deactivation of the palladium
and copper catalysts. The Sonogashira coupling between 13 and 24 was
therefore conducted in pyridine in order to suppress any possible
coordination of 24 to the catalysts and intermediate species derived
therefrom.


[29] O. Lavastre, L. Ollivier, P. H. Dixneuf, S. Sibandhit, Tetrahedron, 1996,
52, 5495.


[30] M. L. Bell, R. C. Chiechi, C. A. Johnson, D. B. Kimball, A. J. Matzger,
W. Brad Wan, T. J. R. Weakley, M. M. Haley, Tetrahedron. 2001, 57,
3507.


[31] The copper-mediated oxidative cyclisation of terminal diethynes has
provided a versatile and widely exploited method for the preparation
of medio- and macrocyclic ring systems. The methodology is broad in
scope and tolerant to wide range of functional groups. The cyclisations
are normally performed at medium to high dilution in a basic solvent
such as pyridine, but reaction parameters such as co-solvents, temper-
ature and the nature of the copper oxidant have been subject to a
range of modifications. Of particular significance, is the fact that there
appears to be no predictable relationship between the yield of
macrocyclisation and the structure of the starting terminal diethyne.
The optimal reaction parameters must be determined independently
for each type of substrate. For a discussion of copper mediated ethyne
coupling protocols in macrocyclisation reactions, see for example: L.
Rossa, F. Vˆgtle, Top. Curr. Chem. 1983, 113, 72 ± 75.


[32] In the case of 1, molecular modelling studies showed that coordination
of two precursor ligands to CuI/II would juxtaposition the ethyne
groups into a favourable orientation for cyclisation. Ion coordination
would therefore be expected to result in an enhancement in the yield
of 1. On the other hand, the chelation of two 26 molecules to CuI/II


would position the ethynes of each ligand at distances out of range for
intra-complex cyclisation, favouring the formation of polymeric and
possibly catenated products. For a discussion of guest templating
effects in the formation of ethynyl-porphyrin macrocycles, see:
references [3b, c].


[33] MALDI TOF mass spectrometry has been successfully used for the
characterisation of nanosized ethynylphenyl macrocycles and also
their gas phase aggregation behaviour; S. Hˆger, J. Spickermann,
D. L. Morrison, P. Dziezok, H. J. R‰der, Macromolecules, 1997, 30,
3110.


[34] The aromatic resonances were assigned as follows: The doublet at ��
8.871 ppm was the furthest downfield resonance in the 1H NMR
spectrum of 5, and was therefore assigned to the pyridyl H6/6�� protons
of the outer two pyridine rings due to their proximity to the electron-
withdrawing nitrogen atoms. The doublet of doublets at �� 8.033 ppm
exhibited a crosspeak with the doublet at �� 8.871 ppm in the 1H ± 1H
COSY spectrum of 5, and was therefore assigned to the H4/4�� protons
of the outer pyridine rings. A crosspeak in the 1H ± 1H COSY spectrum
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of 5, between the triplet at �� 8.003 ppm due to the H4� proton of the
central pyridine, and the doublet at �� 8.541 ppm indicated that the
latter resonance originated from the central pyridine H3�/H5� protons.
The remaining pyridyl doublet at �� 8.680 ppm was therefore
assigned to the H3/3�� protons of the outer pyridines. This conclusion
was unambiguously verified by the presence of a crosspeak in the 1H ±
1H COSY spectrum, between the latter resonance and that at ��
8.033 ppm originating from the H4/4�� protons. The three triplets at
�� 7.749, 7.696 and 7.636 ppm were assigned to the phenyl H2, H6 and
H4 protons, respectively, by comparison with the spectra of 25 and 26
and on the basis of expected electronic effects translated through the
adjacent ethynes. The furthest downfield phenyl resonance at ��
7.749 ppm was thus assigned to the H2 phenyl proton, directed
towards the interior of the macrocyclic cavity. The latter proton would
be expected to experience the greatest downfield shifting due to its
situation between the ethynes with the most electron-withdrawing
substituents. The most upfield triplet at �� 7.636 ppm was assigned to
the H4 proton which is positioned between the ethyne bearing the
relatively electron-donating triisopropylsilyl group, and the ethyne
with lesser of the two electron withdrawing substituents, that is, the
butadiyne group. Finally, in the case of 5, a 1H ± 13C HSQC experiment
enabled the assignation of the proton-connected aromatic carbon
atoms (see characterisation data for 5 above).


[35] It may be noted that the emission spectral energies of 23 ± 26 recorded
at �2� 10�7 mol dm�3, and of 5 at �3� 10�8 mol dm�3 were
particularly sensitive to the presence of trace amounts of adventitious
transition metal contaminants, possibly originating from the solvent
and/or the walls of the glass volumetric and measuring equipment.
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sensors for metal ions.
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the synthesis of 5 described above; see: C. Grave, A. D. Schl¸ter, Eur.
J. Org. Chem. 2002, 3075; see also reference [14k] for work connascent
with that described herein. However, the reported yields were
significantly lower than that obtained for 5. It appears therefore that
the Eglinton/Galbraith ethyne macrocyclisation of precursors pos-


sessing bulky substituents, may offer a more widely applicable route to
synthetically useful quantities of nanosized ethynyl macrocycles
incorporating pyridine-type metal ion binding units.


[37] These factors are of crucial importance if structures such as 5 are to be
considered as realistic candidates for nanomaterials research. It may
also be noted that the described synthetic sequence involves the
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pivotal construction units for incorporation into alternative organic
scaffolds and nanostructures.
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Sauvage, J.-P. Collin, Chem. Commun. 1998, 2333; e) A. P. de Silva,
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The Evolution of [{Ph2P(CH2)nPPh2}Pt(�-S)2Pt{Ph2P(CH2)nPPh2}] (n� 2, 3)
Metalloligands in Protic Acids: A Cascade of Sequential Reactions


Rube¬n Mas-Balleste¬ ,[a] Gabriel Aullo¬n,[a] Paul A. Champkin,[b] William Clegg,[b]
Claire Me¬gret,[a] Pilar Gonza¬ lez-Duarte,*[a] and AgustÌ Lledo¬ s*[a]


Abstract: Given the nucleophilicity of
the {Pt2S2} ring, the evolution of [Pt2-
(�-S)2(P�P)2] (P�P� 1,2-bis(diphenyl-
phosphino)ethane (dppe), 1,3-bis(diphe-
nylphosphino)propane (dppp)) metallo-
ligands in the presence of the simplest
electrophilic species, the proton, has
been studied. Combined use of exper-
imental and theoretical data has allowed
the whole set of reactions ensuing the
protonation of the {Pt2S2} core to be
established. The titration of [Pt2(�-
S)2(P�P)2] with HCl or HClO4 was
monitored mainly by 31P{1H} NMR and


mass techniques. Characterization of all
the species involved was completed with
the determination of the crystal struc-
ture of [Pt(SH)2(P�P)], for dppe and
dppp, and [Pt3(�3-S)2(dppp)3](PF6)2. The
first protonation step of the {Pt2S2} core
leads to the stable [Pt2(�-S)(�-SH)(P�
P)2]� complex, but the second step
implies disintegration of the ring, thus
giving rise to various mononuclear spe-


cies. The subsequent evolution of some
of these species allows regeneration of
[Pt2(�-S)(�-SH)(P�P)2]� , evidencing
the cyclic nature of this process. Where-
as the reaction pathway is essentially
common for both phosphine ligands,
dppe and dppp, the different coordinat-
ing ability of Cl� or ClO4


� determines
the nature of the final products,
[PtCl2(P�P)], [Pt3(�3-S)2(P�P)3]Cl2 or
[Pt3(�3-S)2(P�P)3](ClO4)2. DFT calcu-
lations have corroborated the thermo-
dynamic feasibility of the reactions pro-
posed on the basis of experimental data.


Keywords: nucleophilicity ¥
platinum ¥ protonation ¥ S ligands


Introduction


The high nucleophilicity of the bridging sulfido ligands in the
{Pt2S2} core accounts for the exceptional chemical features of
complexes of the formula [L2Pt(�-S)2PtL2].[1] In this context,
their ability to act as metalloligands in the assembly of a
diverse range of sulfido-bridged higher nuclearity aggregates
has prompted most of the research into such compounds in
recent years.[2] In addition to the reaction of [L2Pt(�-S)2PtL2]
with metal substrates, that with organic electrophilic agents
such as PhCH2Br,[3] CH3I,[4] and CH2Cl2[5] has also been
described. As regards the last of these, we recently reported
the reaction pathways by which the complexes [Pt2(�-S)2(P�
P)2] (P�P� 1,2-bis(diphenylphosphino)ethane (dppe) 1a ;
1,3-bis(diphenylphosphino)propane (dppp) 1b) react with
CH2Cl2.[6] The observed dependence on the nature of the
diphosphine ligands, together with the high number and


different natures of the species characterized, provided
evidence for the rich and diverse chemistry of the {Pt2S2}
core and encouraged us to extend the nucleophilicity studies
to the simplest electron-acceptor species, the proton.


Herein, we explore the reactivity of 1a and 1b towards two
protic acids, HCl and HClO4, which differ in the coordination
ability of the corresponding conjugate bases. Thus, the first
and second protonation steps of the {Pt2S2} core in the
previous complexes and particularly the multistage pathways
following cleavage of the {Pt2(�-SH)2} ring are discussed in
detail. Verification of the proposed reaction pathways, shown
in Schemes 1 and 2, has required the synthesis and character-
ization of the mononuclear complexes [Pt(SH)2(P�P)], (P�
P� dppe 4a ; dppp 4b), which are transient species resulting
from this cleavage. Remarkably, in the presence of HCl and
HClO4, 4a and 4b spontaneously evolve to the corresponding
dinuclear monoprotonated species [Pt2(�-S)(�-SH)(P�P)2]�


(P�P� dppe, 2a, or dppp, 2b), thus accounting for the cyclic
nature of the reactions of 1a and 1b with protic acids.


An additional interest in several complex species reported
here arises from their relevance to the process of removal of
sulfur as SH2 from petroleum feedstocks, known as hydro-
desulfurization (HDS). Thus, the previously characterized
complex [(PPh3)2Pt(�-S)2Pt(PPh3)2] (an analogue of 1a and
1b) is obtained as a result of the reaction of [Pt(PPh3)2C2H4]
with �6-coordinated benzothiophene, as a model for homoge-
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neous HDS of relatively unreactive
sulfur-containing species.[7] More-
over, complex species containing
the Pt�SH fragment, which is pres-
ent in complexes [Pt2(�-S)-
(�-SH)(P�P)2]� (P�P� dppe, 2a,
or dppp, 2b), [Pt2(�-SH)2(P�P)2]2�


(P�P� dppe, 3a, or dppp, 3b) and
[Pt(SH)2(P�P)] (P�P� dppe, 4a,
or dppp, 4b), have been proposed
as intermediate species in HDS.[8]


The fact that Pt�SH-containing spe-
cies are scarce[9] and that complexes
of formula [Pt(SH)2L2] are consid-
ered as good potential catalysts in
the Claus process (consisting of the
oxidation of the SH2, formed in the
HDS process, to elemental sulfur),[10]


provide further interest to this study.
Overall, the systematic investiga-


tion of the reactions involved in the
protonation of the {Pt2S2} core in the
complexes [Pt2(�-S)2(P�P)2] (1a
and 1b) gives more evidence of the
remarkable chemistry of the afore-
mentioned metalloligands in the
presence of electrophilic agents and
shows the ease of interconversion
between apparently unrelated plati-
num complexes containing the
Pt�SH fragment.


Results and Discussion


General description of the evolution of the complexes [Pt2(�-
S)2(P�P)2] (P�P� dppe, dppp) in the presence of HCl and
HClO4 : The reaction pathways proposed for the reactions of
[Pt2(�-S)2(P�P)2] (1) with HCl (Scheme 1) and HClO4


(Scheme 2) are based on the experimental data summarized
in Tables 1 and 2.


The first information on these reactions was obtained by
monitoring the 31P{1H} NMR parameters of the species
present in solution after controlled addition of HCl to 1 in
acetonitrile. Up to one equivalent of protons per mole of
[Pt2(�-S)2(P�P)2], the addition of HCl led to the immediate
formation of [Pt2(�-S)(�-SH)(P�P)2]Cl, 2-Cl, which are
stable in solution and have been structurally characterized
in the solid phase as the perchlorate salts, 2-ClO4.[11]


Subsequent additions of HCl had a small effect, until a
significant excess of protons was added with respect to the
stoichiometric ratio required to obtain the corresponding
diprotonated complexes [Pt2(�-SH)2(P�P)2]2� (3). After this,
the excess of protons produced a decrease in the concen-
tration of 2-Cl and the concomitant appearance of the
corresponding mononuclear species [PtCl2(P�P)] (6). For
both 1a and 1b, the concentration of [PtCl2(P�P)] formed


Abstract in Catalan: En base a la nucleofilicitat de l�anell
{Pt2S2}, s�ha estudiat l�evolucio¬ dels metal ¥ lolligands [Pt2(�-
S)2(P�P)2] (P�P� dppe, dppp) envers l�electro¡fil me¬s sen-
zill, el proto¬. La combinacio¬ de dades experimentals i teo¡riques
ha perme¡s establir el conjunt de reaccions que es deriven de la
protonacio¬ de l�anell {Pt2S2}. El seguiment de la valoracio¬ de
[Pt2(�-S)2(P�P)2] amb HCl o HClO4 s�ha efectuat essencial-
ment per te¡cniques de RMN de 31P{1H} i d�espectrometria de
masses. La caracteritzacio¬ de totes les espe¡cies implicades s�ha
completat amb la determinacio¬ de l�estructura cristal ¥ lina de
[Pt(SH)2(P�P)], per dppe i dppp, i [Pt3(�3-S)2(dppp)3](PF6)2.
La primera protonacio¬ de l�anell {Pt2S2} do¬na lloc a un
complex estable, [Pt2(�-S)(�-SH)(P�P)2]� , pero¡ la segona te¬
com a conseq¸e¡ncia la desintegracio¬ de l�esmentat anell,
originant la formacio¬ de diverses espe¡cies mononuclears.
L�evolucio¬ posterior d�algunes d�aquestes espe¡cies permet la
regeneracio¬ de [Pt2(�-S)(�-SH)(P�P)2]� , evidenciant aixÌ la
naturalesa cÌclica del proce¬s. Si be¬, qualitativament, el camÌ de
reaccio¬ e¬s comu¬ per les dues fosfines, dppe i dppp, la diferent
capacitat coordinant de Cl� o ClO4


� determina la naturalesa
dels productes finals, [PtCl2(P�P)], [Pt3(�3-S)2(P�P)3]Cl2 o
[Pt3(�3-S)2(P�P)3](ClO4)2. Els ca¡lculs teo¡rics (DFT) han
perme¡s establir la viabilitat termodina¡mica dels processos
proposats en base a les dades experimentals.


Scheme 1. Reaction pathways proposed for the re-
actions of [Pt2(�-S)2(P�P)2] (P�P�dppe or dppp)
with HCl.
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was directly related to the amount of HCl added but, for the
same amount, the [PtCl2(P�P)] to [Pt2(�-S)(�-SH)( P�
P)2]Cl molar ratio obtained was always greater for dppe than
for dppp. After one week, in the case of 2a-Cl only, the
addition of up to approximately four equivalents of acid led to
the formation of [Pt3(�3-S)2(dppe)3]Cl2, 7a-Cl2, whose X-ray
crystal structure and NMR parameters have already been
reported.[2e]


Whereas the addition of one equivalent of HClO4 per mole
of 1 in acetonitrile caused the immediate formation of 2-ClO4,


an excess of HClO4 gave rise to the concomitant appearance
of the corresponding trinuclear complex [Pt3(�3-S)2(P�P)3]2�


(7). This occurred in a substantial amount for 7a-(ClO4)2, but
it required a great excess of acid for 7b-(ClO4)2. The crystal
structure of 7a-Cl2 is known[2e] and that of 7b-(PF6)2 is
reported here.


Consideration of both sets of data and complementary
information (described below) allowed us to deduce that the
addition of protons to 2 had caused them to evolve to the
corresponding diprotonated complexes 3, which were of an


Scheme 2. Reaction pathways proposed for the reactions of [Pt2(�-S)2(P�P)2] (P�P�dppe or dppp) with HClO4.


Table 1. Identification of the complex species formed throughout different processes as deduced by 31P{1H} NMR data.


Experiment Acid Amount of acid Species detected in solution by 31P{1H} NMR
added added (equiv) P�P� dppe P�P� dppp


Titration of 1 with acid HCl 2 2a-Cl � 6a (minor) 2b-Cl � 6b (minor)
16 2a-Cl � 6a 2b-Cl � 6b (minor)
50 6a 2b-Cl � 6b


HClO4 5 2a-ClO4 � (7a)(ClO4)2 (minor) 2b-ClO4


50 2a-ClO4 � 7a-(ClO4)2 2b-ClO4


75 7a-(ClO4)2 2b-ClO4


150 7a-(ClO4)2 2b-ClO4 � 7b-(ClO4)2 (minor)
Titration of 4 with acid HCl 25 2a-Cl � 7a-Cl2 � 6a (minor) 2b-Cl � 6b (minor)


50 6a � 7a-Cl2 2b-Cl � 6b
75 6a 2b-Cl � 6b


HClO4 2 2a-ClO4 � 7a-(ClO4)2 (minor) 2b-ClO4


5 2a-ClO4 � 7a-(ClO4)2 2b-ClO4


25 7a-(ClO4)2 2b-ClO4


Evolution of 2 in the presence of acid after 1 week HCl 4 2a-Cl � 7a-Cl2 � 6a 2b-Cl � 6b
HClO4 4 7a-(ClO4)2 no reaction


2 � 6 ± ± No reaction no reaction
6 � NaSH (1:1) ± ± 2a-Cl � 4a (minor) 2b-(Cl) � 4b (minor)
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elusive nature. The sequence of protonation reactions with
HCl is given in A and B.


[Pt2(�-S)2(P�P)2] (1) � HCl � [Pt2(�-S)(�-SH)(P�P)2]Cl (2-Cl) (A)


[Pt2(�-S)(�-SH)(P�P)2]Cl (2-Cl) � HCl � [Pt2(�-SH)2(P�P)2]Cl2 (3-Cl2) (B)


The fact that this second protonation step B, unlike the first
one A, required a significant excess of protons with respect to
the stoichiometric ratio indicates that the complexes [Pt2(�-
S)2(P�P)2] (1) are stronger bases than their monoprotonated
counterparts [Pt2(�-S)(�-SH)(P�P)2]� (2), the pKa values of 2
on the aqueous scale falling in the range 7 ± 9.[11] Moreover,
the basicity of 2 is dependent on the nature of the diphosphine
ligand, being higher for dppe than for dppp. Overall, the ease
of decomposition of 3 impaired their observation in solution,
but could account for the different complexes obtained
spontaneously as a result of the disintegration of the {Pt2(�-
SH)2} core in these species. The cascade of reactions following
this disintegration depends on the nature of the diphosphine
ligands and on the coordinating ability of the conjugate base,
Cl� or ClO4


�, of the acid added. Thus, the sequence of
reactions resulting from the addition of HCl to complexes 1
will be described first (Scheme 1), and this will be followed by
that involving the addition of HClO4 (Scheme 2).


Following the previous assumption, the reaction between
HCl and 2 entails formation of the {Pt2(�-SH)2} ring, which
then cleaves either symmetrically (reaction C), affording two
equivalents of [PtCl(SH)(P�P)] (5), or asymmetrically (re-
action D), leading to a mixture of [PtCl2(P�P)] and
[Pt(SH)2(P�P)], that is 4 and 6.


[Pt2(�-SH)2(P�P)2]Cl2 (3-Cl2) � 2 [PtCl(SH)(P�P)] (5) (C)


[Pt2(�-SH)2(P�P)2]Cl2 (3-Cl2) �
[Pt(SH)2(P�P)] (4) � [PtCl2(P�P)] (6)


(D)


The presence of an excess of HCl in solution, which is
required for the formation of the diprotonated cations 3,
causes protonation of SH� and thus its replacement by Cl� in 4
and 5 (reactions E and F), as well as the wholesale displace-


ment of these reactions toward the formation of the corre-
sponding compounds 6, both already known[12] and thus easily
identified in solution.[6]


[Pt(SH)2(P�P)] (4) � HCl � [PtCl(SH)(P�P)] (5) � H2S (E)


[PtCl(SH)(P�P)] (5) � HCl � [PtCl2(P�P)] (6) � H2S (F)


To verify these reactions we carried out the synthesis and
characterization of complexes 4 (described below) and
monitored their reactivity towards HCl and HClO4 by a
procedure similar to that followed for 1. Addition of a
significant excess of HCl to 4 in acetonitrile yielded 6, and
thus confirmed reactions E and F. On the other hand, when
the amount of HCl added was limited to a smaller excess,
complexes 4 spontaneously evolved to 2, which could occur
either directly (reaction G) or in two steps (reactions E and
H) through the intermediate species 5.


2 [Pt(SH)2(P�P)] (4) � HCl �
[Pt2(�-S)(�-SH)(P�P)2]Cl (2-Cl) � 2H2S


(G)


2 [PtCl(SH)(P�P)] (5) � [Pt2(�-S)(�-SH)(P�P)2]Cl (2-Cl) � HCl (H)


This last reaction could account for the spontaneous
dimerization of 5 and thus for our unsuccessful attempts to
detect these species. To obtain evidence for the two-step
mechanism, the reaction of [PtCl2(P�P)] (6), with NaSH ¥
H2O in approximately a 1:1 molar ratio was carried out. This
resulted in the formation of 2-Cl in high yield and thus
indicated that reaction H is feasible under the present
experimental conditions. However, theoretical calculations
on both processes, G and H, described below, strongly suggest
that reaction G is more favorable than H.


Overall, the reaction of complexes [Pt2(�-S)2(P�P)2] (1)
with HCl in excess consists of a cyclic process, where the
monoprotonated species [Pt2(�-S)(�-SH)(P�P)2]� (2) initial-
ly formed evolves to the new species [Pt(SH)2(P�P)] (4),
which in turn affords the initial complexes 2-Cl. However, the
concomitant formation of unreactive species, such as
[PtCl2(P�P)] (6), under the present experimental conditions
limits the cyclic process. An additional dead end, for P�P�
dppe only, is the formation of the trinuclear complex [Pt3(�3-
S)2(dppe)3]2� (7a). It was also observed that the formation of
7a-Cl2, as well as 7a-(ClO4)2, is solvent-dependent and, in
both cases, the amount formed follows the order:
acetonitrile � acetone � methanol � methylene chloride.


There are several possible ways for the formation of the
trimetallic compound 7a-Cl2 to occur. According to exper-
imental data, complexes 2a-Cl and 6a do not react with
themselves, and thus their combination (reaction I) cannot be
a possible source for complex 7a-Cl2.


[PtCl2(P�P)] (6) � [Pt2(�-S)(�-SH)(P�P)2]Cl (2-Cl) �
[Pt3(�3-S)2(P�P)3]Cl2 (7-Cl2) � HCl


(I)


Two alternative reaction pathways for the formation of 7a-
Cl2 are given in chemical equations J and K, in which the


Table 2. ESMS and NMR data for complexes 1, 2, 4, 6 and 7.


Compound m/z Calculated
MW


�(31P)
[ppm][a]


1JPt,P (Hz)


[Pt2(�-S)2(dppe)2] (1a) 1251.7[b] 1251[b] 40.5 2740
[Pt2(�-S)2(dppp)2] (1b) 1279.7[b] 1279[b] � 0.1 2615
[Pt2(�-S)(�-SH)(dppe)2]� (2a) 1251.7 1251 45.4[c] 3110[c]


[Pt2(�-S)(�-SH)(dppp)2]� (2b) 1279.7 1279 � 0.8[c] 2965[c]


[Pt(SH)2(dppe)] (4a)[d] 626.2 659 48.5 2883
[Pt(SH)2(dppp)] (4b)[e] 640.1 673 � 1.3 2768
[PtCl2(dppe)] (6a) ± 43.4 3610
[PtCl2(dppp)] (6b) ± � 3.7 3408
[Pt3(�3-S)2(dppe)3]2� (7a) 921.4[f] 1844 38.3 3248
[Pt3(�3-S)2(dppp)3]2� (7b) 943.0[f] 1886 ±10.8[g] 3016[g]


[a] In [D6]DMSO. [b] m/e�M� 1. [c] Apparent parameters at room temper-
ature. [d] 1H NMR parameters for 4a : �(1H-S)��0.82 ppm; 2JH,Pt� 51.7 Hz;
3JH,P(trans)� 10.8 Hz, 3JH,P(cis)� 3.5 Hz. [e] 1H NMR parameters for 4b : �(1H-S)�
�1.00 ppm; 2JH,Pt� 48.5 Hz; 3JH,P(trans)� 7.2 Hz. [f] m/e�M/2. [g] 31P NMR
parameters from the computer simulation for [Pt3(�3-S)2(dppp)3]2� : �(31P)�
�10.7 ppm; 1JPt,P� 3016 Hz; 2JPt,Pt� 705 Hz; 3JPt,P �10 Hz; 4JP,P� 10 Hz.
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binuclear complexes 2 react with their mononuclear counter-
parts 4 or 5.


[Pt(SH)2(P�P)] (4) � [Pt2(�-S)(�-SH)(P�P)2]Cl (2-Cl) � HCl �
[Pt3(�3-S)2(P�P)3]Cl2 (7-Cl2) � 2H2S


(J)


[PtCl(SH)(P�P)] (5) � [Pt2(�-S)(�-SH)(P�P)2]Cl (2-Cl) �
[Pt3(�3-S)2(P�P)3]Cl2 (7-Cl2) � H2S


(K)


Another possible pathway arises from the self-combination
of two equivalents of [Pt2(�-SH)2(P�P)2]Cl2 (3) (reaction L),
which affords not only 7-Cl2 but also the mononuclear
[Pt(SH)2(P�P)] (4) complex and HCl as a byproduct. These
two latter compounds react further, thus generating the
binuclear complex 2 (by means of reaction G) and confirming
the cyclic process proposed above.


2 [Pt2(�-SH)2(P�P)2]Cl2 (3-Cl2) �
[Pt3(�3-S)2(P�P)3]Cl2 (7-Cl2) � [Pt(SH)2(P�P)] (4) � 2HCl


(L)


The experimental data obtained in the titration of 1, as well
as 4, with HClO4 (Table 1) compare very well with those
obtained with HCl, the only differences being due to the lower
coordinating ability of the ClO4


� counterion. As shown in
Scheme 2, the addition of the first equivalent of HClO4 to 1
leads to the immediate formation of the monoprotonated
species 2-ClO4. Subsequent additions of HClO4 cause the
latter species to evolve to 4, with the concomitant formation
of the corresponding trinuclear complexes 7-(ClO4)2, which,
unlike 4, do not react further under the present experimental
conditions. As with the titration with HCl, it has not been
possible to detect the transient diprotonated complexes 3-
(ClO4)2. Direct titration of 4 with HClO4, has allowed us to
verify that they evolve into the initial complexes 2-ClO4, and
thus to reconfirm the cyclic nature of the protonation process
of the {Pt2S2} core in 1. However, as the ClO4


� counterion
prevents the generation of analogues of 6, the only dead end
of the cycle is the formation of 7-(ClO4)2. Detection of 7b-
(ClO4)2 requires a greater excess of acid than 7a-(ClO4)2,
which is easily observed in the titration of either 1a or 4a with
HClO4. The dependence of the ease of formation of the
trinuclear species with the phosphine ligand, (greater stability
for dppe than for dppp), compares well with the results
obtained in the titration with HCl.


Theoretical study of the reaction pathway followed by the
[Pt2(�-S)2(P�P)2] (P�P� dppe, dppp) complexes in the
presence of HCl: We have performed theoretical calculations
to evaluate the thermodynamic feasibility of the proposed
reactions (A ±L) corresponding to the evolution of the {Pt2S2}
core in the presence of HCl. In addition to the energetic
picture of the aforementioned reactions, and to the relative
stabilities of the species involved, this study provides an
insight into the structural features of the compounds involved,
some of them not well characterized. In the calculations, we
have modeled dppe and dppp real ligands by H2P(CH2)2PH2


(dhpe) and H2P(CH2)3PH2 (dhpp), respectively. To obtain
realistic values of the reaction energies, the solvent has been
taken into account in the calculations. The reason for
proceeding in this way is that in some of the considered


reactions the charges of reactants and products are not the
same, the process entailing a net charge creation or annihi-
lation. In these cases solvent effects on the thermodynamics of
the reaction are dramatic. For instance, reaction A (charge of
reactants 0, charge of products �1 and �1) is computed to be
slightly exothermic in solution (� � 4.5 kcalmol�1) but it is
extremely endothermic in the gas phase (� � 82 kcalmol�1).
The effect is much lower when the charges of reactants and
products remain the same. For instance, �E values of
approximately �7.5 kcalmol�1 and �9.5 kcalmol�1 are com-
puted for reaction E in the gas phase and solution, respec-
tively. To obtain a global picture of all the processes
considered, solvent effects have been included in all the
reactions. Thus, all the reported values have been obtained in
acetonitrile as solvent (�� 36.64) by means of the polarizable
continuum model (PCM). Accordingly, the reaction energies
(�E) for reactionsA ±L have been calculated (Table 3). From


these values, it is possible to obtain the relative energy per
™{Pt2}∫ unit for all the species involved from [Pt2(�-S)2(P�
P)2] (taken as the zero of energy) to [Pt3(�3-S)2(P�P)3]2�


(Table 4), and to establish the energy profile for the whole
process (Figure 1). Energies obtained with dhpe and dhpp
ligands are very similar (see Table 3), and thus, only the values
for dhpe are represented in Figure 1.


The overall process depicted in Scheme 1 can be considered
as being formed by three steps: 1) protonation of the


Table 3. Theoretical evaluation of energetic changes (�E) accompanying
the proposed reactions pathways A ±L. All energies are in kcalmol�1.


Reactions �E
dhpe dhpp


A 1 � HCl � 2-Cl � 4.7 � 4.5
B 2-Cl � HCl � 3-Cl2 � 17.2 � 15.9
C 3-Cl2 � 2 5 � 41.5 � 41.2
D 3-Cl2 � 4 � 6 � 39.5 � 39.1
E 4 � HCl � 5 � H2S � 9.1 � 9.8
F 5 � HCl � 6 � H2S � 7.1 � 7.7
G 2 4 � HCl � 2-Cl � 2H2S � 6.1 � 5.6
H 2 5 � 2-Cl � HCl � 24.3 � 25.2
I 2-Cl � 6 � 7-Cl2 � HCl � 17.8 � 18.8
J 2-Cl � 5 � 7-Cl2 � H2S � 10.7 � 11.1
K 2-Cl � 4 � HCl � 7-Cl2 � 2H2S � 1.6 � 1.4
L 2 3-Cl2 � 7-Cl2 � 4 � 2HCl � 38.9 � 36.2


Table 4. Relative energy per dimer {Pt2} for compounds involved in the
proposed reactions. The energy for complexes [Pt2(�-S)2(P�P)2] is
arbitrarily taken to zero. All energies are in kcalmol�1.


Compounds Relative energy
dhpe dhpp


1 0.0 0.0
2-Cl � 4.7 � 4.5
3-Cl2 � 12.5 � 11.4
2 5 � 29.0 � 29.7
4 � 6 � 27.0 � 27.6
5 � 6 � 36.1 � 37.4
2 6 � 43.2 � 45.1
5 � 4 � 19.9 � 19.9
2 4 � 10.8 � 10.2
1/2 4 � 1/2 7-Cl2 � 6.9 � 6.7
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Figure 1. Energy profile for the reaction pathway of [Pt2(�-S)2(dhpe)2]
with HCl in acetonitrile as solvent. Reactions are shown from left
(reagents) to right (products).


bimetallic {Pt2S2} core, which includes the addition of the first
and second proton to the sulfido bridges; 2) cleavage of the
bimetallic {Pt2S2} core yielding various monometallic species,
and their subsequent evolution by reaction with HCl; and
3) formation of trimetallic species either from dinuclear
species alone or from a combination of mononuclear and
dinuclear complexes.


1) Protonation of the {Pt2S2} core : The two consecutive
additions of H� to the sulfido bridges of [Pt2(�-S)2(P�P)2]
have very different consequences. In the first protonation
(reaction A), stable mixed (�-S)(�-SH)-bridged complexes
are formed in a slightly exothermic (�5 kcalmol�1) reaction,
in agreement with the isolation, and in some cases X-ray
characterization, of such compounds with Pt[11] ,[13] and Ni.[14]


In contrast, the second protonation step (reaction B) is highly
endothermic, indicating very unstable diprotonated com-
plexes. We have checked the true minimum nature of the
highly unstable diprotonated species by means of vibrational
analysis. No imaginary frequencies are found for species 3,
thus confirming their nature as unstable reaction intermedi-
ates. Accordingly, the diprotonated complex could only be
synthesized by using a large excess of protic acid. Notwith-
standing this, owing to the cleavage of the {Pt2(SH)2} ring (see
below), no [Pt2(�-SH)2(P�P)2]2� species has been isolated or
detected in solution. The very difficult diprotonation of
[Pt2(�-S)2(P�P)2], also found in [Ni2(�-S)2(P�P)2] com-
plexes,[14] is consistent with the acidic nature of the sulfhydryl
proton-sulfur bond. The thermodynamic instability of the
diprotonated species is a key factor that justifies the sequence
of reactions taking place in steps 2 and 3, leading to far more
stable compounds.


The main structural parameters of optimized binuclear
complexes, together with the X-ray structure of the parent
experimental compounds, are given in Table 5.


Structural trends in edge-sharing binuclear d8 complexes
with X and XR bridges have recently been analyzed.[15] A
characteristic structural parameter for complexes having
{M2(�-X)2} cores is the dihedral angle � that describes the
degree of folding of the M2X2 ring. This angle is �135� in
compounds [Pt2(�-S)2(P�P)2], and small variations, of less
than 2�, are found for all isomers of [Pt2(�-S)(�-SH)(P�P)2]� .


Table 5. Calculated and X-ray-determined parameters for bimetallic and trimetallic complexes with {(P2Pt)n(�-S)2} cores.


Compound[a] Pt ¥¥ ¥ Pt S ¥¥ ¥ S Pt�S Pt�SH Pt-PS Pt�PSH S-Pt-S Pt-S-Pt Pt-SH-Pt P-Pt-P � Reference[b]


[(dhpe)2Pt2(�-S)2] 3.307 3.213 2.399 ± 2.299 ± 84.1 87.1 ± 86.6 136.3 calcd
[(dhpp)2Pt2(�-S)2] 3.293 3.222 2.406 ± 2.294 ± 84.1 86.4 ± 95.6 134.4 calcd
[(dppe)2Pt2(�-S)2] (NILDAN) 3.292 3.134 2.350 ± 2.245 ± 83.7 88.9 ± 86.2 140.2 [2 f]
[(dppp)2Pt2(�-S)2] 3.235 3.101 2.340 ± 2.254 ± 83.0 87.5 ± 94.7 134.8 [6]
[(Ph2pyP)2Pt2(�-S)2] (YIJNEK) 3.355 3.004 2.327 ± 2.277 ± 80.4 99.6 ± 103.0 180.0 [5d]
[(dhpe)2Pt2(�-S)(�-SH)]� 3.326 3.244 2.389 2.465 2.338 2.279 83.8 88.2 84.8 86.1 134.2 calcd: exo
[(dhpe)2Pt2(�-S)(�-SH)]� 3.351 3.160 2.394 2.449 2.336 2.279 81.5 88.8 86.3 86.1 132.0 calcd: endo
[(dhpp)2Pt2(�-S)(�-SH)]� 3.375 3.239 2.394 2.468 2.335 2.283 83.5 89.6 86.2 94.1 137.1 calcd: exo
[(dhpp)2Pt2(�-S)(�-SH)]� 3.409 3.162 2.399 2.452 2.333 2.285 81.4 90.6 88.1 93.9 136.0 calcd: endo
[(dppe)2Pt2(�-S)(�-SH)]� 3.350 3.057 2.341 2.371 2.261 2.244 80.9 91.4 89.9 85.7 138.3 [11]
[(dppp)2Pt2(�-S)(�-SH)]� 3.237 3.004 2.344 2.353 2.262 2.260 79.5 87.4 86.9 93.3 127.4 [11]
[(Ph3P)4Pt2(�-S)(�-SH)]� (QIDPUO )[c] 3.340 2.976 2.342 2.342 2.284 2.284 78.9 91.0 91.0 99.0 135.0 [13b]
[(dhpe)2Pt2(�-SH)2]2� 3.519 3.331 ± 2.468 ± 2.318 84.9 ± 91.0 85.2 150.2 calcd: exo
[(dhpe)2Pt2(�-SH)2]2� 3.550 3.285 ± 2.463 ± 2.319 83.6 ± 92.2 85.0 150.3 calcd: anti
[(dhpp)2Pt2(�-SH)2]2� 3.536 3.319 ± 2.472 ± 2.319 84.3 ± 91.3 92.2 149.7 calcd: exo
[(dhpp)2Pt2(�-SH)2]2� 3.558 3.281 ± 2.468 ± 2.320 83.3 ± 93.2 91.4 153.2 calcd: anti
[(dhpe)3Pt3(�-S)2]2� 3.257 3.118 2.443 ± 2.312 ± 78.3 83.6 ± 85.5 120.0 calcd
[(dhpp)3Pt3(�-S)2]2� 3.272 3.112 2.448 ± 2.312 ± 78.9 83.9 ± 92.9 120.0 calcd
[(dppe)3Pt3(�-S)2]2� (CENRAO) 3.118 3.063 2.364 ± 2.248 ± 80.8 82.6 ± 86.1 120.0 [2e]
[(dppe)3Pt3(�-S)2]2� (PAHSOQ) 3.121 3.064 2.365 ± 2.248 ± 80.8 82.6 ± 85.8 120.0 [18a]
[(dppp)3Pt3(�-S)2]2� (7b) 3.130 3.024 2.357 ± 2.301 ± 79.8 83.2 ± 93.1 120.0 this work
[(PhMe2P)6Pt3(�-S)2]2� (CIXRUW) 3.157 3.016 2.366 ± 2.269 ± 79.2 83.7 ± 98.9 120.0 [18b]


[a] S and SH indicate the sulfur atoms of sulfido and thiol groups, Pt�PS are Pt�P lengths trans to SH groups. [b] For experimental compounds, if available,
refcode of Cambridge Structural Database is given. [c] Hydrogen atoms are disordered between the two endo bridging sulfur atoms.
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However, when both bridges are thiol groups, [Pt2(�-SH)2(P�
P)2]2�, more planar rings are obtained (�� 150�), with the
concomitant lengthening of the Pt ¥¥ ¥ Pt distance. These
changes in the degree of bending are responsible for the
variations on the bond angles about the sulfur bridges.[16] Two
conformations, which differ in the endo or exo orientation of
the thiol proton with respect the hinged Pt2S2 ring,[16] have
been calculated for [Pt2(�-S)(�-SH)(P�P)2]� . Isomer endo
becomes most stable when the solvent effect is introduced, but
with an energy difference of only 0.4 kcalmol�1. Unfortu-
nately, hydrogen atoms have not been located in the crystal
structures, precluding a comparison with the calculated
structures. For complexes [Pt2(�-SH)2(P�P)2]2�, the syn-exo
conformation is found to be �1 kcalmol�1 more stable than
the bent-anti one. Protonation of sulfido bridges lengthens
Pt�S bonds, and Pt�SH lengths (thiol bridge, �2.47 ä) are
always longer than those of the Pt�S (sulfido bridge,
�2.40 ä). The difference can be also observed in experimen-
tal compounds.[6] These variations in Pt�S/SH lengths are
reflected in the Pt�P lengths by a trans influence, and values
of 2.28 ä and 2.32 ä are obtained for Pt�PSH and Pt�PS, trans
to the thiol and sulfido group, respectively. The very elongated
Pt�SH bond in the diprotonated species is worth mentioning
as it is consistent with the presence of weakened Pt�S bonds, a
factor that facilitates its cleavage.


A major difference between the dhpe and dhpp phosphines
is found in the bite P-Pt-P angle of the complexes. Despite the
diversity of compounds calculated, dhpp complexes always
have P-Pt-P angles greater than those with dhpe, with
differences varying between 6� and 9� for analogous com-
pounds. Whereas calculated dhpe complexes present bite
angles in a range of 85 ± 87�, compounds having dhpp ligand
appear more flexible, with values of 91 ± 96�. Experimental
complexes with related chelating diphosphines show the same
tendency.[6] We conclude that the presence of dppe or dppp
terminal diphosphine does not significantly affect the ther-
modynamics of the protonation steps.


An interesting point for [Pt2(�-S)(�-SH)(P�P)2]� com-
plexes, related to the acidic character of the SH proton, is the
possibility of SH ¥¥¥ S hydrogen bonding. We studied this
aspect in a recent communication. In addition to the presence
of weak hydrogen bonding, for 2a and 2bwe reported the first
evidence of a fast S�H ¥¥¥ S proton transfer in a transition
metal system.[11]


2) Cleavage of the {Pt2S2} core : Two processes, which lead to
different monometallic compounds, can be envisaged for the
disintegration of the {Pt2(�-SH)2} skeleton. If the two Pt�S
bonds of the same platinum atom are broken, two different
products, [PtCl2(P�P)] and [Pt(SH)2(P�P)] are formed
(reaction D). In contrast to this, the rupture of one Pt�S
bond from each moiety affords two mononuclear
[PtCl(SH)(P�P)] complexes (reaction C). Both processes
are very exothermic and have similar reaction energies
(around � 40 kcalmol�1). It can be expected that both
processes take place simultaneously, and thus that species
4 ± 6 are all present in solution. It is clear from Figure 1 that
the driving force for the disintegration of the bimetallic


species is the thermodynamic stability of the mononuclear
compounds formed from the cleavage of the {Pt2S2} core.


The experimental study shows that protonation of the SH
ligands in 4 and 5 is followed by their subsequent replacement
by Cl� anions, leading to 6 as the final products. The
substitution of the first SH� by one Cl� is favored by
�9 kcalmol�1 (reaction E), and the second replacement by
� 7 kcalmol�1 (reaction F). The monometallic dichloride
compounds are very stable, unreactive species, and their for-
mation appears as a dead end in Figure 1.WhenHClO4 is used
as the source of protons, only dithiol complexes can be
formed, due to the non-coordinating nature of the perchlorate
anions.


Experimental data evidencing formation of bimetallic
[Pt2(�-S)(�-SH)(P�P)2]� complexes from monometallic spe-
cies show that the disintegration/formation of the {Pt2S2} core
is a cyclic process. Calculations indicate that the presence of
[Pt(SH)2(P�P)] compounds is crucial for the cyclic character
of this process. Such species are the less stable monometallic
compounds, and [Pt2(�-S)(�-SH)(P�P)2]� complexes are
found to be only 6 kcalmol�1 above two [Pt(SH)2(P�P)]
molecules (reaction G). Formation of 2 from the direct
dimerization of two [PtCl(SH)(P�P)] monomers (reaction
H) appears less plausible, given the high endothermicity of the
reaction (�24 kcalmol�1). As this process involves the
formation of HCl, its removal with a base should facilitate
the thermodynamically unfavored reaction H, as reported for
related compounds in the presence of ternary amines.[5d]


Consequently, the presence of NaSH, and its reaction with
HCl, probably accounts for the experimental evolution of 6 to
2. In an acidic medium, a more favorable pathway from 5 to 2
would probably require prior exchange of Cl� by SH� ligands
in 5 to afford 6 and 4, the latter evolving to 2 (reaction G).


Structural data for optimized monometallic complexes and
related experimental compounds are presented in Table 6. As
for the bimetallic complexes, a good agreement with the X-ray
determined data is found. It is worth mentioning that the SH�


ligands have a stronger trans influence than Cl� on the Pt�P
bonds, as reflected in the Pt�PS bonds, which are 0.05 ä
longer than the Pt�PCl. The S ¥¥ ¥ S distance in monometallic
dithiol complexes is longer than in bimetallic or trimetallic
due to greater S-Pt-S angles (Table 5 and Table 6). The
optimized geometries show an increase in the P-Pt-P angles
for the monometallic compounds when SH� is replaced by
Cl�.


3) Generation of trimetallic species : Several possible pathways
can be proposed to account for the generation of trimetallic
complexes, among which trimolecular reactions can be
excluded for kinetic reasons. Accordingly, on the basis of a
bimolecular reaction, the following reaction mechanisms are
possible: i) combination of two bimetallic complexes to give
one trimetallic and one monometallic species and, ii) one
bimetallic species reacts with a monometallic complex.


The reaction of two diprotonated dimers [Pt2(�-SH)2-
(P�P)2]2� (3) to afford [Pt3(�3-S)2(P�P)3]2� (7) and
[Pt(SH)2(P�P)] (4) (reaction L) is highly favored, mainly
because of the diprotonated dimer×s high energy. The mono-
nuclear complex 4 can regenerate the {Pt2S2} core by reaction
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G, as shown above, although this reaction is competitive with
the substitution of SH� by Cl� if the acid added is HCl.
Complexes 3 are very unstable species, having two different
ways of evolving towards stable products: disintegration
(reactions C and D) or recombination (reaction L). Thus, it
is not surprising that different behavior is observed, depend-
ing on factors such as the presence or absence of coordinating
conjugate bases or the nature of the solvent.


Alternatively, [Pt2(�-S)(�-SH)(P�P)2]� may react with a
monometallic complex (4, 5 or 6) to form [Pt3(�3-S)2(P�
P)3]2�. This reaction is very plausible for 4 (reaction K), with
a reaction energy of less than 2 kcalmol�1, but the energy
increases when the chloro complexes [PtCl(SH)(P�P)] (5) or
[PtCl2(P�P)] (6) are considered (�11 and �18 kcalmol�1,
respectively). So reactions I and J are far less probable for the
formation of the trimetallic complex (7) in acidic medium.


The high value calculated for the energy of reaction I agrees
with the experimental data that complexes 2a-Cl and 6a do
not react among themselves, and thus their combination
cannot be a possible source of complex 7a-Cl2. It is clear that
while the evolution of 2 in the presence of HClO4 leads
exclusively to the trimer 7, in the presence of HCl, the
formation of 7 competes with that of highly stable and inactive
chloro complexes 6.


One aspect of the formation of trimetallic [Pt3(�3-S)2(P�
P)3]2� complexes that is not well reproduced by our calcu-
lations is the effect of the diphosphine ligand. Formation of
these species is easier with dppe than with dppp. Our
calculations give very similar �E values for both dhpe and
dhpp throughout the corresponding reaction pathways. It
seems reasonable to propose that the observed experimental


differences are due to kinetic rather than thermodynamic
factors.[17]


Structural data for [Pt3(�3-S)2(P�P)3]2� complexes have
been presented in Table 5, where bimetallic compounds have
been included for the sake of comparison. The Pt�S distances
in the trimetallic species show similar values, which are
intermediate between the Pt�SH and Pt�S distances found in
dinuclear complexes with a {Pt2S2} core. Furthermore, the
bending angles of 120� in the trinuclear species imply shorter
Pt ¥¥ ¥ Pt distances than in the dinuclear analogues.[1]


Spectroscopic and structural characterization of the platinum
complexes formed during the acid titration of [Pt2(�-S)2P�
P2] (P�P� dppe, dppp): The identification of the complexes
formed in the evolution of [Pt2(�-S)2(P�P)2] (P�P� dppe
(1a), dppp (1b)) in the presence of HCl and HClO4, which
was monitored by 31P{1H} NMR data, required knowledge of
the spectroscopic features of the species involved in this
process. To this end, the synthesis and structural and spectro-
scopic characterization of complexes 4a, 4b and 7b-(PF6)2
was undertaken; that of 1a and 1b,[2f,6] as well as their
corresponding precursors, 6a and 6b,[12] and of 7a-Cl2,[2e] were
already known. Within this context, the synthesis and X-ray
crystal structures of 2a-ClO4 and 2b-ClO4 were also achieved.
As variable-temperature 31P{1H} NMR studies in solutions
containing 2a or 2b were indicative of an unprecedented
intramolecular SH ¥¥¥ S proton transfer in both cations, all
these results have been anticipated in the form of a
communication.[11] Main NMR and ESI MS parameters for
complexes 1, 2, 4, 6 and 7 are summarized in Table 2. Our
unsuccessful attempts to isolate the doubly-protonated spe-


Table 6. Calculated and X-ray-determined geometrical parameters for [PtX2(P�P)] (X�Cl or SH) complexes. Some selected experimental compounds
retrieved from Cambridge Structural Database are also shown.


Compound[a] Pt�Cl Pt�S Pt�PCl
[b] Pt�PS


[b] P-Pt-P X-Pt-X Reference[b]


[(dhpe)PtCl2] 2.399 ± 2.253 ± 88.4 96.2 calcd
[(dhpp)PtCl2] 2.408 ± 2.257 ± 98.5 95.9 calcd
[(dppe)PtCl2] (BOFVIB) 2.348 ± 2.208 ± 86.2 90.2 [29]


[(dpype)PtCl2] (WIXGIT) 2.354 ± 2.210 ± 86.2 90.8 [30]


[(dppe)PtCl2] (DEBXUD) 2.355 ± 2.227 ± 86.8 89.1 [31]


[(dcype)PtCl2] (WANHOI) 2.366 ± 2.223 ± 87.7 89.2 [32]


[(dtbpe)PtCl2] (CBPTCB) 2.366 ± 2.261 ± 89.4 86.7 [33]


[(dtbpe)PtCl2] (CBPEPT) 2.369 ± 2.264 ± 89.4 86.3 [33]


[(dppp)PtCl2] (FONKOI) 2.362 ± 2.232 ± 91.6 88.4 [34]


[(dtbpp)PtCl2] (BUPRPT) 2.360 ± 2.282 ± 99.1 83.2 [35]


mean values[c] 2.352� 14 ± 2.229� 23 ± 94.6� 6.1 88.4� 1.8
[(dhpe)PtCl(SH)] 2.400 2.388 2.255 2.308 87.0 92.3 calcd
[(dhpp)PtCl(SH)] 2.407 2.395 2.256 2.313 95.4 91.8 calcd
[(Ph3P)2PtCl(SAr)2] (PINDAR) 2.334 2.320 2.249 2.286 96.6 90.5 [36]


[(dhpe)Pt(SH)2] ± 2.404 ± 2.305 86.2 92.8 calcd
[(dhpp)Pt(SH)2] ± 2.412 ± 2.304 94.0 92.0 calcd
[(dppe)Pt(SH)2] (4a) ± 2.350 ± 2.251 86.2 87.6 this work
[(dppp)Pt(SH)2] (4b) ± 2.356 ± 2.270 91.2 86.2 this work
[(dppe)Pt(SPh)2] (KIXGUT) ± 2.350 ± 2.249 86.1 99.2 [37]


[(dppe)Pt(SPy)2] (FOQPOQ) ± 2.358 ± 2.263 85.7 82.7 [38]


[(dppe)Pt(SPip)2] (KURMIT) ± 2.373 ± 2.260 86.0 93.5 [39]


[(Ph3P)2Pt(SH)2] (DTHLPT01) ± 2.343 ± 2.255 97.0 86.8 [9b]


[(Ph3P)2Pt(SAr)2] (PINDEV) ± 2.361 ± 2.323 97.7 93.7 [36]


[a] For experimental compounds, phosphine (R� 2-py for dpype, R�Cy for dcype, R� tBu for dtbpe, dtbpp) and monodentate ligands (SPy� 2-
thiopyridinato, SPip� 4-thio-2-methyl-pyperidine, SAr� 2,4,6-tris(isopropyl)phenylthiolate anions) are as indicated; in most cases the refcode for the
compound in the Cambridge Structural Database is provided. [b] Pt�PCl and Pt�PS are Pt�P lengths trans to Cl and SH groups. [c] Mean and standard
deviation of sample for 178 fragments of 166 refcodes found in a search on Cambridge Structural Database.
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cies, 3a and 3b, are consistent with the absence of fully
characterized sulfide-bridged analogous platinum complexes
with other phosphine ligands.


As regards the monoprotonated complexes 2, they were
easily identified on the basis of the 31P{1H} NMR parameters
at room temperature, where the four phosphorus nuclei
become equivalent in solution, and easily characterized by
ESI MS (Table 2). On the other hand, the ESI MS-monitored
reaction of the isolated 2a-ClO4 and 2b-ClO4 with acid gave
peaks at m/z 626.3 and 640.0, respectively, which could be
initially assigned as [2a�H]2� and [2b�H]2�. These observa-
tions, together with the fact that the intensity of both peaks
increased when more acid was added to these mixtures, would
be consistent with the formation of the corresponding doubly-
protonated species, 3a and 3b, despite their elusive nature
under usual laboratory conditions. Interestingly, we have
observed peaks with the same m/z values (626.2 and 640.1) in
the ESI MS spectra of 4a and 4b. In these species, the loss of
one SH� ligand accounts for the formation of the [Pt(SH)(P�
P)]� fragment, whose mass exactly coincides with half of that
of [Pt2(�-SH)2(P�P)2]2�. Accordingly, the mass spectral data
obtained after adding acid to 2a-ClO4 and 2b-ClO4 would also
be compatible with the formation of the corresponding
[Pt(SH)(P�P)]� fragment, and thus the existence of the
diprotonated cations, 3a and 3b, under ESI MS conditions is
inconclusive evidence.


Complexes 4 have been characterized in the solid state by
X-ray diffraction, as well as in solution. The 31P{1H} NMR
spectra of 4, unlike all the dinuclear and trinuclear platinum
complexes involved in the evolution of 1 in the presence of
acid, display a first-order pattern (Table 2). Concerning the
signal corresponding to the protons of the SH groups in 4a
and 4b, it appears as a false triplet, due to 2JH,Pt coupling, in


both 1H{31P} NMR spectra, but it shows different patterns in
the 1H NMR spectra. Thus, for complex 4b, containing the
dppp ligand, it shows the 3JH,P coupling involving only the
phosphorus atom trans to hydrogen, while for 4a, with dppe,
both 3JH,P couplings to Ptrans and Pcis can be observed (Fig-
ure 2). These variations could be attributed to the different
geometric constraints imposed by the diphosphine ligands, as
the average P-Pt-S angle for adjacent P and S atoms is about
2� greater in 4a than in 4b (see below).


In addition, complex 7b-(PF6)2 has been characterized in
the solid state by X-ray diffraction, as well as in solution.
Although it has been obtained by a different procedure from
that followed for its analogue 7a-Cl2,[2e] the structures of 7a
and 7b in the solid state compare well, as described below.
Similarly, interpretation of the 31P{1H} NMR spectra of 7b in
solution requires consideration of second-order effects, as
already reported for 7a,[2e] whose spin system has facilitated
the computer simulation and thus determination of the 1JP,Pt ,
2JPt,Pt 3JP,Pt and 4JP,P coupling constants given in Table 2.


Molecular structures : Complexes 4a and 4b are structurally
related as they both consist of mononuclear [Pt(SH)2(P�P)]
discrete molecules (P�P� dppe (4a), Figure 3, or dppp (4b),
Figure 4), devoid of crystallographic symmetry elements. In
the case of 4a, there is also one CH2Cl2 molecule for each
formula unit. The listing of the main geometric parameters for
4a and 4b appears in Table 7. In both 4a and 4b, the platinum
atom has square planar coordination; the twist between the
PtS2 and PtP2 planes is 7.2� (4a) or 3.4� (4b). In neither case
could the hydrogen atoms of the SH groups be located,
probably because they are rotationally disordered, having no
hydrogen bond interactions.


Figure 2. 1H NMR signals corresponding to the SH groups in 4a (A) and 4b (C). 1H{31P} NMR signals corresponding to the SH groups in 4a (B) and 4b (D).
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Figure 3. Structure of complex 4a, with 50% probability displacement
ellipsoids and selected atom labels.


Figure 4. Structure of complex 4b, with 50% probability displacement
ellipsoids and selected atom labels.


Comparison of 4a and 4b with the only other reported
analogue for which structural parameters are available,
[Pt(SH)2(PPh3)2],[9b] shows that the three structures have
remarkable similarities. Obviously, they differ in the P-Pt-P
angles (86.2 (4a), 91.2 (4b), and 97.0� for PPh3 ligands), but
these differences have no significant effect on the structural
parameters involving the Pt(SH)2 fragment (S-Pt-S angles are
87.6, 86.2, and 86.8�, respectively). Concerning the Pt(P�P)
moieties in 4a and 4b, their geometric features are in good
concordance with those observed, respectively, in
[PtCl2(dppe)] (6a) and [PtCl2(dppp)] (6b)[12] as well as in
related species such as [Pt2(�-S)2(P�P)2] (P�P� dppe (1a)
or dppp (1b)),[2d,6] [Pt2(�-S)(�-SH)(P�P)2]� (P�P� dppe


(2a) or dppp (2b)),[11] and [Pt3(�3-S)2(P�P)3]2� (P�P� dppe
(7a)[2e] or dppp (7b)). As expected, the S-Pt-S angle, and thus
the S�S length, in the Pt(SH)2 fragment of the three
mononuclear species are greater than those in the {Pt2S2}
rings of the dinuclear (2) or trinuclear complexes (7).


Complex 7b-(PF6)2 consists of discrete trinuclear
[Pt3(�3-S)2(dppp)3]2� cations (Figure 5) and PF6


� anions, held
together by electrostatic interactions. Main geometric param-
eters for 7b are given in Table 8. The C3h crystallographic


Figure 5. Structure of the complex cation 7b, viewed along the threefold
rotation axis, with 10% probability displacement ellipsoids and selected
atom labels.


symmetry of the cation, the regular trigonal bipyramid
geometry of the central Pt3S2 unit, and the square planar
coordination of the platinum atoms in the three sulfur-linked
PtS2P2 units are the main features of this structure, and
compare well with those of the [Pt3(�3-S)2(dppe)3]2� (7a)
analogue, already reported.[2e] By extending the structural
comparison not only to the three other examples containing a
{Pt3(�3-S)2} core,[2e,18] but also to complexes with a {Pt3(�3-X)2}
core (X� Se, Te),[19] it is noteworthy that they all show
significant similarities and that, among them all, the Pt3S2 core
in complex 7b has the highest crystallographic symmetry.


Concluding Remarks


Detailed study of the evolution of [Pt2(�-S)2(P�P)2] (P�P�
dppe or dppp) in the presence of protic acids, HCl or HClO4,


Table 7. Selected bond lengths [ä] and angles [�] for compounds 4a and
4b.


4a 4b


P�S(1) 2.3528(12) 2.3561(10)
Pt�S(2) 2.3469(14) 2.3553(10)
Pt�P(1) 2.2545(12) 2.2668(10)
Pt�P(2) 2.2478(12) 2.2730(10)
S(1)-Pt-S(2) 87.60(5) 86.16(4)
P(1)-Pt-P(2) 86.16(5) 91.16(4)
Pt-P(1)-C(13) 107.89(18) 114.08(13)
Pt-P(2)-C(14/15) 105.3(3) 117.02(14)


Table 8. Selected bond lengths [ä] and angles [�] for compound 7b-(PF6)2.


Pt(1)�S(1) 2.357(7) Pt(1)�P(1) 2.301(8)
S(1)-Pt(1)-S(1A) 79.8(4) S(1)-Pt(1)-P(1) 93.5(3)
S(1)-Pt(1)-P(1A) 173.7(3) P(1)-Pt(1)-P(1A) 93.1(5)
Pt(1)-S(1)-Pt(1B) 83.2(3) Pt(1)-P(1)-C(2) 121(2)
Pt(1) ¥¥ ¥ Pt(1A) 3.131(3) � 120.0


Symmetry operations for equivalent atoms: A: x, y, 1� z ; B: 1� y, x� y, z.
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confirms the outstanding nucleophilicity of the sulfide ligands
in the {Pt2S2} core. Experimental observations and theoretical
calculations have allowed us to propose a cascade of
sequential reactions triggered by the protonation of the stable
monoprotonated [Pt2(�-S)(�-SH)(P�P)2]� complexes. This
second protonation first involves disintegration of the {Pt2S2}
ring, and, eventually, regeneration of the monoprotonated
dinuclear complex. Formation of complexes [Pt(SH)2(P�P)]
is the keystone for the cyclical nature of the overall processes.
The complexes [PtCl2(P�P)] and [Pt3(�3-S)2(P�P)3]2� do not
react any further and thus are responsible for the cycles× dead
end. Remarkably, the reaction pathways can be directed by
controlling i) the concentration and nature of the protic acid
(ie, the coordinative features of the conjugate anion); ii) the
chelating diphosphine ligands, each having a particular bite
angle; and iii) the polarity of the solvent used. Overall, while
the richness of the chemistry of [Pt2(�-S)2(P�P)2] metal-
loligands was not unexpected, their tremendous versatility in
the presence of protic acids had not been known up to that
point. The cyclical nature of the latter processes, as well as the
relevance of complexes containing the metal-SH fragment in
the hydrodesulfurization processes, provides additional inter-
est to the present findings with respect to their potential
catalytic applications.


Experimental Section


Materials and methods : All manipulations were carried out at room
temperature under an atmosphere of pure dinitrogen, and conventionally
dried and degassed solvents were used throughout. These were Purex
Analytical Grade from SDS. Metal complexes of formula [PtCl2(P�P)],
P�P�dppe (6a) or dppp (6b), were prepared according to published
methods.[12] The synthesis of [(P�P)Pt(�-S)2Pt(P�P)], P�P� dppe (1a)
or dppp (1b), has already been reported.[2f,6]


Elemental analyses were performed on a Carlo-Erba CHNS EA-1108
analyzer. Analytical data for the carbon content in 4a and 7b-(PF6)2
deviate from calculated values, as already found in related complexes.[6] ,[11]


Notwithstanding this, both complexes have been fully characterized by
NMR, ESI MS and X-ray diffraction data. 1H, 13C{1H} and 31P{1H} NMR
spectra were recorded from samples in (CD3)2SO solution at room
temperature, using a Bruker AC250 spectrometer. 13C and 1H chemical
shifts are relative to SiMe4, and 31P chemical shifts to external 85%H3PO4.
The 31P{1H} NMR spectrum of [Pt3(�3-S)2(dppp)3]2� was simulated on a
Pentium-200 computer using the gNMR V4.0.1 program by P. H. M.
Budzelaar from Cherwell Scientific Publishing.[20] The ESI MS measure-
ments were performed on a VG Quattro Micromass Instrument. Exper-
imental conditions were as follows: 10 �L of sample was injected at
15 �Lmin�1; capillary-counter electrode voltage, 4.5 kV; lens-counter
electrode voltage, 1.0 kV; cone potential, 55 V; source temperature,
90 �C; m/z range, 300 to 1600. The carrier was a 1:1 mixture of acetonitrile
and water containing 1% formic acid. In the case of the [Pt2(�-S)(�-
SH)(P�P)2]� cations, 2a and 2b, the ESI MS measurements were carried
out at different concentrations of formic acid (1%, 10% and 20%).


Titration of [Pt2(�-S)2(P�P)2] (P�P �dppe, 1a, or dppp, 1b) and
[Pt(SH)2P�P] (P�P �dppe, 4a or dppp, 4b) with HCl or HClO4 : In
order to analyze the course of the reaction of 1a, 1b, 4a and 4bwith HCl or
HClO4, controlled amounts of a concentrated or 2� solution of acid were
added to a solution of 10 mg of the corresponding pure compound in 5 mL
of CH3CN. The different solutions were evaporated to dryness, and the 31P
NMR spectra in [D6]DMSO were recorded. When the amount of acid
added impaired the evaporation to dryness, adding water to the previously
concentrated solution precipitated the product.


Evolution with time of a solution of [Pt2(�-S)(�-SH)(P�P)2]ClO4 (P�
P� dppe, 2a-ClO4, or dppp, 2b-ClO4) in the presence of HCl or HClO4 :


HClO4 (conc., 30 �L, 0.34 mmol) or HCl (conc., 25 �L, 0.30 mmol) was
added to a solution of 2a-ClO4 or 2b-ClO4 (100 mg, 0.074 mmol 2a-ClO4,
0.072 mmol 2b-ClO4) in 50 mL of CH3CN, CH3OH, (CH3)2CO or CH2Cl2.
This solution was monitored for one week by taking one aliquot every 24 h,
evaporating it to dryness and recording the 31P NMR spectrum in
[D6]DMSO.


Reaction between [Pt2(�-S)(�-SH)(P�P)2]ClO4 (P�P� dppe, 2a-ClO4,
or dppp, 2b-ClO4) and [PtCl2(P�P)] (P�P� dppe, 6a or dppp, 6b): Solid
6a or 6b (50 mg, 0.075 mmol) was added to a solution of 2a-ClO4 or 2b-
ClO4 (100 mg, 0.074 mmol 2a-ClO4, 0.072 mmol 2b-ClO4) in CH3CN
(50 mL), with stirring. The resulting suspension was stirred for one week
and monitored by taking one aliquot every 24 h, evaporating it to dryness
and recording the 31P NMR spectrum in [D6]DMSO. These data revealed
that the reaction of 2a with 6a, as well as that of 2b with 6b, does not
proceed under these experimental conditions.


Reaction between [PtCl2(P�P)] (P�P� dppe, 6a or dppp, 6b) and
NaSH ¥H2O at a 1:1 molar ratio : NaSH ¥H2O (11 mg, 0.150 mmol) was
added to a suspension of 6a or 6b (100 mg, 0.150 mmol 6a, 0.147 mmol 6b)
in benzene (50 mL). After 8 h of stirring, the final suspension was
evaporated to dryness. The 31P{1H} NMR spectrum in [D6]DMSO of the
solid thus obtained showed the presence of the corresponding complexes of
formulae [Pt2(�-S)(�-SH)(P�P)2]Cl (2a-Cl or 2b-Cl), and [Pt(SH)2(P�
P)] (4a or 4b) as a minor component. Alternatively, when the experiment
was carried out using a fivefold excess of NaSH ¥H2O (50 mg, 0.68 mmol),
complexes 4a or 4b were obtained as major products and 1a and 1b as
minor components. Formation of the latter can be attributed to the
presence of sulfide as a minor impurity in commercial NaSH ¥H2O.


Synthesis of [Pt(SH)2(dppe)] (4a): [PtCl2(dppe)] (6a) (500 mg, 0.73 mmol)
was added to a benzene solution (250 mL) of NaSH ¥H2O (200 mg,
2.7 mmol) and the mixture stirred at room temperature for 8 h. The excess
NaSH ¥H2O, the formed NaCl and the unreacted [PtCl2(dppp)] were
filtered off. The filtrate was concentrated to 5 mL and the yellow solid was
filtered and washed with diethyl ether. Yield 63%; elemental analysis calcd
(%) for C26H26P2PtS2: C 47.34, H 3.97, S 9.72; found: C 46.55, H 4.00, S 9.48.
X-ray quality crystals of this compound were obtained by slow evaporation
of a solution in CH2Cl2.


Synthesis of [Pt(SH)2(dppp)] (4b): Using the same procedure as that
indicated for the previous compound, a yellow solid was obtained from the
reaction of [PtCl2(dppp)] (6b) (500 mg, 0.75 mmol) with NaSH ¥H2O
(200 mg, 2.7 mmol) in a benzene solution (250 mL). Yield 59%; elemental
analysis calcd (%) for C27H28P2PtS2 ¥ C6H6: C 52.72, H 4.56, S 8.53; found: C
52.93, H 4.84, S 7.93. Recrystallization in CH2Cl2 allowed isolation of yellow
crystals.


Synthesis of [Pt3(�3-S)2(dppp)3](PF6)2, 7b-(PF6)2 : Na2S ¥ 9H2O (50 mg,
0.21 mmol) was added to a CH3CN solution (25 mL) of [PtCl2(dppp)] (6b)
(192 mg, 0.28 mmol) and KPF6 (36 mg, 0.21 mmol) and the mixture stirred
at room temperature for 24 h. These reaction conditions were chosen after
monitoring the reaction by means of 31P NMR, which allowed determi-
nation of the most appropriate reaction time for maximum yield. The NaCl
and KCl formed were filtered off. The solvent was removed from the
filtrate under vacuum, to yield the title compound as a yellow solid. Yield
75.0%; elemental analysis calcd (%) for C81H78F12P8Pt3S2: C 44.70, H 3.61,
S 2.95; found: C 43.89, H 3.60, S 2.94. Recrystallization of this compound
from methanol gave colorless crystals suitable for X-ray diffraction.


CAUTION : The concentrated solutions of HClO4 can give rise to explosive
reactions. Concentrated HClO4 should not make contact with dmso,
because the reaction is very violent and exothermic.


X-ray crystallographic characterization : Crystal data for complexes 4a, 4b
and 7b-(PF6)2 are given in Table 9. All measurements were made at 160 K
on a Bruker AXS SMART CCD diffractometer, with graphite-monochro-
mated MoK� radiation (�� 0.71073 ä). Cell parameters were refined from
the observed positions of all strong reflections in the complete data sets.
Absorption corrections were applied by inter-frame scaling procedures,
based on redundant and symmetry-equivalent reflections.[21] The structures
were solved by direct methods, and refined on all unique F 2 values, with
anisotropic displacement parameters and constrained isotropic hydrogen
atoms.[21] Hydrogen atoms could not be located on the SH ligands, and are
probably rotationally disordered. Satisfactory refinement of the structure
of 7b-(PF6)2 was hampered by extensive disorder of the anions (modeled
approximately by partial-occupancy sites for F atoms, the sum of the
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occupancies being constrained to 6 per anion; all P�F lengths are
reasonable, but the angles are essentially meaningless and the anions are
probably extensively rotationally disordered). An ambiguous space group
assignment (many candidate space groups could fit the observed diffraction
data approximately equally well, but no sensible ordered structure could be
obtained in any lower-symmetry space group), and partial racemic
twinning; the refinement was assisted by restraints on ligand geometry
and atomic displacement parameters, and the gross structure of the
trinuclear cation is unambiguously established.


CCDC-206306 (4a), CCDC-206307 (4b), and CCDC-206305 (7b-(PF6)2)
contain the supplementary crystallographic data for this paper. These data
can be obtained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or e-mail : deposit@
ccdc.cam.ac.uk).


Computational details : Calculations were performed using the GAUSSI-
AN98 series of programmes.[22] Geometry optimizations were done in the
full potential energy surface, without restrictions, using density functional
theory (DFT) with the hybrid B3LYP functional.[23] . In the case of the most
unstable species, vibrational analysis were performed to characterize them
as minima. Effective core potentials (ECP) and their associated double-
�LANL2DZ basis set were used for the platinum, phosphorus, sulfur and
chlorine atoms,[24] supplemented by an extra d-polarization in the case of P,
S and Cl.[25] The 6 ± 31G basis set was used for the C and H atoms.[26] Solvent
effects were taken into account by means of PCM calculations,[27] using
standard options of PCM and cavity keywords.[22] Energies were calculated
with acetonitrile (�� 36.64) as solvent, keeping the geometry optimized for
the isolated species (single-point calculations). We have already used this
approach in the study of the reactions of [L2Pt(�-S)2PtL2] with CH2Cl2.[6]


Structural analysis : Collection of structural data was carried out using the
Cambridge Structural Database (Version 5.23).[28]
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Abstract: The novel trimethylene-
bridged clips 3 and 4 have been synthe-
sized by using repetitive stereoselective
Diels ±Alder reactions of the benzo-
and naphthobismethylenenorbornenes
8 and 19 as dienes and norbornadiene 9
as bisdienophile, and subsequent dehy-
drogenation of the primary cyclobisad-
ducts 10 and 20 by using 2,3-dichloro-
5,6-dicyano-1,4-benzoquinone (DDQ).
Clips 3 and 4 serve as receptors for a
variety of electron-deficient neutral and
cationic aromatic substrates, compara-
ble to the molecular tweezers 1 and 2.
The thermodynamic parameters of the


complex formation, Ka and �G, were
determined by 1H NMR titration experi-
ments and, in the case of the highly
stable complex TCNB 32@4, by the use
of isothermal titration microcalorimetry.
The finding that clip 4 forms more stable
complexes than 3 can be explained by
the larger van derWaals contact surfaces
of the naphthalene sidewalls in 4 com-


pared to the corresponding benzene
systems in 3. In the complexes with 4
as receptor, the plane of each aromatic
substrate molecule is calculated to be
oriented almost parallel to the naphtha-
lene sidewalls. However, in the com-
plexes of tweezers 2, the substrate is
usually oriented parallel to the central
naphthalene spacer unit. Due to the
more open topology of 4, most com-
plexes were calculated to consist of two
or more equilibrating noncovalent con-
formers.


Keywords: arene ± arene interaction
¥ Diels ±Alder reactions ¥ host ±
guest systems ¥ molecular clips and
tweezers ¥ molecular recognition


Introduction


The processes of molecular recognition and self-assembly are
of central importance in many areas of biological and
supramolecular chemistry, for example in protein folding,
enzyme ± substrate binding, antigen ± antibody recognition,
and in the design of new materials by molecular self-
assembly.[1, 2] All these processes depend on specific, mostly
noncovalent receptor ± substrate interactions. Besides the
relatively strong and therefore often dominating hydrogen
bonding,[3] ion pairing,[4, 5] and the hydrophobic effect in
aqueous media,[6] the noncovalent interactions of arenes with
other aromatic units (� ±� and CH±� interactions)[7] or with
positively charged ions (cation-� interaction)[5, 8] seem to be
particularly important for the formation of supramolecules.


The design of efficient synthetic receptors with the ability to
selectively bind substrates requires precise control of their
topological and electronic properties. Besides cyclic and
hence well-preorganized receptors (e.g. cyclodextrins,[9] cyclo-
phanes,[10] carcerands,[11] and cryptophanes[12]) and the more
recently reported supramolecular capsules[13] formed by self-
assembly of suitable building blocks, noncyclic receptors with
cavities of flexible size proved to be effective.[1, 14] Recently,
we have described the synthesis of the benzene- and
naphthalene-spaced receptors 1 and 2.[15±17] These belong to
a family of molecules termed molecular tweezers[18] due to
their concave ± convex topology and their propensity to
selectively form complexes with electron-deficient aliphatic
and aromatic substrates as well as with organic cations. This is
achieved by clipping the substrate between the tweezers× tips,
comparable to the working principle of mechanical tweezers.
Tweezers 1 or 2, however, do not bind electron-rich arenes or
anions. This high selectivity has been correlated with mark-
edly negative molecular electrostatic potentials calculated for
the concave sides of 1 and 2 by using quantum-chemical
methods.[19, 20] When analogous calculations were performed
for the electron-deficient substrates, the complementary
nature of their electrostatic potentials to the electrostatic
potentials found for the inside of the cavity of 1 or 2 became
evident. This suggests that the relatively strong receptor ±
substrate binding is predominantly of electrostatic nature.
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To investigate the effect of the receptor topology on the
substrate specificity, the number of methylene bridges was
reduced from four in the molecular tweezers 1 and 2 to two in
5,[21, 22] 6,[21, 23] and 7.[24] We call the dimethylene-bridged
systems 5, 6, and 7 molecular clips because 5 and 7 form
complexes by placing the aromatic substrate inside the
receptor cavity. The molecular plane of such a substrate
molecule is almost parallel to the naphthalene or anthracene
sidewalls of the receptor. This is in contrast to the geometry of
the hitherto known complexes of the tweezers 2 as receptor,
where the plane of the substrate molecule is arranged nearly
parallel to the central naphthalene spacer-unit of 2.[15±17] Due
to their more open cavities, the clips are expected to be less
specific to the size and shape of the substrate than the
tweezers. According to single-crystal structure analyses, the
distance between the naphthalene sidewalls in 5 have to be


compressed from about 10 ä in
the empty receptor to approx-
imately 8 ä in the complex to
gain attractive noncovalent
substrate ± receptor interac-
tions.[21] The increase in steric
strain resulting from this com-
pression certainly explains why
the complexes of 5 are weaker
than those of 2. However, most-
recent results obtained with the
water-soluble diphosphonate-
substituted clip 5c showed that
it forms highly stable com-
plexes with N-alkylpyridinium
salts such as N-methylnicotina-
mide iodide or NAD� (associa-


tion constant Ka� 83100 and 9100��1, respectively) in
aqueous solution.[22] Here we report the synthesis and the
supramolecular properties of the trimethylene-bridged clips 3
and 4, the missing links between the di- and tetramethylene-
bridged systems.


Results


Synthesis of the trimethylene-bridged clips 3 and 4 : The two-
step synthesis of 3 by a repetitive Diels ±Alder reaction of
diene 8with norbornadiene 9 as bisdienophile and subsequent
dehydrogenation by using 2,3-dichloro-5,6-dicyano-1,4-ben-
zoquinone (DDQ) has already been published in a short
communication (Scheme 1).[25] The bowl-shaped structure of 3
was unambiguously determined by single-crystal structure
analysis (Figure 1) and the spectral data (see Experimental


Scheme 1. Two-step synthesis of clip 3.


Figure 1. Single-crystal structure analysis of the complex of 3 with ethanol; left: the centrosymmetric dimer with the O�H ¥¥¥O bridge at d� 2.811 ä, right:
the crystal lattice
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Section). Crystal structures could be determined for the
complexes of 3 with either ethanol only or with ethanol and
water. Heavy disorder does not allow for interpretation and
discussion of the details for the latter analysis. The complex
with ethanol, however, provided a crystal structure of a
centrosymmetric dimer with O�H ¥¥¥O bridges at d� 2.811 ä
in which only the oxygen atoms are disordered (Figure 1 left).
These dimers link the host molecules which are shifted to
form double brick steps, as shown in Figure 1 right.


The high stereoselectivity of the Diels ±Alder reaction
between 8 and 9was surprising, because norbornadiene 9 does
not generally show complete exo selectivity and, for example,
gives a (60:40) mixture of the syn and anti adduct in the
Diels ±Alder reaction with 5,6-bismethylenenorbornene as
diene.[26]


Encouraged by these results, we tried to synthesize the
dinaphtho-substituted trimethylene-bridged clip 4 by an
analogous route. The hitherto unknown diene 19 could be
prepared in two different ways. The first synthesis of 19 starts
with the in situ generation of dibromo-o-quinodimethane 12
by 1,4-Br2 elimination from tetrabromo-o-xylene 11 with
sodium iodide as nucleophile (Scheme 2). This reaction has
been already described by Cava et al. in 1960.[27] In the
absence of a trapping reagent, the highly reactive o-quinodi-
methane derivative 12 undergoes an electrocyclic ring closure
yielding 3,4-dibromo-1,2-benzocyclobutene, which can also be
used as a precursor in the preparation of 12 at higher
temperature (150 �C). In the presence of a dienophile such as
maleic anhydride or N-phenyl maleic imide, 12 reacts with
these trapping reagents leading to the corresponding naph-
thalene derivatives after double HBr elimination of the
primary Diels ±Alder adducts under the given reaction
conditions. Later, in 1986, Paddon-Row and Patney[28] used
this method to annulate naphthalene units to norbornene and
norbornadiene systems. The reaction of 11 with sodium iodide


at 65 �C, in the presence of norbornene 13,[29] leads to the
corresponding naphtho-substituted norbornene 15 in 66%
yield. Product 15 is also available from a second route starting
from benzocyclobutene 16.[30] 16 undergoes an electrocyclic
ring-opening at 200 �C, yielding o-quinodimethane 17[31] which
can be trapped by norbornene 13 to produce the Diels ±Alder
adduct 18. It is not necessary to isolate 18, which can
immediately be dehydrogenated by DDQ to give the naph-
tho-substituted norbornene 15. Although the overall yield of
the second route (73%) is slightly higher than that of the first
one (66%), we preferred to prepare 15 by the first route
owing to the better availability of 11 compared to 16. Twofold
HCl elimination of 15 with potassium hydroxide in the
presence of crown ether ([18]crown-6) in THF leads to the
desired diene 19 in 74% yield.


Repetitive Diels ±Alder reactions between the diene 19
and the bisdienophile 9 in toluene at 170 �C produced an 11:1
mixture of the all-syn- and syn-anti-bisadducts 20 and 21
(Scheme 3). The syn-bisadduct 20 precipitates after cooling
the reaction mixture to room temperature, and after this to
�15 �C in the refrigerator for one night (yield of isolated 20 :
28%).[32] Compound 20 is converted into the desired tri-
methylene-bridged clip 4 by oxidative DDQ dehydrogenation
in 47% yield. The symmetric structure of 4 can be unambig-
uously assigned from its 1H NMR spectrum, displaying a
singlet at �� 2.4 ppm and an AB spectrum at �� 2.3, 2.5 ppm
for the CH2 protons of the central (C-24) and the peripheral
methylene bridges (C-23, C-25) respectively. The 1:2 splitting
of the bridgehead protons into two signals at �� 4.00 and
4.17 ppm, assigned to the central and peripheral norborna-
diene-units (8, 19-H2 and 6, 21, 10, 17-H4), respectively, and
that of the aromatic protons (singlets at �� 7.13 (7, 20, 9, 18-
H4) and 7.40 ppm (5, 22, 11, 16-H4)) and the AA�BB� spectrum
at �� 7.15, 7.44 ppm (1, 2, 3, 4, 12, 13, 14, 15-H8) assigned to
the isolated and terminal protons of the benzene- and


Scheme 2. Two possible routes for the production of compound 15, which, upon further reaction, yield diene 19.
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naphthalene units, respectively, are well in accord with the
symmetrical structure 4.


The trimethylene-bridged blips 3 and 4 as receptors for
electron-deficient substrates : Due to their ribbon-type con-
cave topology, the four arene units of the trimethylene-
bridged clips 3 and 4 define a cavity in which a substrate can
be bound by multiple noncovalent arene ± arene interactions.
This is comparable to the molecular tweezers 1 and 2 in which
the cavity is shaped by five arene units. The magnetic
anisotropy of the arene units makes 1H NMR spectroscopy
a very sensitive method for the detection of substrates bound
inside the cavity of 3 and 4.[33] In the 1H NMR spectrum of a
mixture of clip 4 and p-dicyanobenzene 23 in CDCl3 ([4]0�


0.0167 �, [23]0� 0.0067 �), the formation of the complex
23@4 can easily be detected by the upfield shift of the signal of
23 induced by the presence of 4 (��obs� �0� �obs� 1.1, �0 is
the chemical shift of the protons of 23 in the absence of 4). The
association constant Ka� [23@4]/[23] ¥ [4]� 43� 4 ��1 and the
maximum complexation-induced shift ��max� 2.8 ppm in the
complex 23@4 were determined at 24 �C from the dependence
of ��obs on the concentration of 4 at a constant concentration
[23]0 by the use of an iterative nonlinear regression analysis
(Figure 2).[34] The clips 3 and 4 are able to form host ± guest
complexes with a variety of electron-deficient substrates
(Table 1). The maximum complexation-induced shifts ��max,
the association constants Ka, and, hence, the Gibbs enthalpies
�G of association were determined by the use of 1H NMR


titration experiments as descri-
bed for the formation of 23@4.


Job-plot analyses were per-
formed to determine the stoi-
chiometry of the complexes
4@28 and 4@30 as representa-
tive examples. In both cases the
plot of the mole fraction � (��
[S]0/([R]0 � [S]0), S: substrate,
R: receptor) versus the mole
fraction multiplied by the com-
plexation-induced 1H NMR
shift of the substrate, ���obs,
shows a maximum at �� 0.5.
This provides good evidence of
a 1:1 stoichiometry for the com-
plexes 4@28, and 4@30, respec-
tively (for example, the Job plot
of 30 is shown in Figure 3).[35]


Additionally the evaluation of
the 1H NMR titration data by


Scheme 3. Synthesis of the trimethylene-bridged clip 4.
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Figure 2. The plot of ��obs of 23 as a function of the concentration of [4]0 ,
where [23]0� 6.76� 10�3 �. Iterative fitting (bold line) affords ��max� 2.9
and the association constant Ka � [23@4]/[23] ¥ [4]� 43� 4 ��1


Figure 3. The Job plot for the complex 4@30 (Proton Ha of 30 is reported.
Experimental data shown as black circles, the data as solid line is calculated
with the parameters: ��max� 3.46 and Ka � 414 ��1)


the use of the HOSTEST program[34] for various host ± guest
stoichiometries (1:1, 2:1, 1:2) lead to reasonable fits for 1:1
stoichiometries only.


1,2,4,5-Tetracyanobenzene 32 (TCNB) forms a very stable
bright yellow complex with 4. A complexation-induced up-
field shift of the TCNB protons of ��max� 4.7 ppm in the
1H NMR spectrum in CDCl3 was observed. The yellow color
of the complex results from a charge-transfer (CT) absorption
at �max� 412 nm (�� 1747, CHCl3). Since the complex 32@4 is
too stable to determine the association constant Ka by an
ordinary 1H NMR titration experiment, we measured the
heats of reaction and dilution in CHCl3 at 25 �C by the use of
an isothermal titration microcalorimeter[36] (Figure 4). From
the analysis of the calorimetric data one can derive that
besides the very stable (1:1) complex (Ka� (14.3� 0.9)�
106 ��1, �G��9.8� 0.1 kcalmol�1, �H��5.5�
0.1 kcalmol�1, �S� 14.4� 0.3calmol�1K�1), a weaker (2:1)
complex between 4 and 32 (Ka� 43500� 8800 ��2 , �G�
�6.3� 0.1 kcalmol�1, �H��5.67� 0.1 kcalmol�1, �S�
2.2� 0.8 calmol�1K�1) has to be formed.


The temperature-dependence of the 1H NMR spectrum of
the 1:1 mixture of 4 and 32 in CDCl3 indicates a rapid
exchange between the protons of the complexed and free 32.
At low temperature (�20 �C) a sharp signal at �� 3.4 ppm,
assigned to complexed 32, and the signals at �� 4.3, 4.1, 2.6,
2.4 and 2.2 ppm, assigned to the bridgehead CH and bridge
CH2 protons of complexed clip 4, are consistent with the
formation of a 1:1 complex 32@4. The signal at �� 3.4 ppm
shows broadening and a concomitant downfield shift to ��
3.5 ppm by raising the temperature from �20 �C to 25 �C
(Figure 5a and b). This finding can be explained by either the
dissociation or disproportionation of the 1:1 complex 32@4.


[32@4] � 32 � 4 or 2 [32@4] � [32@2 ¥ 4] � 32


Table 1. The comparison of��max , Ka [��1], and�G [kcalmol�1] for the formation of complexes between the clips 3 and 4 and the tweezer 2a, respectively, as
receptors and substrates 23 ± 32 in CDCl3 at 24 �C (titration experiments of 2a and 4 as receptors) and 25 �C (titration experiments of 3 as receptor)


Substrate Receptor
4 3[c] 2a


��max Ka �G ��max Ka �G ��max Ka �G


23 2.9 43 � 2.2 0.61 10 � 1.4 4.3 110 � 2.8
24 3.4 (Ha) 10 � 1.4 ± 4.4 (Ha) 40 � 2.1


3.4 (Hb) 2.6 (Hb)
25 1.5 (Ha) 39 � 2.2 ± 5.4 (Ha) 85 � 2.6


1.7 (Hb) 4.6 (Hb)
1.2 (Hc) 2.6 (Hc)


26 3.2 56 � 2.4 ± � 10 ± 5.5 45 � 2.2
27 4.3 (Ha) 48 � 2.3 3.0 (Ha) 13 � 1.5 � 1 [a]


3.8 (Hb) 2.9 (Hb)
3.3 (Hc) 0.9 (Hc)


28 3.3 2600 � 4.6 1.9 25 � 1.9 3.6 � 105 [b] ±
29[c] 1.1 (Ha) 130 � 2.9 0.2 (Ha) 10 � 1.4 ±[d]


1.5 (Hb) 0.7 (Hb)
4.6 (Hc) 2.9 (Hc)
4.0 (Hd) 3.1 (Hd)
2.1 (He) 0.9 (He)


30[c] 3.5 (Ha) 410 � 3.6 2.4 (Ha) 29 � 2.0 4.2 (Ha) 1100 � 4.1
3.4 (Hb) 1.7 (Hb) 4.1 (Hb)
1.2 (Hc) 1.4 (Hc) 1.0 (Hc)


31a[e] 0.7 (Ha) 1000 � 4.0 1.0 (Ha) 24 � 1.9 1.5 (Ha) 2500[a] � 4.6
1.0 (Hb) 1.0 (Hb) 1.7 (Hb)


32 4.7 � 105 [b] ± 5.0 200 � 3.1 5.9 � 105 [b] ±


[a] Measured with 2b as receptor. [b] Estimated value. [c] Measured at 25 �C. [d] Not measured yet. [e] Measured in CDCl3/[D6]acetone 1:1.
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Figure 4. a) The plot of the experimental data: Measured power versus the
time; b) The analysis of the experimental data: Heat of reaction versus
concentration rate [4]/[32].


Consistent with the calorimetric analysis of the second
process, the disproportionation, however, is evidently respon-
sible for the exchange of the TCNB protons, as observed in
the 1H NMR spectrum. Further support for this explanation
comes from the 1H NMR spectrum of a 2:1 mixture of 4 and
32 at 25 �C. This shows a sharp signal for the protons of 32 at
�� 3.5 ppm and averaged signals at �� 4.1, 2.5, 2.4 and
2.3 ppm for the bridgehead CH and bridge CH2 protons of 4
(Figure 5c).[37] This indicates that there is, in this experiment,
an exchange between the protons of complexed and free 4
(due to the excess of free 4), and no exchange between the
protons of complexed and free 32, due to the absence of free
32.


Discussion and Conclusion


The comparison of the receptor properties of the clips 3 and 4
with those of the benzene and naphthalene tweezers 1a and
2a[15±17] indicates that 3 and 4 are able to form complexes with
sterically more demanding substrates than 1a and 2a. This is
due to their more open topology caused by the reduction in
number of methylene bridges from four to three. In Table 1
the data of complexation described for the clips 3 and 4 are
compared with those of the naphthalene tweezers 2a and 2b.
The substrates can be divided into two categories; one with
™small∫ substituents such as the linear sp-hybridized cyano
group or nonbranched alkyl groups, and the other one with
sterically more demanding substituents such as the trigonal
sp2-hybridized nitro group conjugated to an aromatic ring.
The substrates of the first category form complexes with clip 4
which are less stable than those with the naphthalene tweezers
2a and 2b, but more stable than those with the benzene
tweezer 1a. The complexes of 4 with the substrates of the


second category are more sta-
ble than those of both the
benzene and naphthalene
tweezers. The clip 3 forms
much weaker complexes with
the substrates 23 and 26 ± 32
than clip 4, and no complex-
ation is observed between 3 and
24 or 25 as substrates. Finally, in
the UV/Vis spectrum of the
colorless mixture of 3 and
TCNB 32 in CHCl3, no
charge-transfer interaction can
be detected, contrary to that
observed in the UV/Vis spec-
trum of the yellow complex of 4
with 32 in CHCl3 (�max�
412 nm, �� 1747, CT). These
findings can certainly be ex-
plained by the larger van der
Waals contact surfaces of the
naphthalene sidewalls in 4 com-
pared to the smaller benzene
systems in 3. In the following,
the discussion is focused on the


Figure 5. The temperature-dependent 1H NMR spectra (500 MHz, CDCl3) of 4 and 32 a) 1:1 mixture at �20 �C;
b) 1:1 mixture at 25 �C; c) 2:1 mixture at 25 �C.
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comparison of the receptor
properties of 2a, 2b and 4, and
the structures of the corre-
sponding complexes. Both re-
ceptors form highly stable com-
plexes with TCNB 32. The dif-
ference in the complex
stabilities, which cannot be easi-
ly measured in these cases, is
however not instructive for
such a comparison. The weaker
complexes of 2a or 4 with p-, o-,
and m-dicyanobenzene 23 ± 25,
TCNQ 28, Kosower salt 30, and
viologene 31 are better suited
for this purpose. The complexes
of 4 with 23 ± 25, 28, 30 and 31
are less stable than those of 2a
by ��G� 0.4 ± 1.3 kcalmol�1.
In the case of p-dinitrobenzene
26 as substrate, the complex of
4 is slightly more stable than
that of tweezer 2a by ��G�
�0.2 kcalmol�1. No complex
formation could be detected between 2b and fluorodinitro-
benzene 27 and the fluorylidene derivative 29within the limits
of NMR detection, whereas both substrates form relatively
stable complexes with 4.


The maximum complexation-induced shifts (��max) of the
guest protons provide important information on the complex
structures, as has been recently shown for the p-dicyanoben-
zene complex 23@2a.[16, 17, 39] In its solid-state 1H NMR
spectrum two signals, at �� 2.0 and 5.6, were observed, which
could be assigned to the pair-wise nonequivalent guest
protons of 23 pointing either toward the opposite benzene
rings adjacent to the central naphthalene spacer unit, or out of
the cavity (��max� 5.8 and 2.0 ppm, respectively). In the
1H NMR spectrum in CDCl3 only one signal at �� 3.5 ppm
(��max� 4.3 ppm) is observed for these protons, indicating
that in solution the exchange of the nonequivalent protons,
caused by mutual dissociation ± association and/or rotation of
the guest molecule inside the tweezer cavity, is fast with
respect to the NMR time scale. The chemical shifts of the
protons of 23, calculated by quantum-chemical ab initio
methods (�calcd� 2.5 and 5.5), for the complex 23@2a (isolated
in the gas phase), are in very good agreement with the
experimental solid-state data.[17, 39]


In this study simple force-field calculations, instead of the
more extensive time-consuming quantum-chemical methods,
were employed to calculate the complex structures and
correlate them with the measured 1H NMR data qualitatively.
Quantitative ab initio calculations are in progress.[40] Since
there are, hitherto, no X-ray data of the complexes with clip 4
as receptor available, we calibrated the force-field calcula-
tions with the known single-crystal structures of the com-
plexes 23@2a and 32@2a. With the MMFF94 force field
included in SPARTAN 02[38] we found reasonably good
agreement between the calculated and experimentally deter-
mined structures (Figure 6). In the calculated structures, the


distances between the central naphthalene spacer unit of the
receptor and the benzene ring of the substrate are slightly
larger (by about 10%, 22 ± 31 pm) than those determined
experimentally. In the complex structures calculated by the
semiempirical PM3 method these deviation are larger (about
20%, 75 pm). In the PM3 calculations the repulsive van der -
Waals interactions between the host and guest arene units are,
apparently, more overestimated than in the force-field
calculation.


The complexes of clip 4 are conformationally more flexible
than those of the tweezers 1a and 2a, due to the more open
topology of the clip molecule. For the TCNB complex 32@4
two conformers are found, the conformer with the four cyano
groups of 32 pointing out of the clip cavity is calculated to be
more stable by 12.4 kcalmol�1 than the other with the two
hydrogen atoms of 32 pointing out of the clip cavity (Fig-
ure 7a). The result of the calculation, that is, that the two
hydrogen atoms of complexed 32 are nonequivalent in the
ground-state conformation, seems to be contradictory to the
finding of only one 1H NMR signal for 32 in the complex
32@4. This would be in better agreement with the high-energy
conformation of 32@4, with the two hydrogen atoms of 32
being equivalent. Preliminary temperature-dependent
1H NMR measurements of 32@4 in [D8]toluene showed,
however, that at �105 �C the signal of 32 is split into two
signals at �� 2.9 and 4.4 ppm. This provides evidence for the
calculated low-energy conformation indeed being the ground
state of 32@4. The observation of one 1H NMR signal of 32 at
room temperature can be explained by an exchange of the
positions of the two TCNB protons. This is caused by rotation
of the TCNB molecule inside the clip cavity and/or mutual
dissociation ± association processes, which are rapid on the
NMR time scale, so that only one averaged signal is observed.
To date there is, however, no reasonable proposal for the
structure of the 2:1 complex between clip 4 and TCNB 32, as


Figure 6. Comparison of experimentally determined and calculated structures of the complexes 23@2a : a) X-ray
(ref. [16]) b) MMFF94 (ref. [38]) the distances (1) and (2) are 356, 361 (X-ray), 387, 385 (MMFF94), and 431,
441 pm (PM3) and 32@2a ; c) X-ray; d) MMFF94. The distance between the cyano-substituted C-atom of 32 and
naphthalene-C-atom of 2a is 354 (x-ray), 376 (MMFF94), and 429 pm (PM3).
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indicated by the calorimetric measurements. According to
Monte-Carlo simulations (MacroModel 7.0, AMBER*) the
2:1 complex consists of the structure of the 1:1 complex, in
which one naphthalene sidewall is sandwiched by a second
clip molecule 4.


According to the calculations, each of the complexes of 4
with the dicyanobenzene derivatives 23 ± 25 as guest mole-
cules consists of a fast equilibrium between two or three
noncovalently bonded conformers, as is shown for the
example of 23@4 (Figure 7b; for the structures of 24@4 and
25@4 see Figure 2 in the Supporting Information). This
explains that the complexation-induced 1H NMR shifts of the
nonequivalent guest protons are of similar size in each
complex. However, the question remains open why, in the
case of 25@4, the complexation-induced shifts of the guest


protons are significantly smaller
than those in the other two com-
plexes (23@4 and 24@4).


Only one conformer is found in
the calculation of the 1,4-dinitro-
benzene complex 26@4, whereas
the fluorodinitrobenzene complex
27@4 is calculated to consist of an
equilibrium between two conform-
ers (see Figure 4 in the Supporting
Information). The comparison of
the calculated and the measured
1H NMR shifts is particularly in-
structive in the case of 29@4. In
this case the complexation-induced
1H NMR shifts show that the
mononitro-substituted benzene
ring is preferentially positioned
inside the clip cavity, contrary to
the force-field calculations, which
favor the conformation with the
dinitro-substituted benzene ring
inside the clip cavity. This is, how-
ever, in agreement with the semi-
empirical PM3 calculation (Fig-
ure 7c).


For the complexes of the cati-
onic guests 30@4 (see Figure 3 in
the Supporting Information) and
31b@4, each calculation only leads
to one conformer in which the
positively charged nitrogen atom
is positioned inside the cavity. The
finding of only two signals for the
protons Ha and Hb of 31a in com-
plex 31a@4, and their relatively
small complexation-induced shifts,
indicate that, on the NMR time
scale, the clip molecule moves back
and forth from one to the other
pyridinium ring of 31 fast. Only
averaged signals of the complexed
and uncomplexed pyridinium ring
are therefore observed.


The clip molecules 3 and 4 serve as receptors for electron-
deficient neutral and cationic substrates, comparable to the
molecular tweezers 1 and 2. Neither complex formation
between these receptors and electron-rich arenes such as
benzene and naphthalene or anionic substrates, nor associa-
tion between parent benzene or naphthalene and electron-
deficient guest molecules (e.g. 23 ± 32) can be observed within
the limits of 1H NMR detection in CDCl3 solution. These
findings can be explained by the electrostatic potential surface
(EPS) calculated by means of quantum-chemical methods.[38]


In agreement with analogous calculations for the molecular
tweezers 1 and 2,[20] the EPS of 3 and 4 is calculated with
various quantum-chemical methods to be highly negative on
their concave faces, whereas the EPS on their convex faces is
similar to that of alkyl-substituted arenes (Figure 8). Accord-


Figure 7. Structures and relative energies (�E) of the conformers of a) 32@4 ; b) 23@4 ; c) 29@4 ; and
d) 31b@4 calculated by force-field MMFF94 (ref [38])
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ing to these quantum-chemical calculations this seems to be a
general phenomenon of nonconjugated � systems with con-
vex ± concave topology. The results of the calculations are
largely independent of the applied theoretical methods, so
that calculations with the inexpensive AM1 method give
similar results as those with more expensive ab initio or DFT
methods.[38] When EPS calculations were performed for the
aromatic substrates, which form complexes with 3 and 4, the
complementary nature of the substrate and receptor EPSs
becomes evident (Figure 8). This suggested that the recep-
tor ± substrate interactions reported here for the clips 3 and 4
are predominantly of electrostatic nature, comparable to
those of tweezers 1 and 2.


Experimental Section


IR: Bio-Rad FTS 135. UV: Varian Cary 300 Bio. 1H-NMR, 13C-NMR,
DEPT H, H-COSY, C, H-COSY, NOESY, HMQC, HMBC: Bruker DRX
500. 1H-NMR titration experiments: Varian Gemini XL 200 and Bruker


DRX 500; the undeuterated amount of
the solvent was used as an internal
standard. Positions of the protons of
the methano bridges are indicated by the
letters i (innen, towards the center of the
molecule) and a (aussen, away from the
center of the molecule). MS: Fison
Instruments VG ProSpec 3000 (70 eV).
All melting points are uncorrected.
Thin-layer chromatography (tlc): Poly-
gram SIL G/UV254 0.2 mm silica gel with
fluorescent indicator. Column chroma-
tography: silica gel 0.063 ± 0.2 mm. All
solvents were distilled prior to use.
Ampoules were sealed in vacuo after
three freeze (2-propanol/dry ice) and
thaw cycles using argon as an inert gas.


5,6,6a,7,7a,8,9,14,15,15a,16,16a,17,18-
Tetracosahydro-5,18:7,16:9,14-trimetha-
noheptacene (10): A solution of diene
8[41] (375 mg, 2.23 mmol), bisdienophile
9 (102 mg, 1.11 mmol), and anhydrous
triethylamine (three drops) in anhydrous
toluene (1.7 mL) was heated to 170 �C
for three days in a sealed ampoule. The
reaction mixture was cooled overnight in
a refrigerator. The precipitated product
was filtered off and washed thoroughly
with cold hexane and dried in vacuo. The
colorless product 10 (136 mg, 0.32 mmol,
29%) was used for recording the spec-
tral data and the synthesis of 3 without
further purification. tlc: Rf� 0.51 (cyclo-
hexane/ethyl acetate 10:1); m.p. 229 �C;
1H NMR (500 MHz, CDCl3): �� 1.29
(bs, 6H; 6a-, 7a-, 15a-, 16a-H, 20-H2),
1.57 (s, 2H; 7-, 16-H), 1.84 ± 2.21 (m,
12H; 6-, 8-, 15-, 17-, 19-, 21-H2), 3.51 (s,
4H; 5-, 9-, 14-, 18-H), 6.82 (m, 4H; 2-, 3-,
11-, 12-H), 7.09 ppm (m, 4H; 1-, 4-, 10-,
13-H); 13C NMR (126 MHz, CDCl3):
�� 29.22 (t; C-6, C-8, C-15, C-17),
30.42 (t; C-20), 42.40 (d; C-6a, C-7a,
C-15a, C-16a), 53.54 (d; C-5, C-9, C-14,
C-18), 54.59 (d; C-7, -16), 66.50 (t; C-19,
C-21), 120.49 (d; C-1, C-4, C-10, C-13),
123.75 (d; C-2, C-3, C-11, C-12), 147.00
(s; C-5a, C-8a, C-14a, C-17a),


152.33 ppm (s; C-4a, C-9a, C-13a, C-18a); IR (KBr): �� � 3068 (CH), 2978
(CH2), 2830 (CH), 1692 (C�C), 1574 (C�C), 1454 (CH), 751 cm�1 (CH);
UV/Vis (CHCl3): �max (log �)� 240 (3.50), 272 nm (3.39); MS (70 eV): m/z
(%): 428 (100) [M�], 194 (48) [M��C18H18], 116 (79) [M��C24H24]; HR-
MS (70 eV): calcd (C33H32) 428.250401; found 428.25038.


5,7,9,14,16,18-Hexahydro-5,18:7,16:9,14-trimethanoheptacene (3): DDQ
(275 mg, 1.21 mmol) was added to a solution of 10 (100 mg, 0.23 mmol)
in anhydrous toluene (7 mL). The vigorously stirred mixture was imme-
diately placed into an oil bath preheated to 110 �C and kept at 110 �C for
two hours. The reaction mixture was allowed to cool down to 50 �C. The
excess DDQ was converted to DDQH2 by reaction with added 1,
4-cyclohexadiene (0.2 mL). After stirring for 15 min at 50 �C, the mixture
was filtered and the filtrate was concentrated in vacuo. Purification of the
crude product by column chromatography (silica gel, cyclo-hexane/ethyl
acetate 10:1) followed by recrystallization from ethanol yielded 3 as a
colorless solid (57 mg, 0.13 mmol, 59%). Rf� 0.51 (cyclohexane/ethyl
acetate 10:1) ; m.p. 226 �C ; 1H NMR (500 MHz, CDCl3): �� 2.44 (s, 6H;
19-, 20-, 21-H2), 3.99 (s, 2H; 7-, 16-H), 4.07 (s, 4H; 5-, 9-, 14-, 18-H), 6.77 (m,
4H; 2-, 3-, 11-, 12-H), 7.10 (m, 4H; 1-, 4-, 10-, 13-H), 7.11 ppm (s, 4H; 6-, 8-,
15-, 17-H); 13C NMR (126 MHz, CDCl3): �� 51.22/51.25 (d; C-5, C-7, C-9,
C-14, C-16, C-18), 68.83 (t; C-19, C-21), 69.94 (t; C-20), 116.06 (d; C-6, C-8,
C-15, C-17), 121.29 (d; C-1, C-4, C-10, C-13), 124.80 (d; C-2, C-3, C-11,
C-12), 147.24 (s; C-5a, C-8a, C-14a, C-17a), 147.70 (s; C-6a, C-7a, C-15a,


Figure 8. EPSs of clips 3, 4 and substrates 23 ± 30, 31b, 32, benzene and naphthalene calculated by AM1 are
depicted. The color code spans from �25 (red) to �25 kcalmol�1 (blue) in the case of the neutral compounds
and from �6 (red) to �121 (blue) and from �138 to �183 kcalmol�1 in the case of cation 30 and dication 31b,
respectively. The most negative molecular electrostatic potentials (MEPs) on the concave and convex face of 3
and 4 calculated with AM1, ab initio, and DFT are given in parenthesis.
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C-16a), 150.70 ppm (s; C-4a, C-9a, C-13a, C-18a); IR (KBr): �� � 3067 (CH),
2968 (CH2), 2858 (CH), 1560 (C�C), 1458/1438 (CH), 800 (CH), 751 cm�1


(CH); UV/Vis (CHCl3): �max (log �)� 241 (4.02), 282 (3.89), 299 nm (3.98);
MS (70 eV): m/z (%): 420 (100) [M�], 405 (19) [M��CH3], 203 (12) [M��
C17H17]; HR-MS (70 eV): calcd (C33H24) 420.187801; found 420.187385.


trans/cis-2,3-Bis(chlormethyl)-1,4-methano-1,2,3,4-tetrahydroanthracene
(15): Powdered sodium iodide (77.1 g) was added in one portion under
argon to a stirred solution of tetrabromo-o-xylene 11 (31.65 g, 75 mmol)
and dienophile 13[29] (5.7 g, 30 mmol) in anhydrous DMF (300 mL) at 65 �C.
The mixture was stirred for 16 h, and then poured into ice water (600 mL).
Saturated aqueous NaHSO3 was added to the brownish mixture until its
color turned to light yellow. The mixture was extracted with dichloro-
methane (300 mL). The separated organic phase was washed with saturated
aqueous NaHCO3, water, and dried over anhydrousMgSO4. After removal
of the solvent the byproduct was removed by distillation in vacuo at 120 �C/
1 mbar. The residue was purified by column chromatography (silica gel,
cyclohexane/ethyl acetate 10:1) yielding 15 as a light-brown colored oily
product (5.84 g, 20 mmol, 67%). tlc: Rf� 0.69 (cyclohexane/ethyl acetate
10:1); 1H NMR (500 MHz, CDCl3): �� 1.5 (q; 11-H), 1.95 (dd, 2H; 13-H),
2.3 (sextett, 1H; 6-H), 3.62 (m, 2H; 8-H), 2.70/3.28/3.42 (s/q/t, 2H; 7-,
10-H), 3.67 (m, 2H; 9-H), 7.45 (d, 2H; 2-, 3-H), 7.60 (s, 1H; 5-H), 7.70
(s, 1H; 12-H), 7.78 ppm (m, 2H; 1-, 4-H); 13C NMR (126 MHz, CDCl3):
�� 45.36 (t; C-13), 46.52 (d; C-7), 46.92 (d; C-10), 47.98 (t; C-8, C-9), 48.78
(d; C-6), 50.02 (d; C-11), 118.71 (d; C-5), 121.50 (d; C-12), 125.28/125.37
(d; C-2/C-3), 127.77/127.81 (d; C-1/C-4), 132.56 (s; C-4a), 133.04 (s; C-12a),
141.65 (s; C-5a), 145.76 (s; C-11a).


2,3-Bis-exo-methylene-1,4-methano-1,2,3,4-tetrahydroanthracene (19): Po-
tassium hydroxide (3 g, 54 mmol) was added in portions to a solution of
[18]crown-6 (204 mg, 0.77 mmol) and 15 (531mg, 1.84 mmol) in tetrahy-
drofuran (25 mL) under argon at 0 �C . The mixture was stirred for 30 min
at 0 �C and 36 h at 85 �C. After cooling to room temperature the mixture
was poured into ice water (30 mL). The aqueous phase was extracted with
ether (2� 30 mL), the combined organic phases were washed with water
and dried over anhydrous MgSO4. After removal of the ether the crude
product was purified by column chromatography (silica gel, hexane/
chloroform 4:1) yielding diene 19 as a colorless solid (297 mg, 1.36 mmol,
74%). tlc: Rf� 0.59 (n-hexane/CHCl3 4:1); m.p. 117 �C; 1H NMR
(500 MHz, CDCl3): �� 2.10 (dd, 2H; 2J(13a-H, 13i-H)� 9 Hz, 3J(13a-H,
11-H)� 1.5 Hz, 13a-, 13i-H), 4.00 (s, 2H; 6-, 11-H), 5.10 (s, 2H; 8a-, 9a-H),
5.22 (s, 2H; 8i-, 9i-H), 7.38 (m, 2H; 3J(3-H, 4-H)� 3 Hz, 2-, 3-H), 7.60 (s,
2H; 5-, 12-H), 7.72 ppm (m, 2H; 3J(1-H, 2-H)� 3 Hz, 1-, 4-H); 13C NMR
(126 MHz,CDCl3): �� 50.62 (t; C-13), 52.23 (d; C-6, C-11), 102.43 (t; C-8,
C-9), 118.83 (d; C-5, C-12), 125.11 (d; C-2, C-3), 127.73 (d; C-1, C-4), 132.93
(s; C-4a, C-12a), 144.75 (s; C-7, C-10), 148.60 ppm (s; C-5a, C-11a); IR
(KBr): �� � 3059 (CH), 2990 (CH), 2933 (CH2), 1504 (C�C), 900 (CH),
757 cm�1 (CH); UV/Vis (CHCl3): �max (log �)� 259 nm (4.00), 308 nm
(3.06), 323 nm (3.10); MS (70 eV): m/z (%): 218 (100) [M�], 203 (18) [M��
CH3], 202 (16) [M��CH4], 165 (26) [M��C4H5]; HR-MS (70 eV): calcd
(C17H14) 218.109551; found 218.1096.


6,7,7a,8,8a,9,10,17,19,21-Tetracosahydro-6,21:8,19:10,17-trimethanonona-
cene (20): A solution of diene 19 (375 mg, 1.72 mmol), bisdienophile 9
(73 mg, 0.79 mmol), and anhydrous triethylamine (three drops) in anhy-
drous toluene (3.5 mL) was heated to 170 �C for three days in a sealed
ampoule. The reaction mixture was cooled over night in a refrigerator. The
precipitated product was filtered off and washed thoroughly with cold
toluene and dried in vacuo. The colorless product 20 (122 mg, 0.24 mmol,
28%) was used without further purification. At room temperature 20 is
unstable and decomposes within 24 h. Therefore, 20 has to be used for the
next step immediately. It can be stored for a short period of time in the
refrigerator without decomposing. 1H NMR (500 MHz, CDCl3): �� 1.25
(m, 6H; 7a-, 8a-, 18a-, 19a-, 24-H) , 1.55 (m, 2H; 8-, 19-H), 1.89 (m, 4H; 7-,
9-, 18-, 20-H), 2.12 ± 2.25 (m, 8H; 7�-, 9�-, 18�-, 20�-, 23-, 25-H), 3.60 (s, 4H;
6-, 10-, 17-, 21-H), 7.28 (m, 4H; 1-, 4-, 12-, 15-H), 7.40 (s, 4H; 5-, 11-, 16-, 22-
H), 7.60 ppm (m, 4H; 2-, 3-, 13-, 14-H); 13C NMR (126 MHz, CDCl3): ��
28.97 (t; C-7, C-9, C-18, C-20), 30.50 (t; C-24), 42.26 (d; C-7a, C-8a, C-18a,
C-19a), 52.82 (d; C-8, C-19), 54.54 (d; C-6, C-10, C-17, C-21), 62.97 (t; C-23,
C-25), 118.04 (d; C-2, C-3, C-13, C-14), 124.78 (d; C-1, C-4, C-12, C-15) ,
127.41 (d; C-5, C-11, C-16, C-22), 132.00 (s; C-4a, C-11a, C-15a, C-22a),
146.35 (s; C-6a, C-9a, C-17a, C-20a), 149.27 (s; C-5a, C-10a, C-16a, C-21a).


6,8,10,17,19,21-Hexahydro-6,21:8,19:10,17-trimethanononacene (4): DDQ
(280 mg, 1.23 mmol) was added to a solution of 20 (79 mg, 0.15 mmol) in


anhydrous toluene (10 mL). The vigorously stirred mixture was immedi-
ately placed into an oil bath preheated to 110 �C and kept at 110 �C for three
hours. The reaction mixture was allowed to cool down to 50 �C. The excess
DDQwas converted to DDQH2 by reaction with added 1,4-cyclohexadiene
(0.2 mL). After stirring for 15 min at 50 �C the mixture was filtered and the
filtrate was concentrated in vacuo. Purification of the crude product by
column chromatography (silica gel, n-hexane/chloroform 4:1) yielded 4 as a
colorless solid (35 mg, 0.07 mmol, 47%). tlc: Rf� 0.48 (n-hexane/CHCl3
4:1); m.p. �300 �C; 1H NMR (500 MHz, CDCl3): �� 2.43 (m, 6H; s, 2H;
24-H2; superimposed with an AB spectrum: d, 4H; 2J(23a-H, 23i-H)�
2J(25a-H, 25i-H)� 8 Hz, 23-H2, 25-H2;), 4.00 (s, 2H; 8-, 19-H), 4.17 (s, 4H;
6-, 10-, 17-, 21-H), 7.13 (s, 4H; 7-, 9-, 18-, 20-H), 7.15 (m, 4H; 2-, 3-, 13-, 14-
H), 7.40 (s, 4H; 5-, 11-, 16-, 22-H), 7.44 ppm (m, 4H; 1-, 4-, 12-, 15-H);
13C NMR (126 MHz, CDCl3): �� 51.10 (d; C-6, C-10, C-17, C-21), 51.64 (d;
C-8, C-19), 66.59 (t; C-23, C-25), 70.29 (t; C-24), 116.42 (d; C-7, C-9, C-18,
C-20), 119.44 (d; C-1, C-4, C-12, C-15), 125.40 (d; C-2, C-3, C-13, C-14),
127.90 (d; C-5, C-11, C-16, C-22), 132.34 (s; C-6a, C-9a, C-17a, C-20a),
146.68 (s; C-4a, C-11a, C-15a, C-22a), 147.89 (s; C-5a, C-10a, C-16a, C-21a),
148.39 ppm (s; C-7a, C-8a, C-18a, C-19a); IR (KBr): �� � 3057 (CH), 2972
(CH2), 2936 (CH2), 2864 (CH), 1609 (C�C), 1504 (C�C), 1454 (CH2),
1427(CH2), 888 (CH), 748 ppm (CH); UV/Vis (CHCl3): �max (log �)� 250
(4.19), 279 (4.09), 310 (3.57), 324 (3.51); MS (70 eV): m/z (%): 520 (90)
[M�], 505 (12) [M��CH3], 260 (13) [M��C20H20], 28 (52) [M��C39H24];
HR-MS (70 eV): calcd. (C41H28) 520.2191; found 520.2191.


Determination of Ka : 1H NMR titration method : Receptor R and substrate
S are in equilibrium with the 1:1 complex RS (R� S�RS). The association
constant Ka is then defined by Equation (1). [R]0 and [S]0 are the starting
concentrations of the receptor and the substrate, respectively.


Ka�
�RS�
�R��S� �


�RS�
��R�0 � �RS�	��S�0 � �RS�	 (1)


The observed chemical shift �obs of the substrate in the 1HNMR spectrum is
an averaged value between free (�0) and complexed substrate (�RS),
assuming that the exchange is fast on the NMR time scale [Eq. (2)].


�obs�
�S�


�S� � �RS��0 �
�RS�


�S� � �RS��RS (2)


Combination of Equations (1) and (2) and the use of differences in
chemical shift (��� �0��obs ; ��max� �0 � �RS) leads to Equation (3).


�����max


�S�0

 1
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�
[R]0 � [S]0 � 1
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�
�


�������������������������������������������������������������������������������
1
4


�
�R�0 � �S�0 � 1


Ka


�2


� �R�0 
 �S�0
�


(3)


In the titration experiments, the total substrate concentration [S]0 was kept
constant, whereas the total receptor concentration [R]0 was varied. This
was achieved by dissolving a defined amount of the receptor R in 0.6 mL of
a solution containing the substrate concentration [S]0. �� was determined
from the chemical shift of the pure substrate and the chemical shift of the
substrate measured in the 1H NMR spectrum (500 MHz, 25 �C for R� 3
and 200 MHz, 24 �C for R� 4) of this mixture. Successive addition of
further solution containing [S]0 leads to a dilution of [R]0 in the mixture
while [S]0 is kept constant. Measurement of the chemical shift of the
substrate dependent on the concentration [R]0 afforded the data pairs ��
and [R]0. Fitting of these data to the 1:1 binding isotherm by iterative
methods[34] delivered the parameters Ka and ��max.
In the case of substrates possessing more than one kind of nonequivalent
protons, the determination of the association constants Ka sometimes lead
to different values of Ka. This may result from increasing errors caused by
decreasing ��max values. To minimize such errors the association constants
Ka were determined for that proton of the substrate S displaying the largest
value for ��max. The ��max values of the other kind of substrate protons are
calculated by the use of Equation (5); which is derived from Equation (4).


[RS]� [S]0
��1


��1�max


� [S]0
��2


��2�max


� [S]0
��n


��n�max


(4)


���n,max���n


��1


��1�max


(5)
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From the corresponding relationship between the concentrations of the
receptor [R]0 and the complex [RS], the maximum complexation-induced
shifts ��R,max for the protons of the receptor R can be calculated by the use
of Equation (7), which is derived from Equation (6). .


[RS]� [S]0
��S


1


��S
1�max


� [R]0
��R


1


��R
1�max


(6)


���R
1�max�


�R�0
�S�0


��R
1


��S
1�max


��S
1


(7)


Crystal structure determinations


Complexes of 3 with water and ethanol : C33H24 ¥C2H6O ¥H2O, crystal
dimensions 0.27� 0.22� 0.17 mm3, crystal color: yellow; measured on a
Siemens P4 diffractometer with MoK�-radiation. T� 293 K. Cell dimen-
sions a� 8.651(3), b� 29.017(5), c� 18.077(2) ä, �� 91.87(2)�, V�
4535(2) ä3, monoclinic crystal system, Z� 6, �calcd� 0.993 gcm�3, space
group P21/m, due to high disorder of the water and ethanol in the cavities,
the refinement was unsatisfactory.


Complexes of 3 with ethanol : C33H24 ¥C2H6O, crystal dimensions 0.42�
0.37� 0.22 mm3, crystal color: yellow, measured on a Siemens SMART-
CCD diffractometer with MoK�-radiation. T� 203 K. Cell dimensions a�
8.843(3), b� 13.465(5), c� 21.341(8) ä, �� 97.698(7)�, V� 2518.2(16) ä3,
monoclinic crystal system, Z� 4, �calcd� 1.231 gcm�3, 	� 0.072mm�1, space
group P21/n, data collection of 32067 intensities, 6275 independent (Rmerg�
0.0256, 4.45��
� 28.36�), 5245 observed [Fo� 4�(F)], absorption correc-
tion with Bruker AXS SADABS program multiscan V2.03: Rmerg before/
after: 0.0987/0.0354, max/min transmission 1.00/0.92; structure solution
with direct methods (SHELXS) and refinement on F 2 (SHELXTL 5.10)
(334 parameters). The hydrogen atom positions were calculated and
refined as riding groups with the 1.2 fold of the corresponding C atoms.
R1� 0.0589, wR2 (all data)� 0.1623, w�1��2(F 2


o	 � (0.0953P)2� 0.595P,
where P� [max F 2


o 	 � (2F 2
c 	]/3, maximum residual electron density


0.549 eä�3. Ethanol oxygen atom O1 disordered over two sites with
occupancies 0.5.
CCDC-218210 and CCDC-218211 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 CB2 1EZ, UK; fax:
(�44)1223-336-033; or deposit@ccdc.cam.uk).


Acknowledgement


This work was supported by the Deutsche Forschungsgemeinschaft
(Sonderforschungsbereich SFB 452) and the Fonds der Chemischen
Industrie. We thank Dieter Bl‰ser for performing the X-ray measurements,
Professor Monika Mazik, Dr. Torsten Schaller, Dr. Wolfgang Radunz, Willi
Sicking, and Kerstin Antepoth for their assistance with the calorimetric
measurements, Job-plot analyses, the HOSTEST calculations, and Profes-
sor Craig Wilcox for providing us access to the HOSTEST program.


[1] J. M. Lehn, Supramolecular Chemistry. Concepts and Perspectives,
VCH, Weinheim, 1995 ; H.-J. Schneider, A. Yatsimirsky, Principles
and Methods in Supramolecular Chemistry, VCH, Weinheim, 2000.


[2] J. L. Atwood, J. E. D. Davies, D. D. MacNicol, F. Vˆgtle, K. S. Suslick,
Comprehensive Supramolecular Chemistry, Elsevier, Oxford, 1996 ; D.
Philp, J. F. Stoddart, Angew. Chem. 1996, 108, 1243 ± 1286; Angew.
Chem. Int. Ed. 1996, 35, 1155 ± 1196;J. L. Atwood, J. W. Steed,
Supramolecular Chemistry, VCH, Weinheim, 2000.


[3] G. A. Jeffrey, W. Saenger, Hydrogen Bonding In Biological Structures,
Springer, Berlin, 1991; M. M. Conn, G. Deslongchamps, J. Demendo-
za, J. Rebek, J. Am. Chem. Soc. 1993, 115, 3548 ± 3557; G. A. Jeffrey,
An Introduction of Hydrogen Bonding, Oxford University Press, New
York, 1997; Y. L. Cho, D. M. Rudkevich, A. Shivanyuk, K. Rissanen, J.
Rebek, Chem. Eur. J. 2000, 6, 3788 ± 3796; A. Shivanyuk, J. Rebek,
Chem. Commun. 2001, 2374 ± 2375; L. J. Prins, D. N. Reinhoudt, P.


Timmerman, Angew. Chem. 2001, 113, 2446 ± 2492; Angew. Chem. Int.
Ed. 2001, 40, 2383 ± 2426.


[4] P. J. Smith, E. I. Kim, C. S. Wilcox, Angew. Chem. 1993, 105, 1728 ±
1730; Angew. Chem. Int. Ed. 1993, 32, 1648 ± 1650; T. H. Webb, C. S.
Wilcox, Chem. Soc. Rev. 1993, 22, 383 ± 395; E. Kim, S. Paliwal, C. S.
Wilcox, J. Am. Chem. Soc. 1998, 120, 11192 ± 11193; C. Raposo, C. S.
Wilcox, Tetrahedron Lett. 1999, 40, 1285 ± 1288.


[5] J. P. Gallivan, D. A. Dougherty, J. Am. Chem. Soc. 2000, 122, 870 ± 874.
[6] A. Ben-Naim, Hydrophobic Interactions, Plenum, New York, 1980 ; C.


Tanford, The Hydrophobic Effect, 2nd ed. , Wiley, New York, 1980 ;
S. S. Yoon, W. C. Still, J. Am. Chem. Soc. 1993, 115, 823 ± 824; L. F.
Newcomb, S. H. Gellman, J. Am. Chem. Soc. 1994, 116, 4993 ± 4994;
L. F. Newcomb, T. S. Haque, S. H. Gellman, J. Am. Chem. Soc. 1995,
117, 6509 ± 6519; S. H. Gellman, T. S. Haque, L. F. Newcomb, Biophys.
J. 1996, 71, 3523 ± 3525.


[7] C. A. Hunter, J. K. M. Sanders, J. Am. Chem. Soc. 1990, 112, 5525 ±
5534; W. L. Jorgensen, D. L. Severance, J. Am. Chem. Soc. 1990, 112,
4768 ± 1774; S. Paliwal, S. Geib, C. S. Wilcox, J. Am. Chem. Soc. 1994,
116, 4497 ± 4498; C. Chipot, R. Jaffe, B. Maigret, D. A. Pearlman, P. A.
Kollman, J. Am. Chem. Soc. 1996, 118, 11217 ± 11224; G. A. Breault,
C. A. Hunter, P. C. Mayers, J. Am. Chem. Soc. 1998, 120, 3402 ± 3410;
F. J. Carver, C. A. Hunter, E. M. Seward, Chem. Commun. 1998, 775 ±
776; H. Adams, C. A. Hunter, K. R. Lawson, J. Perkins, S. E. Spey,
C. J. Urch, J. M. Sanderson, Chem. Eur. J. 2001, 7, 4863 ± 4877; C. A.
Hunter, K. R. Lawson, J. Perkins, C. J. Urch, J. Chem. Soc. Perkin
Trans. 2 2001, 651 ± 669; F. J. Carver, C. A. Hunter, P. S. Jones, D. J.
Livingstone, J. F. McCabe, E. M. Seward, P. Tiger, S. E. Spey, Chem.
Eur. J. 2001, 7, 4854 ± 4862; F. J. Carver, C. A. Hunter, D. J. Living-
stone, J. F. McCabe, E. M. Seward, Chem. Eur. J. 2002, 8, 2848 ± 2859;
G. Chessari, C. A. Hunter, C. M. R. Low, M. J. Packer, J. G. Vinter, C.
Zonta, Chem. Eur. J. 2002, 8, 2860 ± 2867; M. O. Sinnokrot, E. F.
Valeev, C. D. Sherrill, J. Am. Chem. Soc. 2002, 124, 10887 ± 10893;
most recent review: E. A. Meyer, R. K. Castellano, F. Diederich,
Angew. Chem. 2003, 115, 1244 ± 1287; Angew. Chem. Int. Ed. 2003, 42,
1210 ± 1250.


[8] P. C. Kearney, L. S. Mizoue, R. A. Kumpf, J. E. Forman, A. McCurdy,
D. A. Dougherty, J. Am. Chem. Soc. 1993, 115, 9907 ± 9919; D. A.
Dougherty, Abstr. Pap. Am. Chem. Soc. 1994, 207, 350-ORGN; S.
Mecozzi, A. P. West, D. A. Dougherty, Proc. Natl. Acad. Sci. USA
1996, 93, 10566 ± 10571; S. Mecozzi, A. P. West, D. A. Dougherty, J.
Am. Chem. Soc. 1996, 118, 2307 ± 2308; J. C. Ma, D. A. Dougherty,
Chem. Rev. 1997, 97, 1303 ± 1324; S. M. Ngola, D. A. Dougherty, J. Org.
Chem. 1998, 63, 4566 ± 4567; N. Zacharias, D. A. Dougherty, Trends
Pharmacol. Sci. 2002, 23, 281 ± 287; C. A. Hunter, C. M. R. Low, C.
Rotger, J. G. Vinter, C. Zonta, Proc. Natl. Acad. Sci. USA 2002, 99,
4873 ± 4876.


[9] F. Venema, C. M. Baselier, E. Vandienst, B. H. M. Ruel, M. C. Feiters,
J. F. J. Engbersen, D. N. Reinhoudt, R. J. M. Nolte, Tetrahedron Lett.
1994, 35, 1773 ± 1776; P. L. Anelli, M. Asakawa, P. R. Ashton, G. R.
Brown, W. Hayes, O. Kocian, S. R. Pastor, J. F. Stoddart, M. S. Tolley,
A. J. P. White, D. J. Williams, J. Chem. Soc. Chem. Commun. 1995,
2541 ± 2545; M. V. Rekharsky, Y. Inoue, Chem. Rev. 1998, 98, 1875 ±
1917; J. F. Stoddart, D. C. Myles, R. L. Garrell, S. H. Chiu, Abstr. Pap.
Am. Chem. Soc. 1999, 218, 69-CARB; P. R. Ashton, V. Balzani, M.
Clemente-Leon, B. Colonna, A. Credi, N. Jayaraman, F. M. Raymo,
J. F. Stoddart, M. Venturi, Chem. Eur. J. 2002, 8, 673 ± 684.


[10] F. Diederich, Cyclophanes, Royal Society of Chemistry, Cambridge,
1991; J. E. Forman, R. E. Marsh, W. P. Schaefer, D. A. Dougherty,
Acta Crystallogr. Sect. B-Struct. Commun. 1993, 49, 892 ± 896; J. E.
Forman, R. E. Barrans, D. A. Dougherty, J. Am. Chem. Soc. 1995, 117,
9213 ± 9228; S. M. Ngola, D. A. Dougherty, J. Org. Chem. 1996, 61,
4355 ± 4360; P. Mattei, F. Diederich, Helv. Chim. Acta 1997, 80, 1555 ±
1588; M. Miyake, C. S. Wilcox, Heterocycles 2002, 57, 515 ± 522.


[11] H. J. Choi, D. J. Cram, C. B. Knobler, E. F. Maverick, Pure Appl.
Chem. 1993, 65, 539 ± 543; D. J. Cram, Container Molelcules and their
Guests, Royal Society of Chemistry, Cambridge, 1994 ; J. Y. Yoon, D. J.
Cram, Chem. Commun. 1997, 497 ± 498; J. F. Stoddart, S. Ro, S. J.
Rowan, D. J. Cram, Abstr. Pap. Am. Chem. Soc. 1999, 218, 112-
ORGN; S. Ro, S. J. Rowan, A. R. Pease, D. J. Cram, J. F. Stoddart,
Org. Lett. 2000, 2, 2411 ± 2414.


[12] A. Collet, J. P. Dutasta, B. Lozach, J. Canceill, Top. Curr. Chem. 1993,
165, 103 ± 129; M. Miura, S. Yuzawa, M. Takeda, Y. Habata, T. Tanase,







Trimethylene-Bridged Clips 5036±5047


Chem. Eur. J. 2003, 9, 5036 ± 5047 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5047


S. Akabori, Supramol. Chem. 1996, 8, 53 ± 66; P. D. Kirchhoff, J. P.
Dutasta, A. Collet, J. A. McCammon, J. Am. Chem. Soc. 1999, 121,
381 ± 390; Z. L. Zhong, A. Ikeda, S. Shinkai, S. Sakamoto, K.
Yamaguchi, Org. Lett. 2001, 3, 1085 ± 1087.


[13] C. Valdes, U. P. Spitz, L. M. Toledo, S. W. Kubik, J. Rebek, J. Am.
Chem. Soc. 1995, 117, 12733 ± 12745; C. A. Schalley, R. K. Castellano,
M. S. Brody, D. M. Rudkevich, G. Siuzdak, J. Rebek, J. Am. Chem.
Soc. 1999, 121, 4568 ± 4579; J. Rebek, Chem. Commun. 2000, 637 ± 643;
F. Hof, S. L. Craig, C. Nuckolls, J. Rebek, Angew. Chem. 2002, 114,
1556 ± 1578; Angew. Chem. Int. Ed. 2002, 41, 1488 ± 1508; P. Amrhein,
A. Shivanyuk, D. W. Johnson, J. Rebek, J. Am. Chem. Soc. 2002, 124,
10349 ± 10358; J. L. Atwood, A. Szumna, J. Am. Chem. Soc. 2002, 124,
10646 ± 10647.


[14] F. Vˆgtle, Supramolekulare Chemie, 2nd ed. , Teubner, Stuttgart, 1992.
[15] F.-G. Kl‰rner, J. Benkhoff, R. Boese, U. Burkert, M. Kamieth, U.


Naatz, Angew. Chem. 1996, 108, 1195 ± 1198; Angew. Chem. Int. Ed.
1996, 35, 1130 ± 1133; M. Kamieth, F.-G. Kl‰rner, J. Prakt. Chem. 1999,
341, 245 ± 251; M. Kamieth, U. Burkert, P. S. Corbin, S. J. Dell, S. C.
Zimmerman, F.-G. Kl‰rner,Eur. J. Org. Chem. 1999, 2741 ± 2749; F.-G.
Kl‰rner, U. Burkert, M. Kamieth, R. Boese, J. Phys. Org. Chem. 2000,
13, 604 ± 611; R. Ruloff, U. P. Seelbach, A. E. Merbach, F.-G. Kl‰rner,
J. Phys. Org. Chem. 2002, 15, 189 ± 196.


[16] F.-G. Kl‰rner, U. Burkert, M. Kamieth, R. Boese, J. Benet-Buchholz,
Chem. Eur. J. 1999, 5, 1700 ± 1707.


[17] S. P. Brown, T. Schaller, U. P. Seelbach, F. Koziol, C. Ochsenfeld, F.-G.
Kl‰rner, H. W. Spiess, Angew. Chem. 2001, 113, 740 ± 743; Angew.
Chem. Int. Ed. 2001, 40, 717 ± 720.


[18] C.-W. Chen, H. W.Whitlock, J. Am. Chem. Soc. 1978, 100, 4921 ± 4922;
S. C. Zimmerman, C. M. van Zyl, G. S. Hamilton, J. Am. Chem. Soc.
1989, 111, 1373 ± 1381; S. C. Zimmerman, Top. Curr. Chem. 1993, 165,
71 ± 102.


[19] M. Kamieth, F.-G. Kl‰rner, F. Diederich, Angew. Chem. 1998, 110,
3497 ± 3500; Angew. Chem. Int. Ed. 1998, 37, 3303 ± 3306.


[20] F.-G. Kl‰rner, J. Panitzky, D. Preda, L. T. Scott, J. Mol. Model. 2000, 6,
318 ± 327.


[21] F.-G. Kl‰rner, J. Panitzky, D. Blaser, R. Boese, Tetrahedron 2001, 57,
3673 ± 3687.


[22] C. Jasper, T. Schrader, J. Panitzky, F.-G. Kl‰rner, Angew. Chem. 2002,
114, 1411 ± 1415; Angew. Chem. Int. Ed. 2002, 41, 1355 ± 1358.


[23] F.-G. Kl‰rner, M. Lange, unpublished results.
[24] F.-G. Kl‰rner, B. Kahlert, unpublished results.
[25] The synthesis of 3 was preliminarily published in ref. [15a].
[26] J. Benkhoff, R. Boese, F.-G. Kl‰rner, Liebigs Ann. Recl. 1997, 501 ±


516.
[27] M. P. Cava, D. R. Napier, J. Am. Chem. Soc. 1957, 79, 1701; M. P. Cava,


R. L. Shirley, J. Am. Chem. Soc. 1960, 82, 654.
[28] M. N. Paddon-Row, H. K. Patney, K. Harish, Synthesis 1986, 328 ± 330.


[29] Compound 13 was prepared by Diels ±Alder reaction of 1,3-cyclo-
pentadiene with 1,4-dichloro-2-butene: M. A. P. Bowe, R. G. J. Miller,
J. B. Rose, D. G. M. Wood, J. Org. Chem. 1960, 25, 1541 ± 1547. 1,4-
dichloro-2-butene was obtained by the reaction of 2-butene-1,4-diol
with SOCl2: L. Brandsma, Preparative Acetylenic Chemistry, 1st ed.,
Elsevier, Amsterdam, 1971; R. Gleiter, R. Merger, B. Nuber, J. Am.
Chem. Soc. 1992, 114, 8921 ± 8927.


[30] P. Schiess, S. Rutschmann, V. Toan, Tetrahedron Lett. 1982, 23, 3665 ±
3668.


[31] J. Luo, H. Hart, J. Org. Chem. 1987, 52, 4833 ± 4836; J. L. Segura, N.
Martin, Chem. Rev. 1999, 99, 3199 ± 3246.


[32] The structure of the by-product 21 (not separated and isolated) was
derived from the 1H NMR spectrum of the mixture of products after
the DDQ dehydrogenation. The spectrum shows, in addition to the
signals assigned to 4, three signals at �� 4.0, 4.1, and 4.3 ppm as
expected for the chemically nonequivalent bridgehead protons of 22.
There is no evidence for the formation of the further possible all-anti
bisadduct from the 1H NMR spectrum of the mixture of products after
DDQ dehydrogenation. This product is expected to show two signals
for the bridgehead protons according to its symmetry.


[33] H. G¸nther, NMR-Spektroskopie, Thieme, Stuttgart, 1992.
[34] A nonlinear regression analysis of Equation (3) (see Experimental


Section) was performed by the use of the program TableCurve 4.0,
SPSS Science analogous to the computer program HOSTEST by C. S.
Wilcox, N. M. Glagovich, University of Pittsburg and the program
Associate V1.6, B. Peterson, Ph. D. Dissertation, University of
California at Los Angeles, 1994.


[35] We thank one of the reviewers to focus our attention on the complex
stoichiometries and suggesting the Job-plot analysis.


[36] Titration experiments were performed on a TAM 2277 microcalorim-
eter (Thermometric, J‰rf‰lla, Sweden) using the ampoule unit 2277-
201. The addition of the solution during the titration experiment was
managed with syringe-pump 6120-031, Lund, Sweden.


[37] The 1H NMR spectrum of the 2:1 mixture of 4 and 32 also shows
temperature-dependent behavior, comparable to that of a 2:1 mixture
of 2 and 32. This will be reported separately, with respect to the kinetic
stability of these host ± guest complexes and the mobility of the guest
molecules inside host cavity.


[38] SPARTAN 02, Wavefunction, Inc., 18401 Von Karman, Suite 370,
Irvine, California 92715.


[39] C. Ochsenfeld, F. Koziol, S. P. Brown, T. Schaller, U. P. Seelbach, F.-G.
Kl‰rner, Solid State Nucl. Mag. Reson. 2002, 22, 128 ± 153.


[40] C. Ochsenfeld et al. , unpublished results.
[41] Compound 8 can be obtained from indene in four steps according to


D. N. Butler, R. A. Snow, Can. J. Chem. 1975, 53, 256 ± 262 (simplified
by M. Kamieth, Diplomarbeit, Universit‰t Essen, 1995).


Received: March 4, 2003 [F4919]








Chirality Transfer from Guest Chiral Metal Complexes to Inorganic
Framework: The Role of Hydrogen Bonding


Yu Wang, Jihong Yu,* Yi Li, Zhan Shi, and Ruren Xu*[a]


Abstract: The structure elucidation of a
new zinc phosphate [CoII(en)3][Zn4(H2-
PO4)3(HPO4)2(PO4)(2H2O)2] (1) reveals
that the racemic cobalt complex tem-
plates the zinc phosphate framework in
such a way that the local C2 point
symmetry of the structural motif of the
inorganic framework conforms with that
of the cobalt complex pairing with it, in
essence transferring its chirality to the
inorganic host. An analysis of hydrogen


bonding between the guest molecules
and the inorganic host framework re-
veals that hydrogen bonding is respon-
sible for the stereospecific structural
arrangement. Upon examining previ-


ously reported chiral metal-complex-
templated structures of metal phos-
phates, it is revealed that such hydrogen
bonding is the common origin for induc-
ing chirality transfer in metal ± phos-
phate frameworks templated with chiral
metal complexes. Crystal data of 1:
orthorhombic, Pbcn (no. 60),
a� 10.4787(8) ä, b� 20.0091(14) ä,
c� 14.9594(10) ä, and Z� 2.


Keywords: chirality transfer ¥
host ± guest systems ¥ hydrogen
bonds ¥ hydrothermal synthesis ¥
structure elucidation


Introduction


Chiral molecular sieves attract considerable attention, be-
cause of their potential application in enantioselective
catalysis and separations.[1] There have been three general
methodologies that have been employed for obtaining chiral
molecular sieves. One is to modify an existing inorganic
material with a chiral organic component through either
intercalation[2] or surface anchoring.[3, 4] The second is to
incorporate chiral moieties into the building blocks of an
organic ± inorganic hybrid framework constructed through
coordination of the organic component to metal cations.[5] The
third approach is to impart chirality to an as-synthesized
inorganic open-framework by using a chiral template. The
first two approaches have been remarkably successful. For
example, by using chirally modified zeolites as catalysts,[3, 4]


stereoselective photoreactions have been achieved; therefore,
racemic mixtures of small organic molecules have been
resolved using materials obtained by the second approach.[5]


However, the third approach to chiral molecular sieves, in
spite of some remarkable effort, has led to few successes.[6]


Optically pure chiral zeolitic material has never been made,
even though it has long been recognized that both zeolite �[1, 7]


and ETS-10[8] are heavily intergrown materials with one of the
polymorphs being chiral.
Inasmuch as no chiral template is necessary for the


formation of a chiral zeolitic polymorph, a small number of
metal phosphates with a chiral framework have also been
prepared by using achiral templates, such as [Na12-
(H2O)12][Zn12P12O48],[9] [NH3(CH2)2NH2(CH2)2NH3]-
[(ZnPO4)HPO4],[10] [CN3H6][Sn4P3O12],[11] [CH32NH2]K4-
[V10O10(H2O)2(OH)4(PO4)7] ¥ 4H2O,[12] ULM-5,[13] UCSB-7,[14]


and [Ti3P6O27] ¥ 5 [NH3CH2CH2NH3] ¥ 2H3O.[15] Since no part
of the initial reaction mixture is intrinsically chiral, their bulk
products are invariably 50:50 mixtures of enantiomeric crys-
tals.
The lack of success to impart chirality from a template to a


molecular sieve is perhaps due to, firstly, a lack of under-
standing of the interactions between a template and a
corresponding framework. Furthermore, it may not have
been appreciated that, in order for transfer of chirality to
occur, multipoint cooperative non-covalent interactions
stronger than van der Waals forces are perhaps necessary.
As a starting point for understanding the role of a chiral
template in determining the stereospecificity of an inorganic
framework structure, we have chosen metal phosphate
systems that are known to incorporate chiral metal complexes
and in which extensive hydrogen bonding between the
template and the inorganic host is possible. We have chosen
to focus on the role of hydrogen bonding, because it has been
suggested to play a role in inducing chirality in an alumi-
nophosphate with a chiral template,[16] and multiple hydrogen
bonds are known to cooperatively exert dramatic influences
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on the supramolecular assemblies in chemical and biological
systems.[17]


Among the large number of open-framework metal phos-
phates,[18±20] several metal phosphates templated by chiral
metal complexes have become known recently, including
aluminophosphates,[16, 21±24] gallium phosphate [�-Co(en)3]-
[H3Ga2P4O16],[25] [Co(en)3][Ga3(H2PO4)6(HPO4)3],[26] boron
phosphate [Co(en)3][B2P3O11(OH)2],[27] and zinc phosphates,
[CoII(en)3]2[Zn6P8O32H8], and [CoIII(en)3][Zn8P6O24Cl] ¥
2H2O.[28] More recently, by using a racemic mix of chiral
[Co(dien)2]Cl3 complex as the template, an interesting open-
framework zinc phosphate H3O[Co(dien)2][Zn2(HPO4)4] has
been prepared with multidirectional helical channels.[29] The
rigid octahedrally coordinated metal amine complex is chiral,
which exists as both the � and � enantiomers. As has been
demonstrated in the recent work by Morgan[16] and by us,[28, 29]


a chiral inorganic structural motif can be induced by the chiral
complex template.
In this work, the synthesis of a new zinc phosphate by using


a racemic mixture of the chiral metal complexes, [Co(en)3]Cl3,
is reported. The single-crystal structure solution of this
compound, and the analysis of the hydrogen bonding between
the template and the host reveal that there exists a stereo-
specificity between the template and the host, and that
hydrogen bonding is its origin. Further examination of this
type of chiral molecular-recognition phenomenon in several
previously reported metal phosphates templated by chiral
complexes identifies, for the first time, a common chiral
configuration and symmetry in their inorganic microenviron-
ment as a result of chirality transfer from chiral metal
complexes.


Experimental Section


Synthesis : The title compound was prepared by means of a hydrothermal
reaction between Zn(OAc)2 ¥ 2H2O, H3PO4, [Co(en)3]Cl3 and H2O in a
molar ratio of 1:3:0.5:488. Typically, Zn(OAc)2 ¥ 2H2O (0.25 g) was
dissolved in H2O (10 mL), and then H3PO4 (85wt%, 0.23 mL) was added
and stirred. Finally, [Co(en)3]Cl3 (0.22 g) was added to the above reaction
mixture. The resulting gel was stirred for one hour until it was homoge-
neous, and it was then sealed in a Teflon-lined stainless steel autoclave and
heated at 110 �C for 26 hours under static condition. The product, which
contained orange plate-shaped single crystals, was separated by sonication,
and further washed with distilled water and then air-dried. The X-ray
diffraction pattern of the product was in good agreement with that
generated from single-crystal structural data; this confirmed the phase
purity of the as-synthesized product.


Characterization : X-ray powder diffraction (XRD) data were collected on
a Siemens D5005 diffractometer with CuK� radiation (�� 1.5418 ä).
Inductively coupled plasma (ICP) analysis was performed on a Perkin ±
Elmer Optima 3300DV spectrometer. The determined data (Zn, 23.5%wt
P, 16.7%wt Co, 5.30%wt) are in agreement with those calculated values
(Zn, 22.9%wt P, 16.1%wt Co, 5.27%wt). The elemental analysis was
conducted on a Perkin ±Elmer 2400 elemental analyzer. The determined
data (C, 6.48%wt H, 3.15%wt N, 7.55%wt) are in agreement with those
calculated values (C, 6.37%wt H, 3.90%wt N, 7.38%wt).


A Perkin ±Elmer TGA 7 unit was used to carry out the thermogravimetric
analysis (TGA) in air with a heating rate of 10 �Cmin�1. A weight loss of
20% in total (calcd 21.5%), which occurred at 200 ± 660 �C was observed;
this was attributed to the dehydration of the product and the decom-
position of the metal complex.


Structural determination : A suitable single crystal with dimensions of
0.20� 0.05� 0.04 mm was selected for single-crystal X-ray diffraction
analysis. Structural analysis was performed on a Siemens SMART CCD
diffractometer by using graphite-monochromated MoK� radiation
(�� 0.71073 ä). The data were collected at temperature of 20� 2 �C.
Intensity data of 14343 reflections of which 2251 were independent
(�11� h� 10, �22� k� 19, �16� l� 14) were collected in the � scan
mode (Rint� 0.0588).
Data processing was accomplished with the SAINT processing program.[30]


The structure was solved in the space group Pbcn by the direct methods,
and was refined on F 2 by full-matrix least-squares by using SHELXT-
L97.[31]All Zn, Co, P, and O atoms were easily located. Hydrogen atoms that
were attached to the terminal P�O groups and to the metal complex cation
were placed geometrically, and were refined by using a riding model. Zn(2)
was disordered over two sites.


All non-hydrogen atoms were refined anisotropically. Experimental details
for the structure determination are presented in Table 1. The atomic
coordinates, and the selected bond lengths and angles are presented in


Tables 2 and 3, respectively. CCDC-208133 contains the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.
uk).


Computer simulations : The calculation was based on the Burchart 1.01-
Dreiding 2.21 force field that combines the Burchart force field,[32] which
was used to treat the frameworks of zeolites, and Dreiding II force field,[33]


which was used to treat the intra- and intermolecular interactions. Because
the energy terms for Co species were not addressed in this force field, we
divided them into bonding and nonbonding terms.


For the bonding terms, we used a UFF generator, since the Universal force
field facilitated the optimization for the configuration of the metal
complexes.


For the nonbonding terms, we used Lennard ± Jones 6 ± 12 potential
function to express the van der Waals energy. Some parameters not given
in the Dreiding force field were added according to the reference;[34] which
were as follows: Co ¥ ¥ ¥O: D0� 0.055 kcalmol�1, R0� 3.18 ä; Co ¥ ¥ ¥H: D0�
0.055 kcalmol�1, R0� 2.16 ä. Other parameters were the same as those
used in Burchart 1.01–Dreiding 2.21 force field given in the Cerius2


package.[35] The hydrogen bonding energies between the host inorganic
network and the guest template molecules were studied in this work. The


Table 1. Crystal data and structure refinement for [CoII(en)3]-
[Zn4(H2PO4)3(HPO4)2(PO4)(H2O)2].


formula C6H36CoN6O26P6Zn4
Mr 1112.64
T [K] 293(2)
� [ä] 0.71073
crystal system, space group orthorhombic, Pbcn
a [ä] 10.4787(8)
b [ä] 20.0091(14)
c [ä] 14.9594(10)
V [ä3] 3136.5(4)
Z/�calcd [Mgm3�] 4/2.356
� [mm�1] 3.949
F(000) 2228
crystal size [mm] 0.20� 0.05� 0.04
� range [�] 2.04 ± 23.23
reflections collected/unique 14343/2251 [R(int)� 0.0588]
completeness to �� 23.23 [%] 99.7
absorption correction empirical
transmission max/min 0.8580/0.5056
data/restraints/parameters 2251/0/232
goodness of fit 1.063
final R indices [I� 2�(I)] R1� 0.0538, wR2� 0.1446
R indices (all data) R1� 0.0689, wR2� 0.1532
largest difference peak/hole [eä�3] 1.887/� 1.047
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hypothetical structural models relevant to the experimental structures were
built up by reversing the configuration of the complex cations followed by
energy minimization. During energy minimization, the inorganic frame-
work was fixed, and each Co complex cation was considered as a rigid body.
The hypothetical structural model had the same space group as the
experimental structure.


Results and Discussion


The structure of compound 1 consists of a macroanionic
[CoII(en)3][Zn4(H2PO4)3(HPO4)2(PO4)(H2O)2]2� framework.
Charge neutrality is achieved by the metal complex cation
[Co(en)3]2�. A cobalt cation has apparently been reduced
during the hydrothermal synthesis process. While it is only
speculated that labile ethylenediamine may be the reducing
agent for the transformation of [Co(en)3]3� to [Co(en)3]2�


during synthesis, it has been unambiguously established in a
similar reaction system that the cobalt complex is indeed
reduced under the hydrothermal synthesis conditions.[28] The
asymmetric unit, as seen in Figure 1, contains two unique Zn
atoms and four unique P atoms. Both Zn(1) and Zn(2) are
tetrahedrally coordinated making four Zn-O-P linkages.
Zn(2) is positionally disordered over two sites, with a lattice
water molecule, O(13), that contributes to the coordination of
Zn(2)�. The Zn�O distances are in the range of 1.890(6) to
1.979(8) ä. Three types of phosphate groups, H2PO4�,
HPO42�, and PO43�, are found to share their non-hydroxyl
oxygen atoms with Zn atoms. The P�Obridging distances are in


Figure 1. Thermal ellipsoid plot (50%) showing the labeling scheme in 1.


the range of 1.482(7) to 1.530(7) ä. All the hydroxyl groups
are free from bonding to Zn atoms, and have longer P�O
distances in the range of 1.522(7) to 1.568(6) ä. Of the four
distinct P atoms, P(1) and P(2) lie on a twofold axis, while P(3)
and P(4) occupy general positions. As shown in Figure 1, each
asymmetric unit also contains one unique Co atom lying on
the twofold axis.
The Zn- and P-centered tetrahedra alternate to form a


three-dimensional open framework with channels running
along the [001] direction. A pair of enantiomeric [Co(en)3]2�


ions reside within the channel (Figure 2). Eight Zn and P


Figure 2. The open-framework structure of compound 1 viewed along the
[001] direction (Zn(2�) atoms and water molecules are omitted for clarity).
The chiral structural motif composed of three four-membered rings is
associated with the chiral-metal complex cation with the same C2
symmetry.


atoms form a 16-membered-ring window that circumscribes
the channel opening. The channels are partially blocked by
the H2PO42� groups that protrude into the channel. It is
helpful to view the inorganic framework as built from a simple
structural motif composed of three four-membered rings.
These structural motifs are stacked along the [001] direction
and are linked together through bridging oxygen atoms, O(3)
and O(4), along the [100] and [010] directions to form the
three-dimensional open-framework. Notice that the motifs
can twist in either the right- or left-handed direction along
their symmetric axis. The former is denoted as� configuration
and the latter as � configuration. The significance of
describing the structure with such a structural motif becomes


Table 2. Atomic coordinates [�104] and equivalent isotropic displacement
parameters [ä2� 103] for [CoII(en)3][Zn4(H2PO4)3(HPO4)2(PO4)(H2O)2]
U(eq) is defined as one third of the trace of the orthogonalized Uij tensor.


x y z U(eq)


Zn(1) 735(1) 2437(1) 8866(1) 32(1)
Zn(2) 4057(2) 889(1) 10658(1) 30(1)
Zn(2�) 3674(3) 839(1) 9821(2) 62(1)
Co(1) 0 1440(1) 12500 21(1)
P(1) 0 1198(2) 7500 40(1)
P(2) 0 3620(2) 7500 28(1)
P(3) 3077(2) 2343(1) 10215(1) 22(1)
P(4) 3636(3) � 587(1) 10790(2) 48(1)
O(1) 753(7) 1616(4) 8140(5) 60(2)
O(2) 800(6) 3209(4) 8112(5) 59(2)
O(3) 2450(5) 2542(3) 9348(3) 37(2)
O(4) � 542(5) 2420(3) 9796(4) 33(1)
O(5) 870(7) 689(3) 7019(5) 65(2)
O(6) 921(8) 4068(4) 6980(5) 72(2)
O(7) 2358(6) 2671(3) 11023(4) 35(1)
O(8) 2928(6) 1600(3) 10397(4) 43(2)
O(9) 3093(7) 63(3) 10505(5) 54(2)
O(10) 2559(8) � 1065(3) 11030(5) 64(2)
O(11) 4471(8) � 914(4) 10119(9) 110(4)
O(12) 4434(16) � 440(6) 11622(10) 194(8)
O(13) 2862(9) 818(4) 8634(6) 88(3)
N(1) 348(6) 1412(3) 11209(4) 30(2)
N(2) 1241(6) 2159(3) 12673(4) 28(2)
N(3) 1318(7) 766(3) 12753(5) 36(2)
C(1) � 252(10) 790(5) 10831(6) 43(2)
C(2) 564(8) 2806(4) 12802(5) 34(2)
C(3) 1545(9) 714(5) 13728(6) 45(2)
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apparent once it is recognized that the structural motif has the
same C2 symmetry as the chiral complex cation, and that each
chiral structural motif is associated with a chiral metal-
complex cation in such a way that the metal complex with the
� configuration is in close contact with the chiral motif with
the � configuration, and the metal complex with the �


configuration is in close contact with the chiral motif that has
the � configuration. This remarkable stereospecific corre-
spondence between the metal-complex template and the
structure of the inorganic host clearly indicates that molecular
recognition between the guest and the host exists; this allows


the configuration and symmetry
information of the guest tem-
plate to be passed onto the
inorganic framework.
To understand the cause for


the observed chiral molecular
recognition, a detailed hydro-
gen-bonding network that in-
volves the metal complex and
the inorganic structure has been
analyzed. Figure 3 shows the
hydrogen-bonding arrangement
between the complex cations
and the nearby chiral structural
motifs in 1. The hydrogen bonds
are all of N�H ¥ ¥ ¥O type, and
the N ¥ ¥ ¥O distances involved in
the hydrogen bonding are in the
range of 2.917 ± 3.066(8) ä.
These hydrogen bond distances
are within the range expected
for this type of bonding.[36] Each
[Co(en)3]2� forms ten hydrogen
bonds with four chiral inorganic
structural motifs of the inorgan-
ic host nearby; these all have
the same chirality. Namely the
chiral structural motifs that
have � configuration form hy-
drogen bonds with chiral com-
plex cations that have � config-
uration, whilst the chiral struc-
tural motifs that have �


configuration form hydrogen
bonds with chiral complex cat-
ions with � configuration, as
can be seen in Figure 3. This
implies a chirally selective rec-
ognition, that is, a chiral dis-
crimination effect. Having ex-
amined the hydrogen-bonding
network, it is readily recognized
that if a metal complex with the
� configuration is to be inserted
into the lattice position of the
metal complex with the � con-
figuration, or vice versa, the
number of hydrogen bonds per


cobalt complex will be reduced to eight in the reversed
framework. The difference between the experimental struc-
ture and the reversed hypothetical structure of the hydrogen
bond energy of the host ± guest is �27.13 kJmol�1 per com-
plex.
As a consequence, the complex cations and the chiral


structural motifs are related by a twofold axis. Therefore, the
hydrogen bonding imposes the C2 symmetry operation of the
chiral complex template onto the chiral structural motif. This
demonstrates that chiral molecular recognition between the
guest and host occurs through hydrogen bonds.


Table 3. The selected bond lengths [ä] and angles [�] for [CoII(en)3][Zn4(H2PO4)3(HPO4)2(PO4)(H2O)2].[a]


Zn(1)�O(2) 1.913(6) Zn(1)�O(4) 1.930(5)
Zn(1)�O(3) 1.948(5) Zn(1)�O(1) 1.969(7)
Zn(2)�O(8) 1.890(6) Zn(2)�O(11)#1 1.932(9)
Zn(2)�O(9) 1.952(7) Zn(2)�O(6)#2 1.979(8)
Zn(2�)�O(8) 1.917(6) Zn(2�)�O(11)#1 1.951(9)
Zn(2�)�O(9) 1.956(7) Zn(2�)�O(13) 1.970(10)
P(1)�O(1) 1.496(7) P(1)�O(1)#4 1.496(7)
P(1)�O(5) 1.544(7) P(1)�O(5)#4 1.544(7)
P(2)�O(2)#4 1.489(6) P(2)�O(2) 1.489(6)
P(2)�O(6)#4 1.530(7) P(2)�O(6) 1.530(7)
P(3)�O(3) 1.507(6) P(3)�O(8) 1.520(6)
P(3)�O(4)#5 1.523(6) P(3)�O(7) 1.568(6)
P(4)�O(9) 1.482(7) P(4)�O(11) 1.483(9)
P(4)�O(10) 1.522(7) P(4)�O(12) 1.529(11)


O(2)-Zn(1)-O(4) 117.6(3) O(2)-Zn(1)-O(3) 95.7(3)
O(4)-Zn(1)-O(3) 112.0(2) O(2)-Zn(1)-O(1) 110.3(3)
O(4)-Zn(1)-O(1) 112.9(3) O(3)-Zn(1)-O(1) 106.6(3)
O(8)-Zn(2)-O(11)#1 110.9(4) O(8)-Zn(2)-O(9) 106.8(3)
O(11)#1-Zn(2)-O(9) 111.3(3) O(8)-Zn(2)-O(6)#2 100.5(3)
O(11)#1-Zn(2)-O(6)#2126.2(5) O(9)-Zn(2)-O(6)#2 99.2(3)
O(8)-Zn(2�)-O(11)#1 108.9(3) O(8)-Zn(2�)-O(9) 105.6(3)
O(11)#1-Zn(2�)-O(9) 110.3(4) O(8)-Zn(2�)-O(13) 104.2(3)
O(11)#1-Zn(2�)-O(13)118.2(5) O(9)-Zn(2�)-O(13) 108.7(3)
O(1)-P(1)-O(1)#4 111.9(6) O(1)-P(1)-O(5) 110.8(4)
O(1)#4-P(1)-O(5) 112.4(4) O(1)-P(1)-O(5)#4 112.4(4)
O(1)#4-P(1)-O(5)#4 110.8(4)
O(5)-P(1)-O(5)#4 97.6(5)
O(2)#4-P(2)-O(2) 112.9(6) O(2)#4-P(2)-O(6)#4 106.3(4)
O(2)-P(2)-O(6)#4 111.5(4) O(2)#4-P(2)-O(6) 111.5(4)
O(2)-P(2)-O(6) 106.3(4) O(6)#4-P(2)-O(6) 108.2(7)
O(3)-P(3)-O(8) 111.6(4) O(3)-P(3)-O(4)#5 108.9(3)
O(8)-P(3)-O(4)#5 113.9(3) O(3)-P(3)-O(7) 110.1(3)
O(8)-P(3)-O(7) 102.8(3) O(4)#5-P(3)-O(7) 109.6(3)
O(9)-P(4)-O(11) 114.7(6) O(9)-P(4)-O(10) 109.6(4)
O(11)-P(4)-O(10) 108.7(4) O(9)-P(4)-O(12) 105.9(6)
O(11)-P(4)-O(12) 108.2(9) O(10)-P(4)-O(12) 109.5(7)
P(1)-O(1)-Zn(1) 144.6(5) P(2)-O(2)-Zn(1) 142.0(4)
P(3)-O(3)-Zn(1) 133.8(3) P(3)#6-O(4)-Zn(1) 130.2(3)
P(1)-O(5)-H(5) 109.5 P(2)-O(6)-Zn(2)#7 122.7(5)
P(3)-O(7)-H(7) 109.5 P(3)-O(8)-Zn(2) 135.1(4)
P(3)-O(8)-Zn(2�) 130.9(4) P(4)-O(9)-Zn(2) 120.8(4)
P(4)-O(9)-Zn(2�) 136.7(5) P(4)-O(11)-Zn(2)#1 150.1(6)
P(4)-O(11)-Zn(2�)#1 121.5(7) P(4)-O(12)-H(12) 109.5
P(4)-O(10)-H(10) 109.5


D�H ¥¥¥A d(D ¥¥A) �(DHA)
O(5)-H(5) ¥¥O(10)#8 2.426(10) 162.5
O(7)-H(7) ¥¥O(10)#9 2.531(8) 172.0
O(12)-H(12) ¥¥O(12)#10 2.88(2) 108.4
N(1)-H(1A) ¥¥O(4) 3.066(8) 155.9
N(1)-H(1B) ¥¥O(8) 2.987(9) 156.3
N(2)-H(2A) ¥ vO(3)#2 2.919(8) 145.9
N(2)-H(2B) ¥¥O(7) 2.917(8) 150.9


[a] Symmetry transformations used to generate equivalent atoms: #1; �x� 1,� y,� z� 2 #2; �x� 1/2,�
y� 1/2,z� 1/2 #3;�x,y,� z� 5/2 #4;�x,y,� z� 3/2 #5; x� 1/2,� y� 1/2,� z� 2 #6; x� 1/2,� y� 1/2,� z� 2 #7;
�x� 1/2,� y� 1/2,z� 1/2 #8; x,� y,z� 1/2; #9; �x� 1/2,y� 1/2,z ; #10; �x� 1,y,� z� 5/2
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Figure 3. The hyrogen bonds between the complex templates and nearby
chiral structural motifs in 1.


By extending our understanding of compound 1, taking into
account previously reported metal phosphates that are
templated with either an optically pure or a racemic mixture
of chiral metal complex, we find that the observed chirality
transfer between the chiral templates and the inorganic host
framework occurs by the symmetry correspondence between
the chiral metal complex and the chiral structural motif. This
template ± host symmetry relationship in six-metal-complex-
templated metal phosphates, including compound 1, is shown
in Table 4.


The chiral aluminophosphate [�-Co(en)3][Al3P4O16] ¥ 3H2O
(2) is templated by an optically pure�-[Co(en)3]3� cation.[21] It
has a 2D-layered structure with 4.6-net, and is characteristic
of a [3.3.3]propellane-like chiral structural motif (Figure 4).


Figure 4. The 4.6-net sheet in 2. The [3.3.3]propellane-like chiral motif and
the chiral-metal complex occluded in the interlayer region are shown.


The chiral structural motif and the complex cation both have
the same C2 symmetry. Notably, the complex templates
occluded in the interlayer region have the � configuration,
and the chiral inorganic structural motifs exclusively have the
� configuration. The stereospecific correspondence between
the metal-complex template and the inorganic structural
motifs can be well understood due to the fact that the number
of hydrogen bonds will be reduced, and the hydrogen bond
energy of the host ± guest will be increased upon replacing the


Table 4. The template ± host symmetry and configuration relationship in metal-complex-templated metal phosphates.


Formula Inorganic motif Metal complex Hydrogen bond interaction per Co complex
H-bond number in
experimental structure[a]


H-bond number in
hypothetical structure[a]


�Eexp-hypo
[kJmol�1]


1 [CoII(en)3][Zn4(H2PO4)3-
(HPO4)2(PO4)(H2O)2]


a pair of enatiomers of
structural motif composed
of three four-MRs (� and
�/C2)


[Co(en)3]2� (� and
�/C2)


10 8 � 27.13


2 [�-Co(en)3][Al3P4O16] ¥ 3H2O [3.3.3]propellane-like mo-
tif (�/C2)


[�-Co(en)3]3� (�/C2) 10 8 � 42.34


3 trans-[Co(dien)2]-
[Al3P4O16] ¥ 3H2O


[3.3.3]propellane-like mo-
tif (�/C2)


one enantiomer of
[Co(dien)2]3� (ion �/C2)


4 0 � 44.85


4 [Co(tn)3]-
[Al3P4O16] ¥ 2H2O


capped 6-MR (�/C1) Co(tn)3 (�/C1) 9 7 � 15.05


5 [CoII(en)3]2[Zn6P8O32H8] [3.3.3]propellane-like mo-
tif (� and �/C1)


[Co(en)3]2� (� and
�/C2and C1)


10 8 � 51.58


6 [Co(en)3]-
[Zn8P6O24Cl] ¥ 2H2O


caplike motif composed
of six 4-MRs and
three 3-MRs (� and �/C3)


[Co(en)3]2� (� and �/D3) 12 6 � 79.88


[a] Only strong hydrogen bonds are considered (H ¥ ¥ ¥A� 2.5 ä, D�H ¥ ¥ ¥A� 130�)
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metal complex with the � configuration by its enantiomer in
the framework (Table 4).
Compound 3, a chiral layered aluminophosphate [trans-


Co(dien)2][Al3P4O16] ¥ 3H2O, contains chiral layers stacked in
a helical fashion with only one enantiomer of the
[Co(dien)2]3� ions located in the interlayer region (Fig-
ure 5).[22] As with compound 2, its 4.6-net sheet is featured


Figure 5. The [3.3.3]propellane-like chiral motif and the chiral
[Co(dien)2]3� ions occluded in the interlayer region in 3.


by a series of [3.3.3]propellane-like chiral motifs exclusively
with the � configuration. Both the complex cation and the
chiral structural motif have the same C2 symmetry. If the
metal complexes with the ™wrong∫ configuration are inserted
into the experimental lattice, no hydrogen bonds will be
formed between the complex template and the inorganic host.
The difference in hydrogen bond energy of the host ± guest
between the experimental and the reversed hypothetical
frameworks is �44.85 kJmol�1 per complex. This explains
why a structural motif with the � configuration is induced
instead of the � configuration in the lattice.
In a chiral layered aluminophosphate [Co(tn)3][Al3P4O16] ¥


2H2O (4) with a 4.6.8-net, one enantiomer of the metal
complex with C1 symmetry and the � configuration is present
(Figure 6),[23] therefore, the chiral capped six-membered-ring
motif has C1 symmetry and exclusively exhibits the �


configuration (Figure 6). The above discussion helps to
demonstrate the correspondence of the symmetry and con-
figuration of the chiral, inorganic structural motif to that of
the complex cation in chiral frameworks. In our recently
reported two cobalt-complex-templated zinc phosphates,
[CoII(en)3]2[Zn6P8O32H8] (5) and [CoIII(en)3][Zn8P6O24Cl] ¥
2H2O (6),[28] a pair of enantiomers with chiral, inorganic
structural motifs are induced by a pair of enantiomers with
chiral complex cations. Figure 7 shows a pair of enantiomers
with chiral complexes induced by a pair of enantiomers with
[3.3.3]propellane-like chiral structural motifs in the layered
structure of 5. The complex cations have C2 and C1 symmetry,
and the structural motif has C1 symmetry. Figure 8 shows a


Figure 6. The 4.6.8-net sheet in 4. The capped six-membered-ring chiral
motif and the chiral metal complex occluded in the interlayer region are
shown.


Figure 7. A pair of enantiomers of [3.3.3]propellane-like chiral structural
motifs in the inorganic layer, and a pair of enantiomers of chiral complexes
alternatively residing the interlayer region in 5.


Figure 8. A pair of enantiomers of caplike chiral structural motifs in the
inorganic framework and a pair of enantiomers of chiral complexes
alternatively residing in different channels in 6.
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pair of enantiomers with chiral complexes induced by a pair of
enantiomers with caplike chiral structural motifs in the 3D
open framework structure of 6. The chiral structural motif is
composed of six four-membered and three three-membered
rings. The chiral complex cation in 6 hasD3 symmetry, and the
chiral structural motif has C3 symmetry. Notice that the chiral
[Co(en)3]3� or [Co(en)3]2� templates in a regular octahedron
have D3 symmetry. The above two examples suggest that the
template can impose its individual symmetry constraint onto
the inorganic structural motif. That is, the chiral structural
motif has a subgroup of the point-group symmetry of the
complex. Notably, in these two structures the metal complex
with the � configuration forms hydrogen bonds to the
structural motifs with both the � and � configuration, or
vice versa. However, in both cases, if the configuration of each
metal complex is replaced by the ™wrong∫ enantiomer, the
number of hydrogen bonds will be reduced and the hydrogen
bond energy of the host ± guest will become unfavorable. This
indicates that hydrogen bonds play an important role in
determining the stereospecificity between the metal-complex
templates and the inorganic structural motifs.
More interestingly, it is found that the [3.3.3]propellane-like


chiral structural motif is frequently associated with the chiral
metal-complex template as in compounds 2, 3, and 5.
Recently, two new gallium phosphates [Co(en)3][Ga3P4O16] ¥
3H2O and trans-[Co(dien)2][Ga3P4O16] ¥ 3H2O, whose struc-
tures are isostructural to the layered aluminophosphates
[Co(en)3][Al3P4O16] ¥ 3H2O[16] and trans-Co(dien)2 ¥Al3P4O16 ¥
3H2O,[22] have been synthesized by us. Both of the structures
feature a chiral structural motif. Structurally, it appears that
the symmetry and configuration of the [3.3.3]propellane-like
structural motif is a good match with that of the metal-
complex template. Further understanding of the formation
mechanism for the chiral structural motif around the chiral
metal complex would facilitate the design of new chiral
inorganic microporous materials.


Conclusion


In this work, we have studied the role of a chiral-complex
template to determine the stereospecificity of an inorganic
framework structure. Upon investigating the structures of
a new open-framework zinc phosphate [CoII(en)3][Zn4(H2-
PO4)3(HPO4)2(PO4)(H2O)2] and several chiral-complex-tem-
plated metal phosphates, we reach the following conclusions:
1) An asymmetric microenvironment can be invariably in-
duced in the inorganic framework as a result of chirality
transfer from chiral metal complexes. 2) There exists molec-
ular recognition between the host framework and the guest
chiral template; this allows the symmetry and configuration
information of the guest template to be passed onto the
inorganic structural motif. 3) The remarkable stereospecific
correspondence between the complex template and the
inorganic host is attributed to the hydrogen bonding between
the host framework and the guest molecules. This work
provides some insight into the interactions between a chiral
template and a corresponding inorganic framework. It is
believed that the approach, which employs a rigid chiral


template to impart its chirality to the inorganic open-frame-
work, will eventually be successful.
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Aromaticity and Electron Affinity of Carbok-[3]radialenes, k� 0, 1, 2
Christine Lepetit,[a] Mogens Br˘ndsted Nielsen,[b] FranÁois Diederich,[c] and
Remi Chauvin*[a]


Abstract: Aromaticity enhancement is
a possible driving force for the low
reduction potentials of buta-1,3-diyne-
diyl-expanded [N]radialenes: this hy-
pothesis is theoretically analyzed for
the expanded [3]radialene prototype.
This study is undertaken within a more
general prospect, namely the evaluation
of the variation of aromaticity with
endocyclic and peripheral carbomeric
expansion of [3]radialene and its mono-
and dianions. The structures, denoted
as [C�H]6


h[C�C]3
kcarbo-[3]radialene(q)


(h� 0, 1; k� 0, 1, 2; q� 0, �1, �2), were
optimized in relevant singlet, doublet, or
triplet spin states at the B3PW91/6-
31G** level. They were found to be all
planar. The structural aromaticity was
measured through the average bond
length dav over the [C�C]3


kcarbo-[3]ra-
dialene core, and by the corresponding
bond-length equalization parameter
�(d), related to Krygowski×s GEO. The
magnetic aromaticity was measured by
Schleyer×s NICS values at the center of
the rings. Regarding the relative varia-


tion of NICS and �(d), two classes of
species can be distinguished according
to their endocyclic expansion level. The
species with a nonexpanded (k� 0) or
doubly expanded (k� 2) ring constitute
the first class: they exhibit D3h symmetry
and a strong correlation of NICS with
�(d). The species with a singly expanded
ring (k� 1) fall far from the correlation
line, and constitute the second class. This
class distinction is related to the degen-
eracy scheme of the frontier orbitals of
the neutral representative. A finer ap-
praisal of the electron (de)localization is
brought by the ELF (Electron Local-
ization Function) analysis of the elec-
tron density. It allows for a weighting of
relevant resonance forms. Unsubstituted
species are well described by the super-
imposition of two or three resonance


forms. For (doublet spin state) mono-
anionic species, their respective weights
are validated by comparison with AIM
spin density. The weighted mean, n, of
the formal numbers of paired �z elec-
trons in the resonance forms was calcu-
lated and compared with the closest
even integer of either forms 4m�2 or
4m. A density-based continuous gener-
alization of the orbital-based discrete
H¸ckel rule is then heuristically pro-
posed through an analytical correlation
of NICS versus �(d), n, and S, the spin of
the species. The frontier-orbital-degen-
eracy pattern of neutral species is dis-
cussed with respect to structural and
magnetic aromaticity criteria. A de-
creasing HOMO ± LUMO gap versus
endocyclic expansion is obtained, but
[C�C]3


1carbo-[3]radialene possesses the
highest HOMO and LUMO energies.
Vertical and adiabatic electron affinities
of neutral and monoanionic species
were also computed and compared with
related experimental data.


Keywords: aromaticity ¥ conjuga-
tion ¥ ELF (Electron Localization
Function) ¥ expanded radialenes ¥
redox chemistry


Introduction


Planar radialenes (C2H2)N exhibit essential common features
of and differences from planar annulenes (CH)N : they both
contain a cyclic sequence of N conjugated sp2 carbon atoms,


but while the double bonds of radialenes are cross-conjugat-
ed, those of annulenes are linearly conjugated. Nevertheless,
the question of aromaticity addresses both classes. While
annulenes are markedly differentiated as aromatic or anti-
aromatic, radialenes, owing to their poor stability in their
unsubstituted version, have long been considered as non-
aromatic additive assemblies of vinylidene units.[1] Expansion
of annulenes[2, 3] and radialenes[4] by inserting one or two sp-C2


units into all bonds of the rings results in an extension of the
conjugation of out-of-plane �z MOs (and in the appearance of
homoconjugated in-plane �xy MOs) in the corresponding ring
™carbomers∫.[5] The consequences on aromaticity deserve a
comparative study. It is worth remembering here that
expansion of cycloalkanes leads to [N]pericyclynes,[6] and
the question of their homoaromaticity has already been
addressed.[7] In the case of [N]annulenes, it has been
theoretically shown that their aromaticity is definitely pre-
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served in the corresponding carbo-[N]annulenes.[8] The case
of radialenes is a priori more challenging: does the expansion
effect overcome the topological effect, and bring some
aromatic character to the corresponding carbo-[N]radia-
lenes? The question is hereafter addressed for the parent
[3]radialene prototype, an isomer of benzene.


Several derivatives of [3]radialene 1a (Scheme 1) have
been experimentally described,[9] and very recent thermo-
chemical calculations have suggested that 1amight be slightly


Scheme 1. Eighteen carbo-[3]radialenic species investigated in this study.
q� 0: neutral, q��1: monoanion, q��2: dianion.


aromatic in the energetic sense.[10] Additional data on the
aromatic status of 1a itself are thus still desirable. Moreover,
aromaticity enhancement might be an explanation for the
remarkably facile reduction experienced by a perethynylated
[3]radialene, a silylated derivative of 1b.[11] Indeed, according
to cyclic voltammetry, this radialene was able to accommo-
date two electrons in two distinct one-electron reduction steps
(vide infra). Moreover, perethynylated buta-1,3-diynediyl-
expanded (doubly expanded) [3]- and [4]radialenes were
readily reduced electrochemically.[4c±e] In order to explain
these experimental observations and thereby possibly extend
the H¸ckel rule to cross-conjugated rings, we decided to carry
out a detailed theoretical study on [3]radialenes, varying the
parent structure with respect to: i) the expansion level of
endocyclic C�C bonds, k, and/or peripheral C�H bonds, h,
and ii) the reduction level, q (q� 0: neutral, q��1: mono-
anion, q��2: dianion). A set of eighteen species denoted as
[na]q or [nb]q is considered (n� 1 ± 3). According to a
previously proposed nomenclature, their generic name is:
[C�H]6


h[C�C]3
kcarbo-[3]radialene(q) (q� 0, �1, �2; k� 0, 1,


2; a : h� 0, b : h� 1) (Schemes 1 and 2).


Scheme 2. Carbomeric expansion of endocyclic C�C and/or peripheral
C�H bonds in a [3]radialene. k� 0: parent radialene, k� 1: ethynediyl-
expanded radialene, k� 2: buta-1,3-diynediyl-expanded radialene. h� 0:
unsubstituted radialene, h� 1: ethynyl-substituted radialene.


The goal is threefold.
1) Compare the aromaticity of 1a ± 3a and 1b ± 3b and the


corresponding mono- and dianions on the basis of
structural (bond length equalization, �(d), and average
bond length, dav) and magnetic (Nucleus Independent
Chemical Shift, NICS) criteria.[12]


2) Quantify the electronic delocalization from electron local-
ization function (ELF) analysis,[13] and translate the results
in terms of weighted resonance structures through a
recently disclosed method based on the integration of
electron density over ELF basins.[7d]


3) Analyze the orbital diagrams, the chromophore properties
(HOMO ± LUMO gap), and the redox properties (elec-
tron affinities, EA) of related species.


Computational Methods


Calculations of structure and properties of neutral and anionic species were
performed at the DFT level by using the B3PW91 functional. It is indeed
now recognized that despite the existence of occupied MOs with positive
eigenvalues, the DFT method is reliable for predicting properties of
negatively charged species, and especially of carbon-rich molecules such as
linear carbon chains HCnH.[14]


Geometries were thus fully optimized at the B3PW91/6-31G** level by
using Gaussian98.[15] Vibrational analysis was performed at the same level
in order to check that a minimum on the potential energy surface was
obtained.


NICS values were computed at the B3PW91/6-31�G** level according to
the procedure described by Schleyer et al.[16] The magnetic shielding tensor
was calculated for a ghost atom located at the center of the ring by using the
GIAO (gauge-including atomic orbital)[17] method implemented in Gaus-
sian98. For small rings, NICS at 0.6 ä above the ring center was shown to
minimize the paratropic contribution of the proximate � bonds. For a
comparative purpose, however, the fixation of a nonzero height parameter
over a large range of ring sizes (3 ± 15 atoms) would be quite arbitrary in the
present case. Keeping in mind that Shaik and Hiberty showed that the
electronic delocalization of benzene is imposed by � bonds,[18] NICS values
have been calculated at the center of gravity of either small or large rings.
They globally measure the magnetic effect of the delocalization of � and �


electrons, naturally weighted by their respective distance to the ring center,
without analytical separation in diatropic/paratropic effects.


ELF topological analysis was carried out with TopMoD.[19] Visualization of
ELF isosurfaces and basins was done with the freeware SciAn.[20]


Atomic charges and spin densities were derived from atoms-in-molecules
(AIM) analysis,[21] by using TopMoD.[19]


Results and Discussion


Structural and magnetic aromaticity criteria


Effect of ring expansion : The geometry of na and [na]� was
calculated in the singlet and doublet spin states, respectively.
The geometry of [na]2� was calculated in the singlet or triplet
spin state. The results are listed in Table 1.


The optimized structure of [3]radialene 1a is similar to that
of various derivatives as determined by X-ray crystallogra-
phy,[11, 22] and to recent calculations at the B3LYP/6-311G(d,p)
level.[23] All the [na]q structures were found to be planar. Their
symmetry is D3h except for [2a]� , which exhibits C2v symme-
try. The singlet state of [2a]2� exhibits Cs symmetry with two
planar �CH2 units and one pyramidalized �CH2


� unit. The
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triplet state of [2a]2�, however, is more stable by 14 kcal mol�1


and has D3h symmetry.
It is remarkable that whatever the structure [na]q, the


length of each bond type varies in the same manner upon
reduction to [na]q�1: the length of short bonds increases while
the length of long bonds decreases (Table 1). Reduction thus
results in an average bond length equalization and thus to the
enhancement of the overall (exo � endo, � � �) electron
delocalization. The delocalization is structurally measured by
�(d), namely the root mean square deviation from the overall
average C�C bond length, dav, over the radiacycle.[24] The
effect of reduction on overall delocalization is thus quantified
by the �(d) variation, which is negative for all structures but
[2a]� . The additional electron is thus localized over single
bonds and attracts electron density from multiple bonds. This
observation may be related to a spin-pairing effect, and calls
for the use of a suited analytical tool, namely the ELF analysis
(vide infra).[13]


It is worth noting that the mean bond length, dav, of any
structure increases slightly, but systematically, upon reduc-
tion. This indicates that, despite an enhanced delocalization,
the carbon atoms are globally less tightened after reduction.
�(d) and dav are directly related to Krygowski×s geometric
(GEO) and energetic (EN) structural aromaticity parameters,
respectively.[24] Their inverse variation with reduction illus-
trates the difference between geometric and energetic aro-
maticity (vide infra).


All the species [na]q, except [2a]� , have a negative NICS
value at the center of the ring, and can be considered to be
magnetically aromatic.[16] For neutral species, the NICS value
of a (expanded) cyclotrisvinylidene (radialene) can be com-
pared with that of the (expanded) cyclotrisvinylene (annu-
lene) isomer with at least the same symmetry. At a similar
level of theory, one gets: NICS(1a)��11.4 ppm versus
NICS(D6h benzene)��8.0 ppm;[8b±c] NICS(2a)��7.0 ppm


versus NICS(D3h hexadehydro[12]annulene)��106.1 ppm
(™abnormal∫ value discussed in ref. [25]); NICS(3a)�
�1.5 ppm versus NICS(D3h dodecadehydro[18]annulene)�
�10.4 ppm,[25] and NICS(D6h [C�C]6carbobenzene)�
�17.9 ppm.[8b±c] According to the NICS(0) criterion, 1a and
2a are thus more magnetically aromatic than their isomers,
but the converse holds for 3a.


On the basis of the NICS variation, [1a]q and [3a]q


experience an enhancement of magnetic aromaticity upon
reduction. A similar trend was reported for the double
deprotonation of deltic acid to the oxocarbon dianion (CO)3


2�


(�NICS(0)��2.1 ppm, HF/6-311�G**).[26a] The one-elec-
tron reduction of the magnetically aromatic expanded radi-
alene 2a yields a magnetically antiaromatic anion [2a]�


(NICS��4 ppm). ™Normal∫ behavior is, however, restored
when considering the two-electron reduction of 2a to the
magnetically aromatic triplet dianion [2a]2�. From Table 1,
magnetic aromaticity (NICS) and geometric aromaticity
(�(d)) vary in the same sense in the [1a]q and [3a]q series,
but vary in the opposite sense in the [2a]q series. The
consistency between magnetic aromaticity and geometric
aromaticity thus deserves to be scrutinized (vide infra).


Effect of substitution : The effect of substitution (expansion of
the C�H bonds) of 1a ± 3a by six ethynyl units was envisioned.
The C�C-Ar substituents of experimental structures were
simplified for C�C�H.[4d,e] The geometry of 1b, 2b, 3b and
their mono- and dianions were calculated at the same level as
above.


The results show that substitution does not qualitatively
affect the trends established in the unsubstituted series 1a ±
3a (Table 2 versus Table 1): the optimized symmetry of [nb]q


is identical to that of [na]q, except for dianions [1b]2� and
[2b]2�, which exhibit a slight distortion of the C�C�H bond
angles. The bond lengths and bond angles of the [C�C]3


kcarbo-


Table 1. NICS values and geometric parameters of nine [C�C]3
kcarbo-[3]radialenic species.[a]


Bond lengths [ä]
Symmetry exo-C�CH2 endo-C sp2-C endo-C�C endo-C sp-C sp dav [ä][b] �(d) [ä][c] NICS [ppm]


1a D3h 1.334 1.442 1.389 0.054 � 11.4
� � � � � �


[1a]�[d] D3h 1.366 1.418 1.392 0.026 � 24.5
� � � � � �


[1a]2�[e] D3h 1.400 1.406 1.403 0.006 � 31.2
2a D3h 1.345 1.438 1.223 1.361 0.088 � 7.0


� � � � � � �
[2a]� C2v 1.352 1.404� 2 1.246 1.366 0.080 � 4.0


1.387� 2 1.437� 2 1.230� 2
1.439� 2


� � � � � � �
[2a]2� D3h 1.404 1.422 1.245 1.373 0.084 � 15.0
triplet


3a D3h 1.351 1.431 1.223 1.358 1.336 0.086 � 1.5
� � � � � � � �


[3a]� D3h 1.371 1.422 1.231 1.351 1.338 0.080 � 2.2
� � � � � � � �


[3a]2� D3h 1.390 1.418 1.240 1.347 1.342 0.076 � 3.7


[a] Optimized geometries were obtained for singlet spin state at the B3PW91/6-31G** level, unless otherwise mentioned NICS values were computed at the
B3PW91/6-31�G** level. The � /� signs underline the sense of variation of column quantities from the top line to the bottom line. [b] Average C�C bond
length. [c] �(d)� (1/N�(di � dav)2)1/2 in which N is the number of C�C bonds (6, 12, or 15). [d] At the B3PW91-6-311�G** level. [e] At the
B3PW91-6-31�G** level.
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[3]radialenic core are similar to those of the unsubstituted
series. In Table 2, the variation of the vertical entries upon
reduction is always in the same sense as in Table 1.


The bond-length-equalization parameter limited to the
[C�C]3


kcarbo-[3]radialenic core of [nb]q, �(d), is systemati-
cally slightly shorter than that of the corresponding unsub-
stituted structure [na]q. Likewise, the NICS value of [nb]q is
always smaller than that of the corresponding [na]q structure.
Ethynyl substitution thus induces a consistent enhancement
of (cyclic) delocalization over the [C�C]3


kcarbo[3]radialenic
core. Nevertheless, a dramatic effect of substitution is
observed for the antiaromatic anion [2a]� (NICS�
�4 ppm), which gives the strongly aromatic anion [2b]�


(NICS��16.4 ppm).


Correlation of magnetic aromaticity with structural aroma-
ticity : In both the nonexpanded (1) and doubly expanded (3)
series, the stronger the bond length equalization, the more
negative the NICS value (Figure 1). For ten of the species
[nx]q (n� 1, 3) an exceptional linear correlation is obtained:


NICS��34.15�405.5 �(d), R� 0.9986 (1)


This shows that geometric and magnetic aromaticity criteria
vary in a highly parallel manner in series 1 and 3. The
monoexpanded species [2a]q and [2b]q, however, do not fit
into the correlation. For 2a� [2a]� , the magnetic dearoma-
tization (�NICS� 0) is consistent with group desymmetriza-
tion (D3h�C2v), but a priori not with bond-length equal-
ization (��(d)� 0). Conversely, for [2a]�� [2a]2�, the mag-
netic aromatization (�NICS� 0) is consistent with group
symmetrization (C2v�D3h), but a priori not with bond-length
differentiation (��(d)� 0). A similar situation was reported
by Krygowski for radialene,[6] which was found to be magneti-
cally antiaromatic (NICS��2.8 ppm), but exhibits a perfect
bond-length equalization (GEO���2(d)� 0: C�CH2 and
C�C bonds have equal lengths!).[27] The GEO parameter,


Figure 1. Correlation of NICS versus �(d) for species [na]q and [nb]q with
nonexpanded and doubly expanded rings (n� 1, 3). [1b]� and [1b]2� (�)
were not included in the linear regression, but even for these species, the
agreement is qualitatively acceptable (ca. 17 % error. Moreover, the three
[1b]q species (q� 0, �1, �2) are perfectly aligned).


and thus �(d), is not sufficient for ranking structural
aromaticity (e.g., �(d) vanishes for all symmetric structures
such as benzene or the cyclopropenium cation). An additional
EN parameter was thus defined to evaluate the discrepancy
between dav and dopt , where the bond length is in a perfectly
C�C�C�C resonating system.[24] The evaluation of the dopt


parameter for mixed systems involving both sp2- and sp-
hybridized atoms would require a full study, which is outside
the scope of this report.[28] Nevertheless, plotting NICS versus
dav over the homogeneous set of NICS-negative [nx]q species
affords a qualitatively good correlation (R� 0.98, except for
1a), including the monoexpanded series [2a]q and [2b]q


(Figure 2).
The magnetically antiaromatic anion [2a]� should deserve a


separate treatment.


Table 2. NICS(0) and geometric parameters of the nine hexaethynyl-[C�C]3
kcarbo-[3]radialenic species.[a]


Bond lengths [ä]
Symmetry exo-C�C endo-C sp2-C endo-C�C endo-C�C exo-C sp2-C exo-C�C dav [ä] �(d) [ä] NICS [ppm][b]


1b D3h 1.369 1.417 1.421 1.212 1.389 0.029 � 22.7
� � � � � � � �


[1b]� C1 1.390 1.406 1.419 1.216 1.398 0.008 � 26.4
� � � � � � � �


[1b]2� D3h 1.415 1.398 1.413 1.226 1.403 0.003 � 27.1
2b D3h 1.379 1.423 1.226 1.419 1.211 1.363 0.081 � 7.1


� � � � � � � � �
[2b]� C1 1.424 1.437� 2 1.224 1.411� 2 1.218� 2 1.367 0.078 � 16.4


1.393� 2 1.402� 2 1.239� 2 1.419� 2 1.214x4
1.405� 2 1.418� 2


� � � � � � � � �
[2b]2� D3h 1.429 1.409 1.240 1.411 1.222 1.372 0.077 � 14.6
3b D3h 1.386 1.416 1.226 1.352 1.418 1.212 1.337 0.081 � 1.2


� � � � � � � � � �
[3b]� D3h 1.407 1.408 1.232 1.346 1.415 1.215 1.339 0.078 � 2.3


� � � � � � � � � �
[3b]2� D3h 1.424 1.403 1.238 1.342 1.413 1.219 1.341 0.074 � 4.6


[a] Geometry optimizations were carried out at the B3PW91/6-31G** level. NICS values were computed at the B3PW91/6-31�G** level. The � /� signs
underline the sense of variation of column quantities from the top line to the bottom line. [b] dav and �(d) do not explicitly take into account the ethynyl
substituents, and are calculated over the [C�C]3


kcarbo-[3]radialenic core.
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Figure 2. Correlation of NICS versus dav, the mean bond lengths over the
[C�C]3


kcarbo-[3]radialenic core for species [na]q and [nb]q. The correlation
extends to all compounds except the parent radialene 1a and the
magnetically antiaromatic anion [2a]� (�).


The negative slope of the regression line means that the
more magnetically aromatic the species, the less stabilizing
the structure with respect to dissociation. The apparent
orthogonality of magnetic and energetic aromaticities,[29]


may exemplify Katritzky×s factor analysis and suggests that
™aromaticity∫ is a two-dimensional concept.[30] Nevertheless,
while the NICS value depends on the ring current, and thus on
the endocyclic electron delocalization, dav takes into account
both endocyclic and radial electron delocalization. Therefore,
NICS was plotted against d�av, the average bond length over
the ring only. This however afforded a much less accurate
correlation (NICS� 382 ± 289 d�av, R�� 0.926	 0.980), and
the slope, if meaningful, though still negative, is divided by 1.5.
This shows that the exocyclic double bonds are explicitly
involved in the aromatic system.


Finally, according to NICS, �(d), and dav measures, mag-
netic aromaticity varies as geometric aromaticity, but not as
energetic aromaticity.


ELF analysis :[13, 31] After having
considered the effects of ™cy-
clic∫ electron delocalization, we
now consider the electron de-
localization itself, using the
ELF analysis of the electron
density.


Topological analysis of the
ELF gradient field yields a
partition of the molecular posi-
tion space into basins of attrac-
tors (i.e. the local maxima of
ELF) bearing a chemical mean-
ing.[13, 32] These basins closely
match the electronic domains
defined by Gillespie in the
VSEPR model, and therefore
ELF analysis provides a reliable
mathematical sophistication of
Lewis× valence and Gillespie×s


VSEPR models. The ELF basins are classified as core, valence
bonding, and nonbonding basins. A core basin contains a
nucleus X (except a proton) and will be referred to as C(X). A
valence bonding basin lies between two or more core basins.
Each valence bonding basin is characterized by its synaptic
order, which is the number of core basins with which it shares
a common boundary. The monosynaptic basins therefore
correspond to nonbonded pairs (referred to as V(X)) whereas
the di- and polysynaptic ones are related to bi- or multicentric
bonds (referred to as V(X1, X2, X3, . . .). The average
populations of the basins may be obtained by integration of
the electron density. They are not expected to have integral
values, but the bond populations were found to be roughly
equal to twice the topologically defined Lewis bond orders in
extensive studies of chemical bonding.


Qualitative analysis of the ELF populations : The ELF analysis
was performed for [1a]q, [2a]q, [3a]q, q� 0, �1, and [3a]2�. For
neutral species 1a ± 3a, the ELF populations are in agree-
ment, with the ™natural∫ Lewis structure as the dominant
resonance form. In all cases, however, single-bond basins
contain slightly more than two electrons: 2.1 for C sp2 ± C sp2,
2.3 for C sp2 ± C sp basins, and 2.6 for C sp ± C sp basins.
Conversely, multiple-bond basins contain slightly less the
theoretical number of electrons: 3.5 for C sp2�C sp2 and 5.3
for C sp�C sp (Figure 3). This indicates that some delocaliza-
tion occurs in all the neutral structures.


After reduction, the additional electron does not localize
into a monosynaptic valence basin but rather scatters into the
pre-existing disynaptic valence basins. In the [3]radialene
anion [1a]� , the localization of the additional electron is
mainly endocyclic, while for the monoexpanded anion, [2a]� ,
it is mainly exocyclic. In the doubly expanded anion, [3a]� ,
the additional electron is equally shared between exocyclic
and endocyclic basins. Therefore, the additional electron of
reduced species is absorbed by the ring in [1a]� and [3a]� and
is repelled to the peripheral exo bonds in [2a]� . As far as


Figure 3. ELF basins of unsubstituted carbo-[3]radialenic species, and variation of their respective populations
upon reductions. Underlined populations correspond to the main localization of the additional electron(s) with
respect to the neutral form. The values of the ELF populations given for the C2v-symmetric anion [2a]� are
averaged in the D3h approximation.
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aromaticity is related to the endocyclic electron delocaliza-
tion, these results are consistent with the decrease of magnetic
and structural aromaticity during the first reduction of 2a
(notice that despite the exact C2v symmetry of [2a]� , the
values of the ELF populations given in Figure 3 are averaged
in the D3h approximation). The ELF analysis of the electron
density (Figure 3) is in qualitative agreement with the
structural effect on the bond- length equalization (Table 1).


After the second reduction, the dianion of the doubly
expanded[3]radialene, [3a]2�, exhibited a monosynaptic va-
lence basin at the CH2 termini. It corresponds to the lone pair
of a localized carbanion. The electron density of the adjacent
exo double bonds of the intermediate monoanion [3a]� was
equally shared between the lone pair basins and the ring
basins. The second reduction process thus results in a local-
ization of the electron density at the periphery of [3a]2�.


Quantification of resonance forms : Resonance theory, or
mesomerism, is convenient for the visualization of aromatic-
ity: the cyclic delocalization of � electrons is measured by the
degree of equivalence of Kekule¬ -like resonance forms.
Relevant resonance forms are Lewis structures, whose
stability is selected on the basis of classical rules.[33] Quanti-
tative weighting of resonance forms has been attempted by
different methods.[7d, 12a, 24, 34] A method based on ELF analysis
has recently been disclosed,[7d] and is applied here to the
neutral and anionic unsubstituted [na]q, q� 0, �1. The most
relevant resonance forms have been selected according to
classical rules,[33] and upon consideration of AIM charges and
spin densities. A system of linear equations relating the ELF
basins populations and bond orders of the weighted Lewis
structures may then be written. The least-squares method is
applied to solve the linear equations system when no exact
solution is available. The procedure is illustrated in the
Supporting Information for the case of [3a]2� (see below).


The results are summarized in Figure 4. The six compounds
are well described by two, or at most three, types of
nonequivalent resonance forms.


The major form (60 %) of [3]radialene 1a is nonzwitter-
ionic, and has a greater weight than all the minor zwitterionic
forms (6� 6.7� 40 %). This, however, indicates that electron
delocalization occurs in [3]radialene. This is consistent with
the very negative NICS value and with recent thermochemical
estimates, by aromatic stabilization energies (ASE), of the
energetic aromaticity of [3]radialene.[10] In the reduced
species [1a]� , two types of resonance forms occur: the weight
of three equivalent forms (3� 11.3� 34 %) is almost equal to
the weight of six other equivalent forms (6� 11.0� 66 %).
This indicates an enhanced electron delocalization. In ac-
cordance with the higher stability of secondary carbanions,
the negative charge remains at the exocyclic carbons C�


rather than at the endocyclic ones, C� (see Scheme 1). This
resonance weighting is in perfect accordance with the
calculated AIM spin density: 66 % at C� and 34 % at C�


(see Supporting Information).
The major (or minor) resonance form of [2a] is the ring


carbomer of the major (or minor) form of 1a, and the
corresponding weights are preserved. This is a quantitative
illustration of the statement that resonance is preserved by


Figure 4. ELF-based quantification of resonance forms of [na]q species.
The formal number (n) of paired �z electrons inside the ring and their
weighted mean are given in the square cells.


™carbomerization∫.[5] Attempts to consider mesomeric forms
featuring possible in-plane homoaromaticity (Dewar-type
valence isomers with three additional � bonds) yields
negligible weights for the corresponding Lewis structures.
This situation is markedly different from that of [C,C]3carbo-
cyclopropenylide, in which in-plane homoaromaticity was
evidenced through a nonzero weight (16%) of the corre-
sponding � resonance forms (Scheme 3).[7d]


Scheme 3. Resonance weighting of [C�C]3carbocyclopropenylide ion.[7d]


The major resonance forms of the reduced species [2a]�


exhibit a maximum separation of formal atomic spin and
atomic charge.[35] These forms occur with about the same
weight as their carbomeric resonance forms in [1a]� (54 %
versus 66 %). Nevertheless, in [2a]� , the resonance forms with
adjacent atomic spin and charge ([1a]�: 3� 11.3� 34 %) are
negligible. Instead, spin and charge undergo an intermediate
separation at C� and C� (2� 6� 3.8� 2� 23� 46 %). This
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resonance weighting is again in accordance with the calcu-
lated AIM spin density: AIM(C�)� 80 % (ELF resonance:
77 %), AIM(C�)� 0 % (ELF resonance: 0 %), AIM(C�)�
20 % (ELF resonance: 23 %) (see Supporting Information).
According to this analysis, the radical is absent from the C�


vertices. This suggests a limited cyclic delocalization and thus
a reduced aromaticity, in agreement with the positive NICS
value for [2a]� .


The major form (40%) of 3a is the second-generation ring
carbomer of the major form (60 %) of 1a. The minor
zwitterionic form (6� 4.2� 25 %) of 3a is the second-
generation ring carbomer of the minor forms (6� 6.7�
40 %) of 1a. Other forms are required to obtain a resolvable
system of equation. These forms (6� 5.8� 35 %) contain an
alternating double � /� charge separation. As in [2a]� , the
major resonance forms of the reduced species [3a]� exhibit a
maximal separation of spin and charge, and occur with about
the same weight as their carbomeric resonance forms in [1a]�


(6� 10.3� 62 % versus 6� 11.0� 66 %). Charge and spin then
undergo an intermediate separation at C� and C�, respec-
tively (6� 6.0� 36 %). Finally, the resonance form with
adjacent spin and charge occurs with a low, but nonzero,
weight in [3a]� (3� 0.7� 2 %). This resonance weighting is in
qualitative accordance with calculated AIM spin densities:
AIM(C�)� 48 % (ELF resonance: 62 %), AIM(C�)� 9 %
(ELF resonance: 2 %), AIM(C��C�)� 2� 18� 36 % (ELF
resonance: 36 %).[36]


The number of a priori possible resonance forms increases
with both reduction of symmetry and the extent of conjuga-
tion (substituted species [nb]q were not considered). This
number increases with charge as well. For the large dianion
[3a]2�, for which monosynaptic valence basins (lone pairs)
appear at the C� termini (Figure 3), the procedure led to
three kinds of resonance forms (Figure 5). Two of them
exhibit a � /� charge separation, and the minus charge is
clearly (de)localized at the (C�)2C��C� corners with a strong
weight at the C� termini.


Figure 5. Frontier orbitals of neutral species 1a, 2a, and 3a.


In Figure 4 the formal numbers, n, of paired �z electrons
inside the ring are listed. They are calculated by using the
weights (wi) of the resonance form and the corresponding
numbers ni of paired �z electrons inside the ring: n��wini .
Their utility is illustrated in the next section.


Proposition of an heuristic density-based H¸ckel-like rule : The
unidimensional correlation of NICS versus �(d) (Figure 1)


works perfectly in the series [1x]q and [3x]q, but fails for the
series [2x]� (x� a, b). Beside �(d), other variables should
therefore intervene in an eventual general correlation en-
compassing all the species. Considering that electron-density-
based theoretical tools (AIM, ELF, .. .) are modern alterna-
tives to orbital-based tools, a formal continuous H¸ckel rule
might be heuristically derived from electron density. Accord-
ing to the discrete orbital-derived H¸ckel rule, the aromatic
character (e.g. the sign of the NICS) of annulenes depends on
two variables: the singlet/triplet spin state (S� 0, 1) and the
parity number of endocyclic paired �z electrons (n� 4m�2,
4m). Analogous rules were proposed for radialenes by
Aihara.[37b] In terms of electron density, n can be fractional
(see preceding section) and its generalized ™parity∫ could be
expressed by a periodic function of n. We therefore sought for
a correlation of the form:


NICS�A � B �(d) � CFS(n) (2)


Here A, B, and C are constants, and F(S,n) is a parity
function of spin and electron numbers. Assuming a parity
function form:


FS(n)� [fS cos(n�/4) � (1� fS) sin(n�/4))]cos(n�/4)


and


fS � sin2(S�)


we incidentally found that Equation (2) affords an excellent
correlation for A��37.5, B� 410 ä�1, C� 9.6 (R� 0.992 for
seven species: [na]q, q� 0, �1, and [3a]2�).[38]


This correlation is absolutely not theoretically demonstrat-
ed and limited to the above set of species. At this point, it is to
be considered an empirical observation.


Orbital analysis : H¸ckel molecular orbital analysis of radia-
lenes has long been derived. It has been used to calculate
resonance energies, and a 4N/4N�2 H¸ckel-type rule was
proposed for even radialenes, where N is the (even) number
of vinylidene units.[37b] In contrast to their isomers benzene
and carbobenzene, [3]radialene 1a and carbo-[3]radialenes
2a, 3a are nonalternate polyenes.[39] Thus, according to a �-
variable-H¸ckel treatment, [3]radialene exhibits doubly de-
generate � MOs except for the lowest �-bonding MO and the
LUMO. This is confirmed here with the DFT MOs (Figure 5).
For expanded radialenes, the � MOs can be separated into �z


and �xy types. In all cases, the HOMO and LUMO are of the
�z type. The �z orbitals of 1a, 2a, 3a are depicted in Figure 5.
Whereas 3a displays the same HOMO ± LUMO degeneracy
pattern as 1a, 2a displays a converse pattern. This point is to
be related to the peculiar behavior of the expanded series 2
with respect to series 1 and 3, for the variation of NICS versus
�(d).


As expected from consideration of the extension of the
conjugation domain, the HOMO ± LUMO gap is larger for
the nonexpanded species 1a (4.61 eV). It is however, larger by
0.72 eV for the singly expanded radialene 2a than for the
doubly expanded radialene 3a. Moreover both the HOMO
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and LUMO of 2a are, respectively, higher in energy than the
HOMOs and LUMOs of both 1a and 3a. In other words 1a
and 3a are less ™reactive∫ than 2a. This is a signature of a
higher ™chemical aromaticity∫ of 1a and 3a than with 2a. It is
well known that ground-state DFT MO eigenvalues are not
meaningful as absolute electron energies, but are generally
linearly correlated with the corresponding Hartree ± Fock
MO levels.[40a] This has been verified for the neutral species
1a, 2a, and 3a.[40b] At the HF/6-31G** level, the value
HOMO(1a)��9.00 eV is in perfect agreement with the
reported ionization potential IE(1a)� 9.0 eV.[41, 42] The HF
HOMO ± LUMO gap of 1a (10.62 eV) is different from the
energy gap (�E� 4.29 eV) corresponding to the experimental
UV/Vis absorption at �max(1a)� 289 nm.[42] The HF two-level
approximation is therefore not valid, but incidentally, it might
be worth noting that the �E value is in agreement with the
DFT HOMO ± LUMO gap of 1a (4.61 eV, Figure 5).


Electron affinities : In a first approach, the electron affinity,
EA, can be estimated from the above MO diagram from the
LUMO energy (Figure 5). Exact vertical and adiabatic EAs
have also been calculated. The results listed in Table 3 show
that the three EA measures are strongly correlated. The EAs
increase as a function of the degree of peripheral expansion


(EA([na]q)�EA([nb]q)), but do not vary systematically as
a function of the degree of ring expansion (EA(2x)�
EA(1x)�EA(3x), x� a, b). Nevertheless, the maximum
EA value occurs for the doubly ring-expanded representatives
3. These trends parallel the variation of aromaticity with
monoelectronic reduction and ring expansion (Tables 1 and
2).


Regarding the second electron affinity, a weak but positive
electron affinity of [3a]� was anticipated from the weak
enhancement of both magnetic and structural aromaticity in
[3a]2� (Table 1). Nonetheless, and despite the existence of
three types of major resonance forms exhibiting 14 paired �z


electrons in [3a]2�, the electron affinity of [3a]� turns out to
be even negative. This observation is finally in accordance
with the localization of the last added electron of [3a]2� in
exocyclic monosynaptic ELF valence basins (lone pairs, see
Figure 3).


Substitution of [3a]2� by six ethynyl units results in an
increase of the electron affinity by 1.8 eV in [3b]2�. This
observation is parallel to the enhanced structural ± magnetic
aromaticity of [3b]2� as compared with [3a]2� (Table 2).
Although aromaticity (cyclic component of electron delocal-
ization) is moderately affected by ethynyl substitution, the


external triple bonds here exert a strong (acyclic) delocaliza-
tion effect. This observation is to be compared with the
stabilization of the dianionic [3]radialene framework by
delocalization toward three fulvene or 9-fluorenylidene sub-
stituents (Scheme 4).[43] This stabilization is driven by the


Scheme 4. Aromaticity-stabilized [3]radialene dianion.


aromaticity of both the central cyclopropenium ring and of
the three radial cyclopentadienyl anions. A similar argument
accounted for the stability of the Fukunaga-type dianionic
synthetic intermediate of hexaaryl[3]radialenes, and for the
rather weakly negative second reduction potential of the
latter as determined by cyclic voltammetry.[22a]


Although reduction potentials are not available for the
parent compounds 1a,b, 2a,b, and 3a,b, experimental studies
have been performed on derivatives of 1a,b and 3b, while the
carbo-[3]radialenes 2a,b and 3a are still elusive compounds
that await to be synthesized. Yet, Tykwinski and co-workers[4f]


have prepared a higher analogue of 2a, an expanded
[6]radialene, although no electrochemistry data are reported.
Radialenes with the core of 3b have been successfully
synthesized from suitable tetraethynylethene (TEE) precur-
sors.[4b±e] However, attempts to synthesize derivatives of
radialenes 3a containing peripheral cyclohexylidene substitu-
ents by cyclization of related dendralenes have so far failed.[44]


It seems that the peripheral acetylene moieties in 3b add a
remarkable stability to these scaffolds. To our knowledge, the
redox chemistry of [3]radialene 1a or methylated derivatives
thereof has never been exploited, whereas the octamethyl[4]-
radialene 4 (Scheme 5) was subjected to an electrochemical
study by Bock and Rohn (Table 4).[45] This radialene was


reduced at the very low potential of �2.6 V versus SCE in
DMF, this corresponds roughly to about �3.0 V versus Fc/
Fc�, hence at a considerably lower potential than that
obtained for the perethynylated [3]radialene 5 (�0.96 V
versus Fc/Fc� in THF),[11] a silylated derivative of 1b.


Table 3. Electron affinity (B3PW91/6-31G** [eV]) versus the expansion
degree of [3]radialene.[a]


EA 1a 1b 2a 2b 3a 3b [3a]� [3b]�


� �(LUMO) 2.08 3.49 1.89 3.02 2.67 3.51 � 1.56 0.41
Vertical 0.07 2.05 0.33 1.72 1.22 2.45 � 2.46 � 0.62
Adiabatic 0.19 2.14 0.42 1.84 1.35 2.51 � 2.40 � 0.58


[a] The three measures are correlated by: Adiabatic EA
Vertical EA �
0.09
� �(LUMO)� 1.26 eV.


Table 4. Cyclic voltammetry data for related species (see Scheme 5).[a]


4[b] 5[c] 6[d] 7[d] 8[c] 9[d] 10[c] 11[c] 12[d]


E1
red � 2.6 � 0.96 � 1.30 � 1.28 � 1.08 � 1.63 � 1.52 � 1.36 � 1.30


[V] (1 e�) (1 e�) (1 e�) (1 e�) (1 e�) (1 e�) (1 e�)
E2


red � 1.51 � 1.60 � 1.46 � 1.28 ± � 1.89 � 1.74 ±
[V] (1 e�) (1 e�) (1 e�) (1 e�) (1 e�) (1 e�)


[a] First and second reduction potentials are expressed versus Fc/Fc� if not
otherwise stated. [b] Solvent: DMF; potential versus SCE. [c] Solvent: THF.
[d] Solvent: CH2Cl2.[4b±e, 11, 45]
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Scheme 5. Experimentally known [4]- and [3]radialenes 4 and 5, expanded
[3]- and [4]radialenes 6 ± 8, and expanded dendralenes 9 ± 11 and poly-
(triacetylene) 12 related to the theoretical species 1a, 1b, and 3b,
respectively.


However, care must be taken when extrapolating the
influence of the peripheral acetylene groups by comparing
radialenes of different ring sizes. Indeed, since the ionization
energy of 1a (IE� 9.0 eV,[41] 8.94 eV[42]) is significantly higher
than that of 4 (IE� 7.30 eV[45]), and the difference in the
longest wavelength absorption maxima, reflecting the
HOMO ± LUMO gaps, only corresponds to about 0.3 eV (�max


(1a)� 289 nm,[42] �max (4)� 307 nm[46]), then [3]radialene 1a is
expected to be more readily reduced than [4]radialene 4, that
is, at an anodically shifted potential and hence closer to that of
5. The different substituents of 4 as compared with 1a as well
as the larger core size are important differences to take into
account.


The electron-accepting strength of doubly expanded [3]-
and [4]radialenes is very similar, that is, strong in both cases,
as revealed by comparing 6 and 7, both containing electron-
donating anilino substituents.[4d,e] Actually, the reductions
occur slightly more readily for 7 than for 6, in particularly the
second reduction. These two radialenes differ by four paired
�z electrons inside the ring, and these rings are presumably
planar in both cases. In contrast, we have found by X-ray
crystallographic analysis that a doubly expanded [6]radialene
adopts a nonplanar, chair-like conformation and is reduced at
slightly more negative potential.[4e] The enhanced electron
affinity of perethynylated doubly expanded radialenes rela-
tive to their acyclic dendralene counterparts is evident when
comparing the first and second reduction potentials between
radialenes 6, 7 and TEE dimer 9, and between radialene 8 and
TEE dendralenes 10, 11. The radialenes accommodate one or


two electrons much more readily. The strength of cyclic cross-
conjugation is also revealed when noticing that radialenes 6
and 7 are even better electron acceptors than the linearly
conjugated poly(triacetylene) 12, which contains the same
number of anilino moieties per TEE unit.[4d]


The present calculations explain confidently, for the first
time, the strong electron affinity of the perethynylated
[3]radialenes 5 and 6 (and indirectly of the 17 �z prearomatic
[7]�and [8]�) by two factors: i) aromaticity enhancements
when proceeding from the neutral core to the singly charged
one and subsequently to the doubly charged one, ii) an acyclic
delocalization effect exhibited by the external triple bonds.
The NICS calculations showed that these two effects are not
independent: ethynyl substitution enhances cyclic delocaliza-
tion ([3a]q versus [3b]q, q� 0, �1, �2). Taking the calcula-
tional and experimental results together, it seems reasonable
to make a generalization of the simple (integral) H¸ckel rule,
allowing us to classify 4m�2 �z structures of the type
[C�H]6[C�C]3


kcarbo-[3]radialene(�2) (k� 0, 2) as aromatic:
k� 0 implies m� 0 (2�z), k� 2 implies m� 3 (14�z), as
well as structures of the type [C�H]8[C�C]4carbo-[4]radi-
alene(�2) (m� 4, 18�z).


Conclusion


Both the theoretical tools used (ELF analysis,[13, 31, 32] aroma-
ticity theory,[12] resonance theory[34]), and the experimental
targets studied (carbon-rich molecules,[47] organic redox
chemistry, organic chromophores) stand at the crossing point
of active research domains. A concise summary of the results
is that the question of the ™aromaticity∫ of radialenes and
their expanded versions is relevant but not univocal. The
structural and magnetic criteria vary in a parallel manner. This
variation can be analyzed in terms of cyclic electron deloc-
alization from the electron density by using the ELF theory.
The analysis is refined by using an heuristic density-based
generalization of the orbital-based H¸ckel rule. Aromaticity
(cyclic electron delocalization[12]) gain is a driving force of
facile reduction processes, measured by high electron affin-
ities. Radial electron delocalization over ethynyl substituents,
however, plays a determining role for the very strong
magnetic aromatization of the antiaromatic anion [2a]� , and
for the general enhancement of the electron affinity of
monoanions. The energetic aromaticity criterion measured by
dav is orthogonal to structural and magnetic criteria. A refined
measure of the former criterion (energetic effect of the cyclic
component of delocalization, measured by resonance energies
or aromatic stabilization energies) will require a comparison
of expanded [3]radialenes with expanded dendralenes as
acyclic references.[48] The study of expanded [3]dendralenes is
therefore the first natural prospect of this work.


As emphasized in the introduction, the parent [3]radialene
framework was selected as a prototype, and we must remain
aware that the results are quite homogeneously, but system-
atically, marked by the extreme steric strain of the ring size.
On the other hand, the parent [6]radialene framework would
correspond to the steric-strain-free situation (in the absence
of cumbersome ethynyl substituents[4e]). Such a study surely
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deserves to be undertaken. Finally, it is worth noting that
reduced cyclohexabutatrienylidene derivatives have recently
been described.[49] Following our above discussion, the
expansion of [3]radialenes at the level of the exocyclic C�C
bonds, leading to [C�C]3


lcarbo-[3]radialene(q) structures,
appears a natural progression from both a theoretical and
an experimental point of view.


The present calculations confidently support our previous
hypothesis regarding the exceptional ability of doubly ex-
panded [3]- and [4]radialenes to accommodate electrons,
namely that this ability is promoted by aromaticity enhance-
ments.
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Tailoring the Catalytic Performance of Sol ±Gel-Encapsulated Tetra-n-
propylammonium Perruthenate (TPAP) in Aerobic Oxidation of Alcohols


Rosaria Ciriminna and Mario Pagliaro*[a]


Abstract: Sol ± gel nanohybrid silica
particles organically modified and
doped with the ruthenium species
tetra-n-propylammonium perruthenate
(TPAP) are highly efficient catalysts
for the selective oxidation of alcohols
to carbonyl groups with O2 at low
pressure in toluene. The materials are
easily prepared by a one-step sol ± gel
process, and their catalytic performance
can be optimised by tailoring the con-


ditions of their synthesis by hydrolytic
co-polycondensation of tetramethoxysi-
lane (TMOS) and alkyltrimethoxysi-
lanes R-Si(OMe)3 in the presence of
TPAP. Eventually, heterogeneous cata-
lysts considerably more active than the


unsupported perruthenate were ob-
tained, while also being leach-proof
and recyclable. The correlation between
the materials× activity, surface polarity
and textural properties suggests valua-
ble information on the chemical behav-
iour of sol ± gel catalytic materials in
oxidation catalysis; this is of interest in
view of the importance of efficient solid
catalysts for the selective oxidation of
alcohols with O2.


Keywords: alcohols ¥ heterogene-
ous catalysis ¥ ormosil ¥ oxidations
¥ ruthenium ¥ sol ± gel processes


Introduction


The selective oxidation of alcohols to carbonyl groups has a
central role in synthetic organic chemistry and in the fine
chemicals industry, often being a key step for the preparation
of important synthons or directly affording valuable speciality
and fine chemicals products such as fragrances, drugs,
vitamins and hormones.[1]


Because of increasingly stringent environmental legisla-
tion,[2] traditional carbinol oxidation processes carried out
stoichiometrically in organic solvents, either with toxic and
hazardous chromium(��)[3] or manganese(��)[4] reagents or
with DMSO,[5] will need to be replaced with new ecofriendly
catalytic conversions using clean and atom-efficient oxidants
such as O2 or H2O2.[6]


Hence, a remarkable number of new, mild aerobic pro-
cesses have been reported in recent years, in which impressive
levels of selective activity have been achievedmainly by use of
Ru,[7] Pd[8] and Cu[9] catalytic species, and in certain cases even
eliminating the use of the volatile solvents in which such
conversions are generally performed[8c] (a feature also shared
by a W catalyst with H2O2 as primary oxidant[10]).


For all of these catalytic processes, an effective catalyst
heterogenization method would be highly desirable[11] in


order to allow catalyst recycling (and easy workup of the
product mixture) as well as for applications to continuous
processes, which are in high demand in industry. Accordingly,
many attempts are currently being directed towards the
heterogenization of soluble catalytic species in solid materials
in which the metallorganic moiety acts as active site and the
solid provides avenues for recovery and recycling of the active
species.[12]


The requirements for such catalysts, however, are demand-
ing. They will need to be highly selective (given the number of
different oxidizable groups in fine chemistry molecules) and
stable over prolonged times of use. Furthermore, they should
also be versatile (i.e., applicable to a vast number of
structurally different alcoholic substrates).


Stability of solid catalysts in heterogenized systems is a
requirement particularly difficult to achieve,[11] since many
supported molecules are often labile in oxidative environ-
ments and are easily leached in the homogeneous phase, as in
the case–relevant to this report–of polymer-supported
perruthenate (PSP), a solid catalyst doped with the aerobic
ruthenium catalyst TPAP,[7b] originally claimed to be hetero-
geneous,[13] but soon found to be unstable and impossible to
recycle.[14]


The sol ± gel technology for the preparation of reactive
materials, on the other hand, is increasingly being used for the
preparation of efficient heterogeneous catalysts,[15] since it
allows the entrapment of practically any active organic species
within the vast internal porosity of porous oxides, in which the
active molecules are confined and protected in nanoporous
cages where they are accessible to incoming reactants.[16]
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The process is simple and highly reproducible, consisting of
the room-temperature hydrolysis and polycondensation of
suitable metal alkoxide precursors carried out in the presence
of one or more dopant active species.[16] Most importantly,
through variation of the sol composition and the condensation
conditions, the structural–and thus reactivity–properties of
the resulting materials can be controlled and tailored to meet
the requirements of specific applications such as chemical
catalysis, in which the hydrophobic/hydrophilic nature of the
catalyst is often crucial.[17]


Hence, for example, excellent results have recently been
demonstrated in liquid-phase catalytic esterifications[18a] and
oxidations[18b] mediated by sol ± gel alkylated silicas, the
surface hydrophilic ± lipophilic balances (HLBs) of which
were shown to have a profound influence on the activity of the
encapsulated molecules.


We now wish to demonstrate how the sol ± gel process can
also be effectively applied to the catalysis of aerobic oxidation
of alcohols, affording highly active and versatile catalysts that
can be (re)used in the fast conversion of different substrates
through the use of O2 at ambient pressure as primary oxidant
(Scheme 1).


Scheme 1. Sol ± gel catalyst-based aerobic oxidation of alcohols.


The catalysts, nanohybrid silica particles organically modi-
fied and doped with TPAP, are considerably more active than
unsupported perruthenate, and an explanation of the effects
of variations in the materials× properties on the activity is
suggested in order to establish guidelines for the development
of truly efficient, solid oxidation catalysts.


Results and Discussion


Following our original findings,[19] several catalytic ormosils
(ormosils� organically modified silicates) doped with TPAP
were prepared by variation of the R-substituted trimethoxy-
silane (RTMS)/tetramethyl orthosilicate (TMOS) ratio in
order to study more thoroughly the effect of the xerogels×
surface polarity and textural properties on the activity in the
hydrophobic solvent toluene.


In particular, we prepared two different batches of catalytic
gels (A and B) with different water/silane/co-solvent ratios, in
each case varying the relative amount and type of organo-
silane employed in the polycondensation. Furthermore, to
investigate the influence of the condensation process, each
precursor sol in the series A and B was gelled with and
without NaF (Table 1; ™-F∫ in the materials notation indicates
the employment of fluoride).


Catalytic activity : Surprisingly, comparison between the
reactivity of TPAP unsupported and encapsulated in the
75% methylated silica matrix A-Me3 in the toluene/oxygen
oxidation protocol for benzyl alcohol shows that the sol ± gel
encapsulation of TPAP within a hydrophobic silica matrix


enhances its activity (Figure 1), with the reaction going to
completion much more rapidly (about six times faster) than
under homogeneous conditions.


This result was thoroughly investigated and the homoge-
neous oxidation of benzyl alcohol with a 10 mol% catalytic
amount of TPAP was carried out with[7b] and without[20] 4 ä
molecular sieves. However, no significant changes were
observed, and the turnover frequency of our sol ± gel-entrap-
ped silica catalyst A-Me3 under the reaction conditions
employed was considerably higher than that of homogeneous
TPAP (Figure 1).


Interestingly, the heterogeneous kinetic reaction curve does
not show the slow stage (probably involving RuO2,[19] which
becomes a better aerobic alcohol oxidant when confined in a
zeolite[7a]) following the faster stage up to 40 ± 50% conver-
sion typical of TPAP-catalysed alcohol oxidations, thus
showing that the reaction mechanism may not necessarily be
the same when dehydrogenation takes place within the sol ±
gel cages. In all cases the reaction mediated by the catalytic
xerogels was heterogeneous in nature, since no further
reactivity of the ™hot∫ reaction filtrate was observed upon
rapid filtration of the catalyst shortly after the start of the
reaction (at about 50% alcohol conversion); nor was any
unreactive ruthenium species leached from the solid catalyst,
since no Ru was detected either in the reaction filtrate (ICP-
MS, detection limit�1 ppb) or in reaction samples withdrawn
from the liquid phase during catalysis.


Catalyst recyclability, selectivity and applicability : To assess
the catalyst×s stability, comparison of the intermediate activ-
ities of the methylated silica matrix A-Me3 in sequential
reaction runs (which truly measures a catalyst×s stability[21])
shows that, besides a slight loss of activity after the first
reaction run (ca. 5%, probably due to formation of RuO2),
the catalyst reactivity–which in the case of absolute stability
should remain constant–does indeed remain practically
unvaried. Hence, the valuable compound TPAP, impossible
to recycle under homogeneous conditions, gradually yielding
a black sol precipitate,[20] is physically and chemically
stabilized upon encapsulation in a sol ± gel hydrophobic silica
matrix[16a] and can be recycled with no loss of precious
ruthenium.


The known stability of metal ™onium∫ ion pairs physically
encapsulated in sol ± gel materials towards leaching[15b] was
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Table 1. Compositions of the sol ± gel-entrapped TPAP catalytic ormosils A and B.


Batch A
Si/H2O/MeOH 1:8:1


Batch B
Si/H2O/MeOH 1:4:4


TMOS
[%]


MTMS
[%]


ETMS
[%]


PTMS
[%]


A-Me0 B-Me0 100 0 ± ±
A-Me1 B-Me1 75 25 ± ±
A-Me2 B-Me2 50 50 ± ±
A-Me3 B-Me3 25 75 ± ±
A-Me4-F[a] B-Me4-F[a] 0 100 ± ±
A-Et2-F[a] B-Et2-F[a] 50 ± 50 ±
A-Pr2-F[a] B-Pr2-F[a] 50 ± ± 50


[a] Gels obtainable only by use of NaF as polycondensation catalyst. All the other
gels were obtained with and without NaF.
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thus also confirmed for TPAP. Accordingly, the reaction
filtrate obtained upon ™hot∫ filtration of the catalyst (i.e.,
carried out rapidly at the reaction temperature to prevent any
possible perruthenate readsorption[11]) at 50% reaction
completion was kept at 75 �C under O2, and no further
oxidation was observed even after 12 h. This should be
compared to the complete leaching in a single reaction run of
RuO4


� physically supported in the mesoporous channels of
MCM-41 silica.[14]


Finally, in order to confirm the generality of the method,
the same catalytic hydrophobic silica gelA-Me3 was also used
in the conversion of less easily oxidizable aliphatic and allylic
alcohols (Table 2).


Hence, cyclohexanol (entry 2, Table 2), which could not be
oxidised over MCM-41-supported TPAP,[10] was now smooth-
ly converted over the hydrophobic silica gel A-Me3 to yield a
45% conversion into cyclohexanone after 6 h and a maximum
58% conversion; this is the same as observed when the
reaction is carried out with unsupported TPAP.


Nor was such excellent activity following encapsulation in a
hydrophobic matrix limited to cyclic substrates, as shown by
the rapid, high-yielding oxidation of the aliphatic substrate


1-octanol (Entry 3, Table 2), which in five hours afforded a
96% yield of octylaldehyde, also confirming the pronounced
versatility of these materials.


Full retention of the selectivity of TPAP in solution[20] is
demonstrated by the lack of oxidation of the olefinic double


bonds when trans-cinnamyl alcohol was chosen as substrate
(Entry 4, Table 2). In the presence of 10 mol% TPAP
entrapped in the same A-Me3 gel, this was rapidly (2 h)
converted in high yields into trans-cinnamaldehyde (99%).


Remarkably, such retention of the selectivity of TPAP was
further confirmed on testing of the material×s selectivity for
primary versus secondary hydroxy groups–an important
property of perruthenate-mediated oxidations[22]–when the
oxidation of a 1:1 mixture of benzyl alcohol and 1-phenyl-
ethanol was carried out in one-pot fashion over the same
hydrophobic gel A-Me3.


Hence, after 10 min all the primary benzyl alcohol had been
converted, whereas only 19% of 1-phenylethanol had been
dehydrogenated to form acetophenone. However, in sharp
contrast to perruthenate heterogenized on polystyrene res-
in,[13] all the secondary alcohol left in solution could be further
oxidised just by prolonging the reaction time, thus showing
the potential of these materials for combinatorial applica-
tions, in which such selectivity and versatility are in high
demand.[23]


The gel proved to be leach-proof and recyclable with all
substrates, requiring only a washing step with CH2Cl2 at reflux
between each consecutive reaction run.


Effects of catalyst hydrophobicity, textural properties and
preparation conditions : As reported in our original commu-
nication,[19] the catalytic activity of TPAP-doped ormosils
increases with the relative amount of alkyl groups, while,
independently of the preparation protocol used, the unmodi-
fied SiO2 glasses derived from pure TMOS show the lowest
reactivities. However, the study of TPAP-doped nanohybrid
silica gels prepared under different conditions affords materi-
als that are more active than homogeneous TPAP and
provides deeper insights in the behaviour of sol ± gel materials
in oxidation catalysis.


Interestingly, such results are remarkably analogous to
those observed with entrapped lipase enzymes in organic
solvents (in which these enzymes are poorly soluble), which
become more active upon encapsulation in a hydrophobic
silica matrix,[18a] with TPAP alone being similarly insoluble in
toluene (even at reflux) and with the alcohol providing the
solubility needed through RuO4


� complexation.[20]


Tables 3 and 4 show that, on average, catalysts of batch A
are more active than those of batch B, and that the best
performing catalyst is the 75% methylated A-Me3 obtained
without sodium fluoride from a precursor sol with molar
ratios Si/H2O/MeOH 1:8:1.


In both preparation protocols, the employment of NaF
generally yields materials of considerably lower activity, while
also[18a] in aerobic oxidations, increasing the length of the alkyl
group in the organosilane generally enhances the material×s
activity to an extent apparently related to the material×s
preparation conditions (requiring NaF to promote gelation in
all cases).


Hence, under conditions A the employment of ethyl- and
propyltrimethoxysilane in place of MTMS yields 50% alkyl-
ated ormosils of higher reactivity (in relation to that of their
methylated analogues, Table 3). The gelA-Et2-F, for instance,
is more active than A-Pr2-F, but still less efficient than the
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Figure 1. Oxidation kinetics in the aerobic conversion of benzyl alcohol in
toluene mediated by 10 mol% TPAP encapsulated in the sol ± gel hydro-
phobic matrix A-Me3 (�) and unsupported (�).


Table 2. Aerobic oxidation of alcohols mediated by sol ± gel-entrapped
TPAP A-Me3.[a]


Entry Substrate Product Conv. [%] Time [h]


benzyl alcohol benzaldehyde 96 0.16
1 1-phenylethanol acetophenone 98 3
2 cyclohexanol cyclohexanone 45 6
3 1-octanol octylaldehyde 96 5
4 trans-cynnamyl alcohol trans-cinnamaldehyde 99 2


[a] Reaction conditions: 0.2 mmol of substrate, 10 mol% entrapped TPAP,
4 mL of solvent, 75 �C, O2 atmosphere.
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75% methylated gel A-Me3 ; however, this order is inverted
under gelation conditions B (Table 4) and the 50% propyl-
ated silica B-Pr2-F is more active than the ethylated matrix B-
Et2-F.


To explain such marked variations, the correlation between
N2-BET surface area/porosity, degree of matrix alkylation and
catalytic activity of the methylated ormosils yields valuable
information and shows that enhanced diffusivity alone (due to
the hydrophobicity and larger pore size) does not fully explain
the general structure ± activity relationship observed with the
doped ormosils.


Addressing first the gels of the A series (Table 3), it can be
seen how, similarly to what happens in analogous liquid-phase
hydrobrominations[24] and esterifications[18a] mediated by sol ±
gels, under aerobic oxidations the material×s N2-penetrability
measured by the BET experiment at �196 �C seems to be of
minor relevance to the reactivity of other molecules adsorbed
under different conditions.


The catalyst A-Me3, for example, shows the best activity,
despite its relatively low porosity, and is followed by the most
hydrophobic ormosil A-Me4-F, which has the smallest pore
volume in the series (0.20 cm3g�1). The picture changes
dramatically when TPAP is encapsulated in gels prepared at
lower water/silane ratios (batch B, Table 4).


First, it is seen that the effect of the employment of
NaF both on the textural properties and on the activity is
less pronounced than in catalysts of batch A. Thus, indepen-
dently of its addition during the preparation process, the
50% methylated gels B-Me2 and B-Me2-F have almost
identical porosity/surface areas and show similarly moderate
reactivity.


It can also be seen how, on going from TPAP encapsulated
in the unmodified SiO2 matrix B-Me0 to the half-methylated
silica gel B-Me2, the activity increases only slightly. Then,
however, the 75% methylated gel B-Me3 shows a jump in the
activity, converting most (96%) of the added benzyl alcohol
to benzaldehyde in only 30 minutes.


On the basis, therefore, of a predominant hydrophobic
effect, one might expect to observe the highest activity in the
series with the fully methylated gel B-Me4-F (obtainable only
by employment of NaF). This, however, shows a good activity,
but lower than that of the 75% methylated gel B-Me3
prepared without F�, despite having pores almost two times
bigger (1.17 vs 0.66 cm3g�1).


These results can be interpreted in the light of the structural
characteristics of doped sol ± gel materials in general,[16] and of
ormosils in particular,[25] by considering that the final material
microstructure is mainly a result of the initial polycondensa-
tion conditions. One might first recall that the use of organo-
alkoxysilanes R�Si(OR)3 in the sol ± gel polycondensation
affords nanohybrid hydrophobic porous silicas with the
organic groups distributed through the whole polymeric
network and mostly at the cage surface;[25a] and it is precisely
the considerably lesser proportion of hindering intra-cage
hydrogen-bonding silanols (Si�OH)[16a] that is crucial in
enhancing the reactivity of encapsulated dopant molecules
(and thus the gels× catalytic activities)[18] by promoting their
mobility within the cages.


The employment of fluoride as a catalyst of the sol ± gel
process, in its turn, strongly enhances the condensation rate
through multiple F� coordination to the silane Si centres,[25b]


promoting linear aggregation of the growing silica particles
(similarly to what happens with acid-catalysed silica gels[26]);
finally, a smaller amount of H2O diminishes rate and
extension of the silane monomers hydrolysis, thus favouring
condensation (which in the case of ormosils takes place only
through elimination of water, and not by alcohol forma-
tion).[27]


The resulting overall effect is that slowly generated
R-Si(OH)3 monomers rapidly condense in micellar-like
structures typical of the very early stages of the sol ± gel
process, in which these hydrolysed monomers tend to arrange
themselves with the polar heads made of -Si(OH)3 groups at
the forefront of the growing sol ± gel material, and the
hydrophobic nonpolymerizable residue R orientated away
from the interfacial solvent water/methanol (strongly hydro-
gen bonding).[24]


In the presence of hydrophobic molecules, such as the
TPAP ion pair, this results in the partial burying of the
catalytic perruthenate moieties in the core of the transient
micelles and eventually in the bulk of the final hybrid silica
xerogel, where they are inaccessible for catalysis. This
hypothesis would explain the inhibiting effect of NaF on the
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Table 3. Activity[a] and textural properties of sol ± gel catalytic ormosils
doped with TPAP of batch A.[b]


Catalyst Conv. [%] Time [h] SSA [m2g�1] PSV [cm3g�1]


A-Me0 28 1 445 0.95
A-Me1 59 1 530 0.83
A-Me2 54 1 646 1.47
A-Me3 100 0.16 251 0.24
A-Me0-F 5 1 272 0.86
A-Me1-F 93 1 405 0.65
A-Me2-F 19 1 507 0.72
A-Me3-F 95 1 430 1.00
A-Me4-F 96 0.75 223 0.20
A-Et2-F 91 1 470 0.76
A-Pr2-F 84 1 288 0.56


[a] Reaction conditions: 0.2 mmol of benzyl alcohol, 10 mol% entrapped
TPAP, 4 mL of solvent, 75 �C, O2 atmosphere. [b] Gels prepared from a sol
with molar ratio Si/H2O/MeOH 1:8:1


Table 4. Activity[a] and textural properties of sol ± gel catalytic ormosils
doped with TPAP of batch B.[b]


Catalyst Conv. [%] Time [h] SSA [m2g�1] PSV [cm3g�1]


B-Me0 9 1 590 1.33
B-Me1 21 1 688 0.92
B-Me2 36 1 866 0.80
B-Me3 96 0.5 635 0.66
B-Me0-F 10 1 584 0.75
B-Me1-F 14 1 839 0.68
B-Me2-F 28 1 874 0.76
B-Me3-F 38 1 743 0.67
B-Me4-F 78 1 487 1.17
B-Et2-F 23 1 610 0.51
B-Pr2-F 50 1 324 0.35


[a] Reaction conditions: 0.2 mmol of benzyl alcohol, 10 mol% entrapped
TPAP, 4 mL of solvent, 75 �C, O2 atmosphere. [b] Gels prepared from a sol
with molar ratio Si/H2O/MeOH 1:4:4
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materials× activities and why catalysts of batch A are generally
more active than those of batch B.


In the former case, indeed, the greater amount of H2O (and
smaller of MeOH) favours the hydrolysis of the alkoxide
monomers and slows down the condensation, so that rapid
aggregation of the early sol particles is prevented and MTMS
can fully hydrolyse to CH3�Si(OH)3 and, thus, copolymerize
with the Si(OH)4 monomers from the faster TMOS hydrolysis.
An open network is eventually formed, resulting in gels in
which most of the added TPAP molecules are encapsulated at
the surfaces of the (hydrophobic) silica cages, accessible for
catalysis, while the compromise between the sol ± gel cage
accessibility and hydrophobicity ensures optimal reactivity for
the material A-Me3.


The hypothesis is also verified by the shape of the N2-adsorp-
tion isotherms of the fully methylated ormosils (Figure 2).


Figure 2. N2 adsorption-desorption isotherms of fully methylated gels A-
Me4-F (a) and B-Me4-F (b).


Hence, the type I isotherm of the fluoride-catalysed gel A-
Me4-F (Figure 2a) is typical of a purely microporous materi-
al[28] with a narrow pore size and a relatively low maximum
adsorbed volume (Vads� 150 cm3g�1), whereas the type IV
isotherm of the gel B-Me4-F (Figure 2b) clearly indicates a


mesoporous material[28] able to adsorb a considerable volume
of cryogenic nitrogen (860 cm3g�1).


These experimental results indicate that the covalently
bounded methyl groups in A-Me4-F are much more homoge-
neously distributed in the silica network than in B-Me4-F.
Indeed, the decrease in surface area and pore volume due to
the reduction of the silica network connectivity upon the
incorporation of Si nuclei with lower functionality is counter-
acted by the reduction of the capillary tension at the cage
solid ± liquid interface, which prevents collapse of the gel
during drying.[25a]


If there were micellar-like structures such as those men-
tioned above in the sol mixture precursor of gel B-Me4-F, one
would expect to observe maximum connectivity in the final
ormosil, and, thus, higher surface area and pore volume, with
part of the catalytic perruthenate eventually being segregated
into the bulk of the polymeric matrix and, hence, inaccessible
for catalysis. In fact, despite having almost double the surface
area and a pore size six times larger, the gelB-Me4-F is almost
half as active as its fully alkylated analogue gel A-Me4-F
(Tables 3 and 4).


It thus emerges from this hypothesis that, along with high
hydrophobicity, higher amounts both of water (to promote
hydrolysis) and of methanol (to promote homogeneity and
disrupt the micellar-like structures) are desirable for optimal
reactivity; this was also precisely the case in our original
report,[19] in which the catalytic ormosils were prepared from a
sol mixture with Si/MeOH/H2O 1:5:6 molar ratios, with the
fully methylated gel showing the highest activity.


Finally, sol ± gel encapsulation also explains the higher
reactivity and versatility of these materials in comparison with
TPAP confined in crystalline MCM-41, in which the per-
ruthenate anions are ionically bound at the internal surfaces
of the silica mesopores.[14]


Sol ± gel ormosils doped with TPAP are, in fact, chemical
sponges[16a] (see below) with the perruthenate ions encapsu-
lated within nanoporous cages showing chromatographic
properties (i.e. , which adsorb and concentrate the hydro-
phobic O2 and substrate molecules at their similarly hydro-
phobic surface, promoting faster diffusion of the reactant and
product molecules through the vast accessible internal
porosity).


Furthermore, being amorphous and with a distribution of
porosities,[16] they differ from zeolites such as MCM-41 in that
they do not strictly exclude different molecules from entering
the porous network and also in that they do not impart a
geometric order to the entrapped molecule; accordingly, our
ormosils were also applicable to the conversion of alcohols
such as cyclohexanol or long-chain aliphatic alcohols, which
simply cannot be converted over MCM-41 doped with
TPAP.[14]


Scanning electron micrography indeed reveals the catalysts×
morphology (Figure 3): the materials are made up of amor-
phous continuous glass-like silica aggregates, which are in
their turn nanostructured with a pronounced internal micro-
porosity typical of sol ± gels prepared under acidic condi-
tions.[25b]


Since the material surface geometry encountered by the
approaching reactant molecules has relevant effects on the
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Figure 3. A typical TPAP-doped ormosil (SEM micrographs of the fully
methylated gel B-Me4 are shown here) is made of silica particles (top) that
upon magnification (52000� ) reveal a nanostructured spongy morphology
(bottom).


material reactivity,[29] and since the sol ± gel methodology
allows such geometries to be tailored and controlled,[16] this is
likely to be a relevant subject of further development efforts
aimed at optimization of the catalytic performance.


Conclusion


Organically modified silica gels physically doped with TPAP
are highly efficient and versatile catalysts for the selective
oxidation of different alcohols with O2 at ambient pressure in
toluene. The preparation of such materials is simple and
reproducible, consisting of a one-step sol ± gel polymerization
process; this allows the catalytic performance to be optimised
by tailoring of the material×s surface polarity and textural
properties to yield catalysts up to six times more active than
unsupported perruthenate.


The best performing catalysts require both a high degree of
surface hydrophobicity and large quantities of water and co-
solvent in the sol ± gel polycondensation. A general interpre-
tation of the results is offered in order to provide guidelines
for the development of efficient ruthenium-based solid
oxidation catalysts, which–in view of the commercial and
synthetic relevance of alcohol dehydrogenation[6] and the


advantages of the applications of sol ± gel materials to
catalysis[30]–might soon find practical applications.


Experimental Section


Materials : Methyltrimethoxysilane (MTMS), ethyltrimethoxysilane
(ETMS), propyltrimethoxysilane (PTMS), tetramethyl orthosilicate
(TMOS), tetra-n-propylammonium perruthenate (TPAP), benzyl alcohol,
cinnamyl alcohol, 1-phenylethanol and n-decane were purchased from
Sigma ±Aldrich and were used without further purification. Methanol and
NaF were purchased from Fluka. Ultra-pure water (Millipore Type 1
quality) was used in all the preparations.


Preparation of the modified sol ± gel-entrapped catalysts : Several doped
ormosils were prepared by sol ± gel hydrolysis and co-polycondensation of
RTMS and TMOS in the presence of TPAP dissolved in methanol with and
without NaF as polycondensation catalyst and with variation of the relative
amounts of water, co-solvent (batch A, Si/MeOH/H20 1:8:1; batch B, Si/
MeOH/H2O 1:4:4), and the organosilane/silane ratio.


A typical batch A catalyst obtained with NaF (A-Me1-F, Table 1) was
prepared by addition of MTMS (1.65 mL) and TMOS (5.90 mL) to a
solution of TPAP (55.5 mg) in MeOH (1.80 mL) cooled in an ice bath (to
prevent ignition), followed by the addition of H2O (5.70 mL) and NaF
(765 �L, 1�) with fast stirring. The sol gelled rapidly and the resulting
alcogel was sealed and left to age at room temperature for 48 h prior to
drying in an oven at 50 �C until reaching constant weight (5 days). The
obtained catalytic xerogel was powdered, washed at reflux (CH2Cl2� 2,
60 �C) and dried at 50 �C prior to use.


A representative catalyst of batch B, such as B-Me3, was obtained by
addition of MTMS (4.90 mL) and TMOS (1.95 mL) to a solution of TPAP
(55.5 mg) in MeOH (7.30 mL) cooled in an ice bath, followed by the
addition of H2O (2.65 mL) with fast stirring. The sol gelled slowly and the
alcogel obtained was sealed, left to age at room temperature for 48 h and
eventually dried at 50 �C for 5 days. The resulting powder xerogel was
washed as described above. A typical catalytic load was 500 �mol TPAPg�1


ormosil.


Typical oxidation procedure : A solution of cinnamyl alcohol (26.2 �L,
0.5 mmol) in toluene (4 mL), maintained at 75 �C in a silicon oil bath, was
added to sol ± gel-entrapped catalyst A-Me3 (430 mg, 0.02 equiv) in the
presence of n-decane (26.2 �L, internal standard). Oxygen was passed
through, and the reaction mixture was kept under an oxygen atmosphere
(O2 balloon) with fast stirring by use of an alternating magnetic field stirrer.
The reaction was followed by GC, and when the reaction was complete the
catalyst was filtered off (Whatman filter paper, type 1), with washing with
CH2Cl2 at reflux, dried at 50 �C and used as such in subsequent reaction
runs. Allowance was made for slight material losses by equivalent
reductions in substrate to keep the catalyst/substrate ratio constant
(10% mol).


Instruments : The GC analyses were carried out on a GC-17A Shimadzu
chromatograph equipped with a Supelcowax 10 capillary column (30 m,
0.25 mm ID) by the internal standard method (with previously calculated
response factors). The ICP-MS ruthenium analyses were conducted with a
HP 4500 mass spectrometer and the N2-BET textural values were obtained
on a Carlo Erba 1900 Sorptomatic analyzer for powders. The SEM
photographs were taken with a Philips XL 30 ESEM microscope.
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Trivalent Boron as an Acceptor in Donor±� ±Acceptor-Type Compounds for
Single- and Two-Photon Excited Fluorescence


Zhi-qiang Liu,[a] Qi Fang,*[a] Dong Wang,[a] Du-xia Cao,[a] Gang Xue,[a]
Wen-tao Yu,[a] and Hong Lei[b]


Abstract: The synthesis, structure, and
fluorescence properties of a series of
new donor ±� ± acceptor (D ±� ±A)
type compounds, with a trivalent boron,
protected by two mesityl groups, as
acceptor, and with various typical do-
nors and different �-conjugated bridges,
are reported. All these stable organo-
boron compounds show intense single-
photon excited fluorescence (SPEF) and
two-photon excited fluorescence
(TPEF) in a wide spectral range from
blue to green, with the spectral peak
position of the SPEF being basically the
same as that of the TPEF. The remark-
ably strong C�B(mesityl)2 bonding, and
the well-conjugated �-system, shown in
X-ray crystal structures of two com-
pounds, indicate some charge transfer
features of the ground state. Meanwhile,
spectral data indicate that the charge
transfer from donor to acceptor is great-
ly enhanced in the excited states. Based


on typical structural data and compre-
hensive spectral data, the following
structure ± property relationships can
be drawn: 1) the moderate arylamino
donor can more effectively enhance the
SPEF and TPEF intensities than can the
strong alkylamino donor; 2) stilbene is a
better �-bridge than styrylthiophene for
its capability of enhancing and blue-
shifting the SPEF and TPEF of the
corresponding D±� ±A compounds;
and 3) when compared to its boron-free
precursors and other analogues, -B(me-
sityl)2 invariably and consistently acts as
an effective SPEF and TPEF fluoro-
phore in all this series of organoboron
compounds, which may result from its
strong �-electron-withdrawing and


charge transfer-inducing nature in the
ground-state and, more dominantly, in
the excited-state. Combining all the
above positive structure factors, trans-
4�-N,N-diphenylamino-4-dimesitylboryl-
stilbene (compound 3) stands out as the
optimized green SPEF and TPEF emit-
ter. This compound exhibits an SPEF
quantum yield � of 0.91 at 522 nm in
THF, a TPEF cross-section �� that is an
order of magnitude larger than that of its
boron-free precursor upon excitation by
800 nm femto-second laser pulses, and a
two-photon absorption section � of
3.0� 10�48 cm4s. In the blue light region,
trans-4�-N-carbazolyl-4-dimesitylboryl-
stilbene (compound 4) shows significant
SPEF and TPEF properties, with ��
0.79 at 464 nm in THF and a large ��
value, which is five times that of fluo-
rescein upon excitation by 740 nm fem-
to-second laser pulses.


Keywords: boron ¥ donor ± acceptor
systems ¥ electron-deficient com-
pounds ¥ fluorescence


Introduction


When certain lasers are used as a pump source, some organic
compounds can be excited by simultaneously absorbing two
photons; the emission of frequency upconverted fluorescence
may follow. Short-wavelength emission after long-wavelength
excitation is the main characteristic of this so-called two-
photon excited fluorescence (TPEF).[1] There are several


advantages in the excitation process characterized by two-
photon absorption (TPA), including intrinsically high three-
dimensional resolution, high penetrating ability, and reduced
photodamage. TPEF related photophysics and materials have
attracted great research interest and have found applications
in areas, such as three-dimensional optical data storage,[2] two-
photon laser-scanning fluorescence microscopy,[3] and TPA-
induced frequency upconverted lasing.[4] In recent years, the
synthesis of various new compounds that exhibit large TPA
and/or TPEF cross sections has greatly accelerated the
development of two-photon science and technology.[5±10]


As we know, the TPA cross section � is proportional to the
imaginary part of the second-order hyperpolarizability,[1, 5]


that is, TPA is associated with a third-order nonlinear optical
process. One of the most effective molecular models for both
second- and third-order nonlinear optical materials is the
polar D±� ±Amodel, in which the �-system is end-capped by
an electron donor (D) and an electron acceptor (A). As
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trivalent nitrogen atom is isoelectronic with a carbanion,
nitrogen-based electron donors have been widely adopted in
molecular engineering for organic optoelectronics applica-
tions, including TPEF. Due to its vacant p� orbital, three-
coordinate boron is isoelectronic with a carbonium and should
be capable of receiving part of a negative charge from an
electron donor through certain �-conjugated bridges. Indeed,
some reported experiments have revealed that the conjuga-
tion of the vacant p� orbital on boron with the �-orbital of an
attached �-conjugated moiety is responsible for some linear
and nonlinear optical properties, such as single-photon
excited fluorescence (SPEF),[11, 12] molecular second harmonic
generation (SHG),[13, 14] and electroluminescence (EL).[15]


However, the TPEF properties of compounds that contain
trivalent boron have not previously been well investigated.


Unfortunately, most organoboron compounds are not
stable in air, so some bulky groups must be attached to
trivalent boron to protect it from attack by oxygen. Among
various designs to protect boron(���), the adoption of a mesityl
group (-Mes) has proved to be successful.[16, 17] Recently, we
briefly reported the TPEF properties of several D ±� ±A type
compounds with�B(Mes)2 as the electron acceptor.[17] As part
of our continuing work to develop trivalent organoboron
compounds useful as TPEF compounds, we have systemati-
cally synthesized more D±� ±A-type compounds with typical
donors, including alkylamino and arylamino groups, and with
different �-conjugated systems, such as stilbene or styryl-
thiophene (compounds 1 ± 10). In all these compounds, the


�B(Mes)2 acceptor is retained, to allow evaluation of its effect
on the TPEF properties. All the compounds show high
fluorescence quantum yields and large TPA and TPEF cross
sections, and the structure ± property relationship has become
much clearer. Here, we report in detail the synthesis and
single- and two-photon related photophysical properties of
these compounds.


Results and Discussion


Synthesis : As shown in Scheme 1, compounds 1� ± 9�, as the
precursors of compounds 1 ± 9, were synthesized by a modi-
fied Wittig reaction. Substitution of the 4�-bromine atom on
the compounds 1� ± 4� or the 5-H atom on the thienyl moiety of
compounds 5� ± 9� by a dimesitylboron group, in the presence
of n-butyllithium at low temperature, affords normal yields of
the target compounds 1 ± 9. The starting material S-5, a
precursor of compound 10, was prepared in a similar way to
the literature method.[18] It is important to note that, if the cis
isomer had not been isomerized to the trans isomer, theWittig
reaction would produce a mixture of the trans- and cis-
alkenes. As a result, the�B(Mes)2-substituted product would
also be a mixture. To obtain the trans-conformation target
compounds, which possess better photostability and fluores-
cence properties,[13] the isomerization of cis to trans-com-
pounds is necessary. Pure products were characterized by
NMR spectroscopy, MS, and elemental analysis (see the
Experimental Section for details). All these organoboron
compounds are stable in air in the solid state; they are even
stable in dilute solutions. In fact, these compounds are long-
lived in common organic solvents, which allows purification
by, for example, recrystallization.


Structural studies : As shown in Figure 1 for compound 1, the
central boron and its three bonded carbon atoms are perfectly
co-planar, forming a quasi-equilateral trigonal BC3 plane


Figure 1. A pair of molecules of compound 1, arranged perpendicularly, in
a crystal.


(defined as the P0 plane). The deviations from the least-
squares plane are: B1 0.0015, C1 �0.0005, C17 �0.0005, C26
�0.0005 ä. This indicates a sp2 hybrid format for the atomic
orbitals of the central boron. Around the central boron, three
benzene ring planes (labeled P2, P3, and P4) are arranged in a
propeller-like fashion, with the dihedral angles being 27.9(3)�
(between P0 and P2), 43.3(3)� (between P0 and P3), and
66.7(3)� (between P0 and P4). Evidently, the four o-methyl
moieties on the two mesityl groups play an important part in
protecting the trivalent boron, with the minimum and
maximum B ¥¥¥ C distances being 2.97(1) (B, C23) and
3.08(1) ä (B, C32), respectively. The bond lengths of
B1�C17 and B1�C26 are 1.566(6) and 1.572(6) ä, respective-
ly. However, that of B1�C1 is reduced to 1.556(6) ä,
indicating some additional �-bonding between trivalent boron
and stilbene. At the N-based donor end, the central nitrogen
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and its three bonded carbon atoms are also perfectly co-
planar and form a trigonal NC3 plane, with the sum of the
three C±N±C angles (359.8�) being very close to 360�. In fact,
the entire aniline group is basically co-planar. This co-
planarity of the trigonal NC3 in compound 1 implies that the
lone pair of electrons may be largely delocalized into the large
�-system, even in the ground state. The conjugation of the
stilbene is not perfect. There is a skew angle of 20.3(3)�
between its two benzene rings (P1 and P2) and the linkage
C9�C8�C7�C4 between P1 and P2 is not well conjugated (the
bond lengths are: C4�C7 1.554(8), C7�C8 1.315(5), and
C8�C9 1.525(8) ä). Two adjacent molecules in the crystal are
oriented in a perpendicular and head-to-tail manner (shown
in Figure 1).


Compound 5 shares much structural similarity with com-
pound 1, such as the perfect planarity of the quasi-equilateral
trigonal conformation of the BC3 acceptor and the NC3 donor.
As shown in Figure 2, two mesityl groups are also arranged in
a propeller-like fashion, with the dihedral angles between the
BC3 plane (P0) and three neighboring aromatic-ring planes
being 21.44(2)� (P0, P2), 59.30(2)� (P0, P3), and 57.20(2)� (P0,
P4), respectively. Compared with 1, compound 5 shows more
charge-transfer features. As shown in Figure 2, the dihedral
angle between the thiophene ring (P2) and the benzene ring
(P1) is only 10.86�. The linkage between these two rings is
quite conjugated, with bond lengths of 1.454(4) (C6�C9),
1.335(4) (C9�C10), and 1.443(4) ä (C10�C11). These suggest
that all non-hydrogen atoms between nitrogen and boron are
highly conjugated. The bond lengths of B1�C15 and B1�C24
are 1.571(5) ä and 1.585(4) ä, respectively, but that of


B1�C14 is substantially reduced to 1.544(5) ä. This remark-
ably strengthened B�C bonding, combined with the well-
conjugated �-bridge, indicates some charge transfer in the
ground state; thiophene may benefit this kind of charge
transfer. In contrast to crystals of compound 1, all molecules
in crystals of compound 5 are packed in a parallel manner
(also shown in Figure 2).


Linear absorption and single-photon excited fluorescence
(SPEF): The photophysical data of the boron-containing
compounds 1 ± 9 and compound 10 in THF solutions are listed
in Table 1, together with those of precursors 1� ± 9� for
comparison. All of these can be sorted by the �-conjugated


Scheme 1. Synthetic routes to compounds 1 ± 10. Reaction conditions: a) CCl4, reflux, 4 h; b) toluene, reflux, 2 h; c) C2H5OH, reflux, 2 h; d) CHCl3, reflux,
6 h; e) tBuOK, THF, 0 �C, 24 h; f) n-LiBu, THF, �78 �C±RT, 24 h.


Figure 2. A pair of molecules of compound 5, arranged parallel to each
other, in the unit cell.
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bridges or by the donor and acceptor groups: stilbene-based
1 ± 4 versus styrylthiophene-based 5 ± 8 ; alkylamino-ended 1,
2, 5, and 6 versus arylamino-ended 3, 4, 7 and 8 ; the
dimesitylboryl-substituted compounds (1 ± 9) versus their
precursors (1� ± 9�).


Solvatochromism and photon-induced charge transfer : All the
SPEF spectra of the organoboron compounds (1 ± 9) show
strong solvatochromism relative to those of their precursors
(1� ± 9�). With increasing polarity of the solvent, their �max


(SPEF) show remarkable bathochromic shifts. As shown in
Figure 3, for example, �max (SPEF) of 3 is located at 476 nm in
toluene and red-shifted to 574 nm in acetonitrile. In contrast,
the shift of �max (abs) of the absorption spectra of 3 in
acetonitrile, relative to that in toluene, is very limited (no
more than 5 nm). Furthermore, with increasing polarity of the
solvent, the fluorescence lifetimes of the compounds 1 ± 9 are
also increased. These results suggest that the molecular
polarity of the fluorescent excited state (assumed to be the
first excited state S1) of these boron-containing compounds
must be larger than that of the ground state, as the enhanced
dipole ± dipole interactions caused by increasing the polarity
of solute and/or solvent will lead to a more significant energy-
level decrease for the excited state.


The increase in the molecular dipole moment from the
ground state to the excited state can be estimated by following
the Lippert equation [Eqs. (1) and (2)]:[19]


��st� �abs� �SPEF� 2��2
eg�f/hca3�Const (1)


�f� [(�� 1)/(2�� 1)]� [(n2� 1)/(2n2� 1)] (2)


In Equation (1), ��st is the Stokes× shift in wavenumber
units, ��eg is the difference in dipole moment between the
excited state and the ground state, �f is the so-called


Figure 3. Linear absorption (left) spectra and SPEF spectra (right) of
compounds 1 and 3 in three solvents, with c� 1.0� 10�5molL�1.


orientation polarizability, � is the dielectric constant of the
solvent, n is the refractive index of the solvent, and a is the
cavity radius of the molecule.


The linearity between ��st and �f is quite good for all of the
compounds 1 ± 10 and 1� ± 9�, and some plots of ��st versus �f
are shown in Figure 4. According to Equation (1), the slopem
of the fitted line of��st versus�fwill give the term 2��2


eg/hca3.
For a series of compounds with similar geometrical shape and
size, the value of m is evidently a measure of ��2


eg. A much


Table 1. Single- and two-photon-related photophysical properties of compounds 1 ± 10 and 1� ± 9� in THF solution.


Single-photon-related properties[a] Two-photon-related properties [b]


�max(abs) [nm][c] �max (SPEF) [nm][d] 10�3�� [cm�1][e] 10�3m [cm�1][f] �[g] � [ns] �max (TPEF) [nm] � [GM][h] ��[i]


1 403 538 6.28 13.38 0.55 1.95 540 188 3.2
2 414 540 5.64 11.94 0.60 1.89 541 194 3.6
3 402 522 5.72 13.95 0.91 2.15 520 300 8.3
4 359 464 6.30 12.85 0.79 1.84 466 212 5.1
5 431 558 5.28 11.32 0.35 1.60 559 74 0.8
6 444 566 4.86 9.59 0.35 1.64 564 93 1.0
7 428 536 4.71 12.03 0.82 2.18 540 119 3.0
8 397 484 4.53 11.17 0.84 1.95 484 123 3.2
9 417 500 3.98 9.49 0.65 1.50 505 239 4.8
10 380 473 5.17 8.52 0.50 1.00 477 111 1.7
1� 355 438 5.34 4.81 0.07 0.38
2� 360 444 5.15 5.56 0.09 0.40
3� 365 434 4.36 7.51 0.72 1.98 440 36 0.8
4� 340 412 5.32 5.87 0.44 1.19
5� 361 436 4.69 4.70 0.10 0.51
6� 371 440 4.54 4.88 0.12 0.41
7� 374 442 4.11 7.56 0.54 1.81
8� 345 417 5.01 6.04 0.38 1.03
9� 370 447 4.66 0 0.10


[a] Single-photon properties were measured at concentrations of 1.0� 10�5 �L�1. [b] Two-photon properties were measured at concentrations of 1.0�
10�3 �L�1. [c] Peak position of the longest absorption band. [d] Peak position of SPEF, excited at the absorption maximum. [e] Stokes-shift. [f] The slope of
plots of �� versus �f. [g] Quantum yields determined by using fluorescein as standard. [h] The TPA cross section; 1 GM� 10�50 cm4 s photon�1. [i] The
relative value of TPEF emission cross-section by assigning that of fluorescein equal to 1.
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Figure 4. Stokes shift ��st versus orientation polarizability �f of the
solvents.


larger value of m, that is, much larger solvatochromism,
means a larger ��eg. As listed in the Table 1, most of the
organoboron compounds show much larger m values than
their boron-free precursors. Compound 3 shows the largest m
value (13.95� 103 cm�1), which is about twice that of its
boron-free precursor 3� (m� 7.51� 103 cm�1), while the m
value of the non-polar compound 9� was measured to be zero.


Comparison of the donors : There is only a small structural
difference between compounds 1 and 2 and, accordingly, their
spectroscopic differences are small. As shown in Table 1, the
values �max (abs) and �max (SPEF) of 2 are red-shifted by 11 and
2 nm, respectively, relative to those of 1, in THF. By replacing
the dimethylamino with diphenylamino, the resultant com-
pound 3, also in THF, shows nearly the same �max (abs) value
as 1, but has a �max (SPEF) value that is blue-shifted by 16 nm,
relative to that of 1. The carbazolyl end-capped 4 shows such a
tremendous spectral shift that its SPEF enters the blue-light
range. The blue-shift of both �max (abs) and �max (SPEF) of this
compound, relative to those of 1, are 44 nm and 74 nm,
respectively. In general, the values of both �max (abs) and
�max (SPEF) show the sequence: 2� 1� 3� 4. This spectral
sequence may be in accordance with the sequence of electron-
donating strength of the corresponding terminal amino group:
diethylamino� dimethylamino� diphenylamino� carbazol-
yl. The diphenylamino group seems to be a weaker donor than
the diethylamino group, due to the delocalization of the lone
pair electrons of the N atom onto the terminal phenyl groups.
The carbazolyl group, in which even greater delocalization
occurs, seems to be a much weaker donor. This kind of
delocalization in arylamino groups may have the effect of
reducing the main flow of molecular charge transfer in the
ground state.


The fluorescence quantum yields and lifetimes seem to be
influenced not only by the donor×s electron-donating ability,
but also by its aromaticity. The replacement of the strong
donor dimethylamino with the moderate donor diphenylami-
no results in a dramatically increased quantum yield and a


moderately increased lifetime (1 vs 3 and 5 vs 7 in Table 1).
This may be attributed to larger delocalization of the lone pair
electrons and, therefore, a larger molecular stabilization
effect for the excited state of the aromatic arylamino groups.


Stilbene and styrylthiophene �-bridges : In our initial molec-
ular design strategy, thiophene has been introduced because
of its low stabilization energy, relative to benzene.[20] As a
result, both the absorption and emission spectra of styrylth-
iophene-based compounds are considerably red-shifted, but,
unexpectedly, their quantum yields are considerably less than
those of their stilbene-based counterparts (5 vs 1, 6 vs 2, 7 vs 3,
8 vs 4 in Table 1). For example, the �max (abs) and �max (SPEF)
values of compound 5 were red-shifted by 28 and 20 nm,
respectively, relative to those of 1, but the quantum yield of 5
was just 0.35 in THF (compared to 0.55 for 1). The non-polar
compound 9�, which is symmetrically end-capped by two
thienyl groups, shows very weak fluorescence, with a quantum
yield of just 0.10. The Stokes× shifts and them values of 5, 6, 7,
and 8 are evidently less than those of 1, 2, 3, and 4,
respectively. Given that the molecular shape and volume of
the styrylthiophene-based compounds 5, 6, 7, and 8 are very
close to those of the stilbene-based compounds 1, 2, 3, and 4,
respectively, the dipole moment change ��eg of the former
compounds must, therefore, be smaller than those of the
latter, respectively. Although the charge transfer of 1 seems
less than that of 5 in the ground state, based on the crystalline
data (comparing the B�C(P0) bond lengths and the planarity
of the �-bridge of 1 with that of 5), the charge transfer in the
exited-state of 1, 2, 3, and 4may be much larger than that of 5,
6, 7, and 8, respectively, based on the above solvatochromism
data. Therefore, replacement of benzene with thiophene has
no positive effect in enhancing the fluorescence properties.
The phenyl may still be a better aromatically �-conjugated
unit to use, as the heavy sulfur atom in thiophene may
enhance intersystem crossing or other non-radiation process-
es to quench fluorescence.


Boron-enhanced fluorescence and charge transfer : The Ham-
mett substituent constant �H is a useful parameter for
measuring the electron-withdrawing ability of an acceptor
group. Glogowski and Willams have measured a value of
�UV,H� 0.65� 0.03 for a dimesitylboryl group, based on a
spectroscopy correlation method.[21] From the absorption
spectra data listed in Table 2, the �H sequence and the
electron-withdrawing sequence of the acceptors seems to be:
�Br��CN��B(Mes)2��NO2.


A direct comparison of the organoboron compounds 1 ± 9
with their precursors 1� ± 9� clearly indicates that the former
group of compounds possess much improved photophysical
properties. Firstly, 1 ± 9 show fluorescence quantum yields and
lifetimes that are a several times larger and longer, respec-
tively, than those of 1� ± 9� (shown in Table 1); this indicating
that the �B(Mes)2 group acts creditably as a fluorophore.
Secondly, �B(Mes)2 is an effective electron-withdrawing
group that can act as an engine for charge transfer, especially
in the excited-state. As listed in Table 1, the �max (abs) values
of 1 ± 9 are invariably red-shifted relative to 1� ± 9�, respec-
tively, with an average shift of 50.4 nm. Similarly, and more
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remarkably, the �max (SPEF) of 1 ± 9 are all red-shifted relative
to 1� ± 9�, respectively, with an average red-shift of 88.7 nm.
Compounds 1 ± 9 also have an average Stokes× shift of 5.25�
103 cm�1, an increase of 4.50� 102 cm�1 relative to the
corresponding average value for 1� ± 9�. More generally, the
average m value, interpreted to be 2��2


eg/hca3 by Equa-
tion (1), of 1 ± 9 is 11.75� 103 cm�1, which is twice that of the
corresponding average for 1� ± 9� (5.20� 103 cm�1). Given that
the molecular volumes of 1 ± 9 are much larger than their
precursors 1� ± 9�, respectively, the ratio of ��eg


2(1 ± 9) to
���2eg(1� ± 9�) must be much larger than the ratio of m(1 ± 9) to
m�(1� ± 9�). At a conservative estimate, the dipole moment
increase ��eg of an organoboron compound (1 ± 9) may be at
least twice that of its precursor (1� ± 9�). Our comprehensive
spectral data definitely indicate a much enhanced electron-
withdrawing behavior of�B(Mes)2 for the excited-state.


Comparison of the acceptors : We synthesized compound 10 as
an analogue of 9 for a comparitive study, as 2-benzothiazolyl
is also an electron acceptor.[22] Compared with 9�, much
improved SPEF properties, such as a higher quantum yield in
9 and 10, should result from the introduction of the
dimesitylboryl and 2-benzothiazolyl groups. As shown in
Table 1, the �max (abs) value of 9 is red-shifted by about 30 nm,
relative to 10, in THF, and the m value of 9 is evidently larger
than that of 10. This indicates the stronger electron-with-
drawing ability of dimesitylboryl in 9 compared with that of
2-benzothiazolyl in 10. Additionally, the Hammett substituent
constant of 2-benzothiazolyl (�H� 0.29[24]) is much smaller
than that of dimesitylboryl. As shown in Figure 5, both the
linear absorbance and the SPEF intensity of 9 are much
stronger than that of 10 under the same experimental
conditions. Clearly, 9 serves as a better fluorescence emitter
than does 10.


Quite similar to the issue about the donor-dependence of
the fluorescence, the electron-accepting ability is not the only


factor to influence the quantum yield. As revealed by the
X-ray crystal structures of 1 and 5, the trigonal BC3


coordination plane is co-planar with the �-bridge and so is
incorporated into the conjugate system; therefore, extended
�-delocalization is another positive factor that enhances the
SPEF properties. Furthermore, as shown in Table 2, com-
pounds 13, 14, 1�, and 1 possess the same electron donor and
�-bridge, but the compound with the highest quantum yield is
1, which contains the second-strongest acceptor �B(Mes)2,
rather than 13, which contains the strongest acceptor. This
may be due to the extra stabilization of the charge-separated
excited state by the two aromatic mesityls on the �B(Mes)2
group. Thus the electron-accepting ability, the extent of �-
delocalization and this stabilization effect jointly make the
trivalent-boron-based acceptor �B(Mes)2 an excellent fluo-
rescence activator.


Among all the object compounds and related analogues,
compound 3 shows the best SPEF properties. This can be
attributed to it combining all the optimized structural
features: dimesitylboryl as acceptor, diphenylamino as donor,
and stilbene as �-bridge. Following 3 comes the blue light
emitter compound 4, in which N-carbazolyl is the donor.
Although the SPEF intensity and the quantum yield of 4 is
inferior to that of 3, the �max (SPEF) of 4 in THF is 464 nm,
blue-shifted by 58 nm from the value of 522 nm exhibited by 3.


Two-photon excited fluorescence : As shown in Figures 3, 5,
and 8 (see later), which show some typical examples of linear
absorption spectra, there is no detectable linear absorption in
the wavelength range 600 ± 1000 nm for any of the compounds
mentioned in this paper. This means that there are no energy
levels corresponding to an electron transition in this spectral
range. If frequency upconverted fluorescence appears upon
excitation with a tunable laser in this range, it should be
mainly attributed to two-photon excited fluorescence
(TPEF). To reduce the possibility of excited state absorp-
tion,[25] a femtosecond Ti:sapphire laser with the pulse width
of 200 fs and the tunable range of 710 ± 900 nm was adopted as
the excitation source in our TPEF experiment.


Table 2. Photophysical properties of some related compounds.[a]


�max (abs) [nm] �max (SPEF) [nm] �


440 514 0.08


479 568 0.06


424 620 0.32


403 526 0.52


386 475 0.06


360 435 0.07


[a] All the data were re-measured in dioxane solution in our laboratory, except those
of compound 14, which are cited from ref. [23].


Figure 5. Linear absorption (left) and SPEF spectra (right) of compounds
9 and 10 in THF, with c� 5.0� 10�6molL�1.
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TPEF spectra were recorded under the same experimental
conditions, unless specially noted. Compounds 1 ± 10 were
excited at 800 nm except for 4, which was excited at 740 nm.
As shown in Table 1 and Figure 6, for a particular compound,


Figure 6. TPEF (c� 1.0� 10�3 molL�1) and SPEF (c� 1.0� 10�5 molL�1)
spectra of compounds 1 ± 8 in THF. F denotes fluorescein.


the spectral positions and profiles of SPEF and TPEF are
basically the same. Most of our target compounds are stronger
TPEF emitters than the fluorescein reference, and they show a
TPEF intensity sequence that is the same as their SPEF
intensity sequence. Considering all the similarities between
SPEF and TPEF we can conclude that, although the
molecules can be excited to different excited states by
single-photon absorption or two-photon absorption, because
of the different spectral selection rules, they would finally
relax to the same fluorescent excited state. It seems certain
that structural factors and environmental conditions that
influence the SPEF properties of these compounds will
similarly influence their TPEF properties, that is, the struc-
tural factors which positively or negatively influence the
SPEF properties will also positively or negatively influence
their TPEF properties.


Figure 7 shows a set of curves indicating the dependence of
the output fluorescence intensity (Iout) on the input power
(Iin), for compound 3, compound 8, and fluorescein (stand-
ard). These Iout/Iin curves fit well to the quadratic parabolas
when the input laser power is not too high, indicating that the
TPEF intensity is basically proportional to the square of the
input laser intensity (this is the characteristic of the TPEF
process[1]). When the input power is above a certain threshold,
for example, 0.13 W for 3, the quadratic-dependence begins to
deviate, implying that some uncertain photophysical pro-
cesses which cause fluorescence saturation are involved.


Figure 7. Dependence of output fluorescence intensity (Iout) on input laser
power (Iin). Excitation carried out at 800 nm, with c� 1.0� 10�3 molL�1 in
THF.


Detailed experiments demonstrate that the TPEF spectral
peak position �max (TPEF) of our target compounds are
independent of the excitation wavelength from 710 nm to
900 nm of the tunable laser, but the TPEF intensity evidently
depends on this wavelength. By tuning the excitation wave-
length with a step of 5 nm at a constant laser power, and
recording the TPEF intensities, the two-photon excitation
(TPE) spectra have been obtained, and those of compounds 1,
5, and 7 are shown in Figure 8. TPE spectra are relatively


Figure 8. Linear absorption (left, with c� 1.0� 10�5 molL�1) and two-
photon excitation (right, with c� 1.0� 10�3 molL�1) spectra of compounds
1, 5, and 7.


easily obtained and less problematical than two-photon
absorption (TPA) spectra. However, the TPE spectra may
be similar to the TPA spectra and may be regarded as a sister
of the latter. By comparing the single-photon absorption
spectra (the solid-line graphs on the left of Figure 8) with the
corresponding TPE spectra (the scattered-point graphs on the
right of Figure 8), we can see that the linear absorption
spectra and TPE spectra are similar, except that the latter is
red-shifted to about twice of the wavelength of the former.
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TPA cross-section and TPEF cross-section : TPA cross-section
� and TPEF cross-section �� are fundamental parameters for
TPA and/or TPEF materials. We adopted a TPEF-based
method for measurement of � and ��. Fluorescein was selected
as a reference in our experiment, as the � values of several
commercial dyes, such as fluorescein and rhodamine, have
been carefully measured by Webb et al.[26, 27] and been used as
reliable standards by several research groups.[7, 8] In addition,
the emission range of fluorescein is similar to that of our
samples.


The TPEF cross-section �� values were measured by
comparing their TPEF integral intensities F with that of
fluorescein (Fref)under the same conditions, according to
Equation (3):[26]


�����ref
cref
c


nref
n


F


F ref


(3)


The terms c and n are the concentration and refractive
index of the sample/THF solution, respectively, and cref and
nref are those of fluorescein. Compounds 4 and 3� were excited
at 740 nm and the others at 800 nm. All the measured ��
values of the target organoboron compounds, except that of 5,
are much larger than ��ref of fluorescein (shown in Table 1). By
assigning ��ref� 1, compound 3 shows the largest relative ��
value of 8.3, which is an order of magnitude larger than that of
its boron-free precursor 3� (0.8).


The TPEF cross-section �� parameters can be reasonably
supposed to be proportional to the TPA cross-section �


parameters with the TPEF quantum yield �� as the propor-
tion coefficient [Eq. (4)]:


������ (4)


By combining Equations (3) and (4), the expression for the
� can be obtained [Eq. (5)]:
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F ref


(5)


The TPEF quantum yield �� measurement is far more
difficult, relative to the well-established SPEF quantum yield
� measurement. One might suppose that ����, but this
assumption is questionable. Although the fluorescent excited
state (S1 state) of TPEF can be supposed to be identical with
that of SPEF, the relaxing processes from higher excited states
to the S1 state for TPEF and SPEF may be different. Another
assumption [Eq. (6)] adopted in several reports may be
better,[7, 8] , as the error can be partly counteracted by the
ratio effect. Therefore, Equation (5) becomes Equation (7).
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In our experiments, the �ref of fluorescein was taken to be
0.9,[28] and the laser power was kept at a constant 0.08 W for all
samples. By assuming the �ref of fluorescein to be 36 GM
(1 GM� 10�50 cm4sphoton�1),[27] the � values for compounds
1 ± 10 and precusor 3� can be calculated and are listed in
Table 1. Compound 3 again stood out as having the largest �,


300 GM, which is about an order of magnitude higher than
that of fluorescein and of its precursor 3�.


It should be noted that the � and �� values have a sensitive
dependence on the pulse width of the excitation laser. It has
been reported that the �� values measured with femtosecond
laser pulses are orders of magnitude smaller than those
measured with nanosecond laser pulses.[25] Compound 11 (in
Table 2) has a similar emission region to our organoboron
compounds and has been reported to exhibit upconverted
green lasing when pumped by nanosecond laser at a high
power level.[10] When excited by our femtosecond pulses,
however, it shows much weaker TPEF intensities than those
of our organoboron compounds under the same experimental
conditions. In short, the TPEF results demonstrated that the
�B(Mes)2 acceptor group is not only an excellent SPEF
activator, but is also an effective TPEF fluorophore.


Conclusion


In order to investigate the role of trivalent organoboron
groups in linear SPEF and nonlinear TPEF materials, a series
of stable donor±� ± acceptor compounds with a �B(Mes)2
acceptor group have been synthesized, along with analogues
of these compounds for comparison studies. Comprehensive
spectral data consistently demonstrate that the �B(Mes)2
acceptor group is not only an excellent SPEF activator, but
also an effective TPEF fluorophore in the blue-to-green
optical region. The excellent SPEF and TPEF properties of
these organoboron compounds can be attributed to the
electron-withdrawing nature of trivalent boron in �B(Mes)2;
this causes some charge transfer in the ground state, a much
enhanced charge transfer in the excited-state, and an ex-
tended �-delocalization. The mesityl group plays an impor-
tant role in protecting the trivalent boron and in stabilizing
the fluorescent excited state. The structural factors that
positively or negatively influence the SPEF properties may
also positively or negatively influence the TPEF properties of
these organoboron compounds and related precursors. This
work indicates that stable trivalent boron compounds are
promising as two-photon-based materials.


Experimental


Synthesis and characterization : 1H NMR spectra of the compounds were
recorded on an INOVA-300 NMR Spectrometer. Electron impact (EI,
70 eV) mass spectra were obtained on an Agilent 5973N MSD Spectrom-
eter. The melting points were measured on a METTLER-TOLEDO
DSC822e differential scanning calorimeter at a heating rate of 20 �Cmin�1


under a nitrogen atmosphere. Elemental analyses were obtained on a PE
2400 autoanalyser.


2-Thiophenecarboxaldehyde was purchased from Acros. The starting
materials 4-(N,N-diethylamino)benzaldehyde (S-2) and 4-(N-carbazolyl)-
benzaldehyde (S-3) were synthesized by the literature method.[29] 4-(N,N-
Diphenylamino)benzaldehyde (S-4) was prepared by the standard Vilsme-
ier reaction. Phosphonium salts (PS-1, PS-2, and PS-3) were prepared in
our lab as shown in Scheme 1. Dimesitylboron fluoride (BF(Mes)2) was
purchased from Aldrich. Other reagents, such as 4-(N,N-dimethylamino)-
benzaldehyde (S-1) and p-bromotoluene, were purchased from Shanghai
Reagents. HPLC grade THF was freshly distilled with sodium-sand before
use. All chemical reactions were carried out under a N2 atmosphere. Our
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synthetic strategy is outlined in Scheme 1 and the general procedures are
described below.


General procedure of the Wittig reaction to give 1� ± 9� and 10 : The
phosphonium salt (PS-1, PS-2, or PS-3, 1 equiv) and the aldehyde (S-1, S-4,
or S-6, 1 equiv) were suspended in about freshly distilled THF (about
50 ml), then BuOK (1.2 ± 1.5 equiv) in THF was added dropwise, with
stirring. This procedure was carried out in an ice-bath. The mixture was
continuously stirred at room temperature for a further 20 h, then poured
into distilled water (200 ml). The pH value was adjusted to 7.0 by addition
of 0.1� hydrochloric acid. The product was extracted twice with CH2Cl2,
and the organic layer was dried overnight over anhydrous MgSO4. The
solvent was removed with a rotary evaporator to give the crude product. In
order to get the desired trans compound, the crude product was isomerized
by dissolving in toluene and refluxing with trace amounts of iodine for 4 h.
After removing the solvent, the residue was purified by column chroma-
tography on silica gel using chloroform-petroleum ether (1: 3) as eluent.
Compound 9� was synthesized with 1 equiv p-phthaldehyde and 2 equiv
PS-2 in a similar way.


General procedure for the organoboron compounds 1 ± 9 : n-Butyllithium
(1.6� in hexane, 1.5 equiv) was added slowly into a suspension of the
precursor (1� ± 9�, 1 equiv) in anhydrous THFat�78 �C. After one hour, the
temperature was allowed to naturally rise to room temperature. Stirring
was then continued for a further hour. The mixture was then cooled again
to �78 �C and dimesitylboron fluoride (1 equiv in an appropriate quantity
of THF) was added by injection. The solution turned dark green at once,
then finally a clear fluorescent green. The mixture was stirred overnight
without a cooling bath. All the solvents were removed under reduced
pressure. The residue was hydrolyzed and the product was extracted with
chloroform. The organic layer was separated, and the solvent was removed
to give a viscous oil. This crude product was purified by column
chromatography on silica gel using chloroform-petroleum ether (1: 5) as
eluent.


trans-4�-N,N-Dimethylamino-4-dimesitylborylstilbene (1): Bright green
sheet crystals. Yield 32%; m.p. 182 ± 184 �C; 1H NMR (300 MHz, CDCl3,
TMS): 	� 2.01 (s, 12H; o-CH3), 2.31 (s, 6H; p-CH3), 3.08 (s, 6H), 6.82 (s,
4H; C6H2Me3), 7.06 ± 7.48 ppm (m, 12H); MS (70 eV, EI): m/z (%): 471
(100) [M�]; elemental analysis calcd (%) for C34H38BN: C 86.61, H 8.12, N
2.97; found: C 85.97, H 8.23, N 2.81.


trans-4�-N,N-Diethylamino-4-dimesitylborylstilbene (2): Bright yellow
powder. Yield 24%; m.p. 104 ± 106 �C; 1H NMR (300 MHz, CDCl3,
TMS): 	� 1.11 ± 1.26 (t, J� 6.85 Hz, 6H), 2.02 (s, 12H; o-CH3), 2.31 (s,
6H; p-CH3), 3.33 ± 3.50 (q, J� 6.82 Hz, 4H), 6.83 (s, 4H; C6H2Me3), 6.93 ±
7.44 ppm (m, 12H); MS:m/z (%): 499 (100) [M�]; elemental analysis calcd
(%) for C36H42BN: C 86.56, H 8.47, N 2.80; found: C 86.25, H 7.97, N 2.61.


trans-4�-N,N-Diphenylamino-4-dimesitylborylstilbene (3): Green-yellow
powder. Yield 46%; m.p. 176 ± 178 �C; 1H NMR (300 MHz, CDCl3,
TMS): 	� 2.03 (s, 12H; o-CH3), 2.31 (s, 6H; p-CH3), 6.82 (s, 4H;
C6H2Me3), 6.98 ± 7.47 ppm (m, 20H); MS: m/z (%): 595 (100) [M�];
elemental analysis calcd (%) for C44H42BN: C 88.73, H 7.11, N 2.35; found:
C 88.55, H 6.87, N 2.10.


trans-4�-N-Carbazolyl-4-dimesitylborylstilbene (4): Pale-green microcrys-
tals. Yield 52%; m.p. 188 ± 191 �C; 1H NMR (300 MHz, CDCl3, TMS): 	�
2.03 (s, 12H; o-CH3), 2.31 (s, 6H; p-CH3), 6.82 (s, 4H; C6H2Me3), 7.20 ± 7.59
(m, 16H), 8.08 ± 8.18 ppm (d, J� 6.34 Hz, 2H); MS: m/z (%): 593 (100)
[M�], 473 (97) [M��Mes]; elemental analysis calcd (%) for C44H40BN: C
89.03, H 6.79, N 2.36; found: C 88.83, H 6.71, N 2.17.


trans-2-[(4�-N,N-Dimethylamino)styryl]-5-dimesitylborylthiophene (5):
Orange sheet crystals. Yield 42%; m.p. 163 ± 164 �C; 1H NMR (300 MHz,
CDCl3, TMS): 	� 2.14 (s, 12H; o-CH3), 2.30 (s, 6H; p-CH3), 2.98 (s, 6H),
6.82 (s, 4H; C6H2Me3), 6.95 ± 7.36 ppm (m, 8H); MS: m/z (%): 477 (100)
[M�]; elemental analysis calcd (%) for C32H36BNS: C 80.49, H 7.60, N 2.93,
S 6.71; found: C 79.87, H 7.77, N 2.99, S 7.11.


trans-2-[(4�-N,N-Diethylamino)styryl]-5-dimesitylboryl-thiophene (6): Or-
ange sheet crystals. Yield 35%; m.p. 119 ± 121 �C; 1H NMR (300 MHz,
CDCl3, TMS): 	� 1.09 ± 1.25 (t, J� 6.83 Hz, 6H), 2.15 (s, 12H; o-CH3), 2.31
(s, 6H; p-CH3), 3.25 ± 3.48 (q, J� 6.82 Hz, 4H), 6.83 (s, 4H; C6H2Me3),
6.93 ± 7.44 ppm (m, 8H); MS: m/z (%): 505 (100) [M�]; elemental analysis
calcd (%) for C34H40BNS: C 80.78, H 7.97, N 2.77, S 6.34; found: C 80.63, H
7.77, N 2.61, S 6.28.


trans-2-[(4�-N,N-Diphenylamino)styryl]-5-dimesitylborylthiophene (7):
Yellow powder. Yield 51%; m.p. 179 ± 182 �C; 1H NMR (300 MHz, CDCl3,
TMS): 	� 2.15 (s, 12H; o-CH3), 2.31 (s, 6H; p-CH3), 6.83 (s, 4H; C6H2Me3),
6.95 ± 7.36 ppm (m, 12H); MS:m/z (%): 601 (100) [M�]; elemental analysis
calcd (%) for C42H40BNS: C 83.85, H 6.70, N 2.33, S 5.33; found: C 82.90, H
6.66, N 2.02, S 5.30.


trans-2-[(4�-N-Carbazolyl)styryl]-5-dimesitylborylthiophene (8): Green
sheet crystals. Yield 54%; m.p. 163 ± 164 �C; 1H NMR (300 MHz, CDCl3,
TMS): 	� 2.17 (s, 12H; o-CH3), 2.32 (s, 6H; p-CH3), 6.85 (s, 4H; C6H2Me3),
7.21 ± 7.62 (m, 14H), 8.11 ± 8.18 ppm (d, J� 6.34 Hz, 2H); MS:m/z (%): 599
(100) [M�], 479 (43) [M��Mes]; elemental analysis calcd (%) for
C42H38BNS: C 84.13, H 6.39, N 2.34, S 5.35; found: C 84.02, H 6.34, N
2.10, S 5.30.


trans,trans-2-Dimesitylboron-5-{[4-(2-thiophene)ethenyl]styrene}thio-
phene (9): Yellow-green powder. Yield 35%; m.p. 205 ± 207 �C; 1H NMR
(300 MHz, CDCl3, TMS): 	� 2.14 (s, 12H; o-CH3), 2.31 (s, 6H; p-CH3),
6.83 (s, 4H; C6H2Me3), 7.03 ± 7.19 (m, 9H), 7.42 ppm (s, 4H); MS: m/z (%):
542 (100) [M�], 422 (26) [M��Mes]; elemental analysis calcd (%) for
C36H35BS2: C 79.69, H 6.50, S 11.82; found: C 78.87, H 6.36, S 12.01.


trans,trans-2-{4-[2-(Thiophene-2-yl)ethenyl]styryl}1,3-benzothiazole (10):
Yellow-green powder. Yield 38%; m.p. 240 ± 241 �C; 1H NMR (300 MHz,
CDCl3, TMS): 	� 6.90 ± 7.10 (m, 3H), 7.22 ± 7.28 (m, 2H), 7.33 ± 7.59 (m,
8H), 7.87 (d, J� 7.8 Hz, 1H), 8.01 ppm (d, J� 7.8 Hz, 1H); MS: m/z (%):
344 (100) [M�]; elemental analysis calcd (%) for C21H15NS2: C 73.01, H
4.38, N 4.05, S 18.56; found: C 72.69, H 4.29, N 4.13, S 18.44.


X-ray structural determinations : Single crystals of compounds 1 and 5
suitable for X-ray structure determination were obtained by slow
evaporation of solution of these compounds in acetonitrile. X-ray
diffraction data of 1 and 5 were collected on a Bruker Smart-1000 CCD
diffractometer and a Bruker P4 four-circle diffractometer, respectively.
Both of the radiation sources were MoK
 (�� 0.71073 ä). The crystal
structures were solved by direct methods (SHELXL-97) and refined by
full-matrix least-squares minimization on F 2. All non-hydrogen atoms were
refined with anisotropic thermal parameters. The hydrogen atoms were


Table 3. Crystallographic data for compounds 1 and 5.


1 5


formula C34H38BN C32H36BNS
Mr 471.46 477.49
T [K] 298(2) 293(2)
crystal system monoclinic triclinic
space group P21/c P1≈


a [ä] 8.411(3) 8.0588(12)
b [ä] 7.899(3) 10.4341(14)
c [ä] 43.847(14) 17.705(3)

 [�] 90 74.182(12)
� [�] 93.851(6) 86.993(9)
� [�] 90 79.471(11)
V [ä3] 2906.7(16) 1408.2(4)
Z 4 2
calcd [gcm�3] 1.077 1.126
� [mm�1] 0.061 0.135
F(000) 1016 512
crystal size [mm3] 0.50� 0.40� 0.10 0.44� 0.40� 0.05
� range [�] 1.86 ± 24.87 2.06 ± 25.00
index range � 9� h� 9 � 1�h� 9


� 9� k� 7 � 11�k� 11
� 51� l� 50 � 21� l� 21


reflections collected 13786 6043
reflections unique 4929 4905
Rint 0.0891 0.0259
data [I� 2�(I)] 1397 2893
parameters 477 317
goodness-of-fit 0.893 1.140
R1/wR2 [I� 2�(I)] 0.0637/0.1305 0.0582/0.1602
R1/wR2 (all data) 0.2175/0.1742 0.1084/0.1841
resd. min/max [eä�3] � 0.294/0.365 � 0.225/0.274
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refined with a fixed isotropic thermal parameter related by a factor of 1.2 to
the value of the equivalent isotropic parameter of their carrier atom.
Weight factors were optimized in the final refinement cycles. For more
information see Table 3. Some selected bond lengths and bonds angles are
shown in Table 4. CCDC-190316 (compound 1), and CCDC-203541
(compound 5) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-
033; or deposit@ccdc.cam.uk).


Optical measurements : All the solvents used for absorption spectra and
fluorescence measurements were HPLC grade. For diluted solutions of c�
1.0� 10�5 molL�1, in quartz cuvettes of 1 cm path length, linear absorption
spectra were recorded on a PE lambda 35 UV-VIS spectrometer. Steady-
state SPEF spectra and SPEF decay curves were recorded on an Edinburgh
FLS920 fluorescence spectrometer equipped with a 450 W Xe lamp and a
time-correlated single-photon-counting (TCSPC) card. All the SPEF
spectra are corrected. Reconvolution fits of the decay profiles were made
with F900 analysis software to obtain the lifetime values. To measure the
quantum yields of these compounds, a 1.0� 10�5 molL�1 solution of
fluorescein in 0.1 molL�1 aqueous NaOH was used as the standard.[28]


For measurement of the TPEF emission spectra, TPEF excitation spectra
and other TPEF properties, a Coherent Mira 900 femtosecond Ti:sapphire
laser was used as a pump source, and a streak camera (Hamamatsu, model:
C5680) in conjunction with an imaging spectrograph (Hamamatsu, model:
C5094) was used as a recorder (see Figure 9). The laser beam was focused
into the sample (c� 1.0� 10�3 molL�1) by a lens. The frequency upcon-
verted fluorescence was collected in a direction perpendicular to the pump


beam. To minimize the re-absorption, the excitation beam was focused as
closely as possible to the quartz cell wall, which faced the slit of the imaging
spectrograph. The pulse width and repetition rate of the laser were 200 fs
and 76 MHz, respectively.
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Figure 9. Experimental setup for TPEF measurement.
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Bisporphyrins with Bischlorin Features Obtained by Direct Anodic Coupling
of Porphyrins


Laurent Ruhlmann,[a, b] Maurice Gross,[a] and Alain Giraudeau*[a]


Abstract: The proximity of two or more
porphyrin or chlorin-like structures has
been shown to be crucial in numerous
biological processes, such as electron
transfers. The one-pot electrochemical
synthesis of a dimeric tetraphenylpor-
phyrin with one 1,2-(diphenylphospho-
nium)benzene as a spacer and of its
porphyrin-monomer precursor are re-
ported. These new compounds have
been characterized by 1H and 31P


NMR, ESR, and UV-visible spectrosco-
py and microanalysis. Electrochemical
data are reported, and the redox behav-
ior is analyzed for the monomers and the
dimers. Important interactions between
the two chromophores and a phospho-


nium± phosphonium interaction have
been observed. UV-visible and 1H
NMR data along with electrochemical
behavior suggest that the positive charge
carried by the two phosphonium units is
in part delocalized onto the � system of
the porphyrins, this gives an unexpected
bis-porphyrin with bischlorin spectro-
scopic features.


Keywords: chlorins ¥ electro-
chemistry ¥ electrosynthesis ¥
phosphonium ¥ porphyrinoids


Introduction


Sunlight-energy conversion in nature, such as effected by
photosynthetic bacteria in the primary processes of photo-
synthesis,[1±3] is a process of both paramount importance and
great complexity. It originates with the capture of solar energy
by hundreds of chlorophyll arrays in membrane-bound pig-
ment protein complexes known as light-harvesting (antenna)
complexes (LHC).[1] This initial step is followed by the
funneling of that energy into a reaction center (RC)[2±3]


through efficient energy migration and transfer. A subsequent
set of electron-transfer events within the RC then produces a
long-lived charge separation.[4] This charge separation is
actually a storage of chemical energy for further use in
various biochemical reactions.


In such RCs, the primary electron source is dimeric
bacteriochlorophylls (Bchl), the so-called ™special pair∫.[2a]


Chlorins are an important group of dihydroporphyrins that
are actually the parent structure for many of the chloro-
phylls[5] and other biologically important pigments.[6] Chlorins


give rise to prominent absorptions in the long-wavelength
region of the visible spectrum,[7] typically near 650 nm, which
make these pigments potential candidates as photosensitizers
for photodynamic therapy.[8] Although a desire to understand
the intricacies of natural photosynthesis prompted many
chemists to synthesize and study a large variety of artificial
models based on highly conjugated porphyrins,[9] dimeric or
trimeric porphyrins,[10] or porphyrin arrays,[11] not much work
has been carried out on the synthesis of chlorin analogues,[12]


bischlorins or chlorin ± porphyrin heterodimers.[13] Effective
methods for the preparation of a bischlorin with a covalent
link, with the aim of mimicking physiological electron-trans-
fer systems,[14] would be a significant step toward the synthesis
of more relevant model systems.


Phosphorus-containing ligands are powerful nucleophiles
and are known to be prone to nucleophilic attack on the �


cation radicals of metalloporphyrins.[15±19] We reported re-
cently on the synthesis of a dimeric porphyrin, which included
a diphosphonium spacer, in a direct one-pot electrochemical
reaction.[20] This synthesis of porphyrin dimers by controlled
potential electrolysis readily provides convenient access to a
large variety of porphyrin dimers with good yields.[21] How-
ever all the dimers synthesized so far exhibited significant
interactions between the different � systems only when a
short spacer was used.


To favor the interactions between the two porphyrins in
such dimers, we used a spacer that behaves as an aromatic
system to link the two chromophoric subunits. The starting
point in this synthesis was the electrochemical oxidation of the
zinc meso-tetraphenylporphyrin, ZnTPP, in the presence of
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1,2-bis(diphenylphosphino)ben-
zene. The present paper reports
on the electrochemical synthesis,
in a direct one-pot reaction, of
a new interactive bisporphyrin
with bischlorin spectroscopic
features that has a diphosphoni-
um bridge as spacer (Scheme 1).


UV-visible spectra of the por-
phyrin dimers were character-
istic of a chlorin structure (Fig-
ures 1 and 2). Moreover, both
the 1H NMR spectrum (for the
free-base 2-H2-H2) and the re-
dox behavior of the porphyrin
dimers have been analyzed.
They clearly demonstrated an
analogy with those of known
bischlorin dimers and they also
indicated a delocalization of the
positive charge carried by the
two phosphonium units on to the �-system of the porphyrins.
To probe the degree of intercommunication between the
chlorin analogues, we incorporated into each chlorin macro-
cycle of the dimer metal ions of varying electronegativity
(M�M�Zn�Zn or Cu�Cu) and we measured the redox
potentials then characterizing these dimers. We have charac-
terized the electrogenerated reduced and oxidized species by
their absorption spectra.


An interesting feature was observed in the reduction of
these dimers. During the stepwise reduction of the dimer, an
unusual alternated sequence in the sites of the electron
transfer was observed, the reduction occurring on the
porphyrins and then on the spacer. The porphyrin chromo-
phores were reduced before the diphosphonium spacer. This


unusual behavior suggests a significant delocalization of the
phosphonium positive charge onto the � system of the
porphyrins.


Results


Eletrosynthesis : Exhaustive electrochemical oxidation was
performed under conditions previously reported.[18±21] Metal-
loporphyrin ZnTPP (1 equiv) in solution was oxidized in the
presence of 1,2-bis(diphenylphosphino)benzene (1³2 equiv)
and of 2,6-lutidine (2,6-Lut) at a potential corresponding to
the generation of porphyrin radical cations (first oxidation).
The 2,6-Lut was used to trap protons that were liberated in the
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Scheme 1. A mixture of the monomer and the dimer 1-Zn/2-Zn-Zn was obtained by oxidation of ZnTPP at �0.85 V vs. SCE in the presence of
1,2-di(phenylphosphino)benzene.


Figure 1. UV-visible absorption spectra of the bisporphyrin 2-Zn-Zn, of its monomeric subunit 1-Zn, and of
ZnTPP in CH2Cl2.
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Figure 2. N�H proton signals in the 1H NMR spectra of 1-H2 (top) and of
2-H2-H2 (bottom) (300 MHz, (CD3)2CO, 25 �C).


course of the porphyrin oxida-
tion. After the working poten-
tial had been maintained at
�0.85 V vs. SCE for six hours,
the initial violet solution turned
green, and the electrolysis cur-
rent decreased to the initial
background current value. The
electrolysis was stopped at this
point. The amount of consumed
coulombs calculated from the
recorded current ± time curve
(I� f(t)) indicated that 2 fara-
days were consumed per mole
of ZnTPP in the reaction. This electrolysis produced the
target dimer 2-Zn-Zn in a rather good yield (70%). Never-
theless, by using 2 molar equivalents of 1,2-bis(diphenylphos-
phino)benzene with 1 molar equiv of ZnTPP, the electrolysis
at�0.85 V vs. SCE gave a mixture of two products. The minor
product was identified and characterized as the mono-�-
substituted porphyrin 1-Zn (yield 4%), and the major product
as the dimer 2-Zn-Zn (yield 30%). The reaction is presented
in Scheme 1.


Thus, an increase in the concentration of the diphosphane
caused a drastic decrease in the yield of the � substitution
leading to the zinc monomer and dimer, even when using a
large excess of 2,6-Lut. The yield of this electrosynthesis of 1-
Zn and/or 2-Zn-Zn went down to zero when using more than
ten equivalents of diphosphane. In this case, the major
products of the reaction were the diphosphane oxide and
the violin.[17] The overall yield of these two compounds was
important (40%) when high concentrations of diphosphane
and 2,6-Lut were used. In these conditions the quantity of
consumed Coulombs calculated from recorded current ± time
I� f(t) indicated that (1�4n) faradays were consumed per


mole of ZnTPP in the reaction (n� 10 being the number of
equivalents of diphosphane).


UV/Vis absorption spectra : Spectra of some of the porphyrins
studied here are presented in Figure 1. The Soret and other
absorption maxima and extinction coefficients of the 1-M
(M�H2, Cu, and Zn) and 2-M-M series (M�H2-H2,
H3


�-H3
�, Cu-Cu, and Zn-Zn) are given in Table 1. Complete


UV/Vis data are reported in the Experimental Section for the
electrosynthesized monomeric and dimeric porphyrins.


Monomers : All the porphyrins synthesized exhibited a red
shift in the Soret (B) and visible (Q) bands when compared
with the corresponding unsubstituted porphyrins (Figure 1).
This bathochromic shift resulted from the electron-withdraw-
ing effect[22±23] of the phosphonium cation linked to the �


position on the porphyrin ring. The shifts of the Soret bands
were similar to those already reported for other �-substituted
porphyrins.[18±21]


The �-substituted free-base porphyrin showed an intense
Q-band at 654 nm (Table 1) typical of the presence of a
nucleophilic � substituent on the porphyrin ring.[18±21]


Dimers : UV-visible absorption spectra (Figure 1) of all dimers
exhibited red shifts that were very significant if compared with
the spectra of the corresponding monomers. The Soret band
of the dimer 2-Zn-Zn also exhibited a significant broadening
associated with a shoulder corresponding to some extent, to a
splitting of the Soret band (see Table 1 and Figure 1). The
corresponding extinction coefficients were approximately half
those expected. This result suggests excitonic interactions[24]


between the two chromophores in the dimer. In dimeric or
trimeric porphyrins[25] similar spectral effects have been
previously reported and analyzed[26] as being dependent on
the interporphyrin dihedral angles, on the orientation of the
transition dipole moments in the monomer subunits,[27] and, of
course, on the distance between the chromophores.


On the other hand, the Soret band and the visible (Q) bands
were red-shifted by about 65 nm and more than 100 nm,
respectively, from the corresponding unsubstituted porphyr-
ins. Such drastic bathochromic shifts could not result from the
sole electron-attraction effects exerted by the positive charge
carried by the phosphonium cations. Previous results reported
on such dimers, with bis(diphenylphosphonium)acetylene as
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Table 1. Soret absorption maxima and extinction coefficient of the monomers 1-M (M�H2, Cu and Zn) and the
dimers 2-M-M (M�H2, H3


�, Cu and Zn).


Compound �max [nm] (� [molL�1 cm�1])


1-H2 426 (242500) 521 (19600) 560 (1300) 600 (13700) 654 (16700)
1-Cu 423 (289700) 546 (9300) 582 (9300)
1-Zn 430 (237900) 557 (6500) 597 (1900)
2-H2-H2 463 (237900) 532 (6100) 569 (11300) 619 (10100) 679 (9300) 737 (30900)
2-H3


�-H3
� 475 (153900) 708 (34100) 771 (75800)


507 (108000)
2-Cu-Cu 448 (285600) 544 (11600) 584 (14900) 635 (27600) 647 (27300)
2-Zn-Zn 467 (272700) 613 (3100) 664 (6200) 717 (9500)


480 (203000)
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spacer, revealed a red shift of only 10 nm for the Soret and Q
bands if compared to the monomer.[20]


This important red shift observed for the UV-visible
absorption bands of 2-Zn-Zn was also noticed in the dimers
2-H2-H2 and 2-Cu-Cu. Such shifts and the intensity of both the
Soret and the Q bands are actually characteristic of a chlorin
structure.[12±13] In addition, it was observed that the red band
of the dimers was increasingly blue-shifted when electro-
negativity of the central metal increased. This result suggests
some delocalization of the positive charges on the porphyrin
units (see Scheme 2), which is of course affected by the
electronegativity of the central metal. Smith et al.[28] have
reported such delocalization in an octaethylporphyrin sub-
stituted with a triphenylphosphonium at a meso position.


Addition of trace amounts of hydrochloric acid to a solution
of the free-base dimer 2-H2-H2 induced significant changes in
the UV-visible spectrum of 2-H2-H2, including clear splitting
of the Soret band at 475 nm and 510 nm. The UV-visible


Scheme 2. Possible conformations for the dimer 2-M-M (M�H2, Cu, and
Zn).


spectrum of the protonated form of 2-H2-H2 exhibited many
similarities to those previously reported elsewhere for a
chlorin-analogue monocation.[12f] As a consequence, such
delocalization of the positive charge onto the � system of the
chlorin analogues will unfavorably affect the protonation of
the nitrogen atom on the reduced ring. Thus, the splitting of
the Soret band could be the result to the formation of the
related monocation. Such splitting may actually result from
the disappearance of the degenerated Soret transitions B� and
B� (m� and m� being the corresponding transition dipoles).
This was not observed for the monomer 1-H4


2�.


1H and 31P NMR spectra


Monomers : In the monomeric porphyrin 1-M (M�H2, Zn),
the pyrrolic protons all appeared downfield from those on the
phenyl ring of the porphyrin and of the substituent; this
indicated that the aromaticity of the porphyrin ring was not
interrupted.[17] 1H NMR spectroscopic studies of the monomer
1-M showed that the signal corresponding to the proton in the
�-position adjacent to the phosphonium cation appeared as a
singlet at 8.47 ppm in the free base 1-H2 and 8.34 ppm in 1-Zn.
The other six �-protons of the porphyrin appeared as six
doublets. These signals characterize the mono-�-substitution
on the porphyrin. The signals of the �-H proton adjacent to
the phosphonium was not the most downfield shifted; five of
the six other �-H proton signals appeared at lower fields. That
might be explained by assuming that the � proton is located in
the shielding cone of the phenyl bearing the substituent. The
signal for the phenyl protons of TPP and its substituent
appeared as a complex multiplet in the range 8.26 ± 6.63 ppm.


As usually observed in TPP series, the core N�H protons
gave a singlet at high field (�2.64 ppm).


In the symmetrical 1,2-bis(diphenylphosphino)benzene li-
gand taken as reference, the two phosphorus atoms resonated
as one singlet at high field (�14.15 ppm) in the 31P spectrum.
As expected, in the monomer 1-M, the phosphonium and the
neutral phosphorus atom are clearly discriminated by signals
at 21.90 and �30.17 ppm for 1-Zn (36.76 and �17.03 ppm for
1-H2) respectively. The signal of the neutral phosphorus atom
for the monomer 1-Zn resonated at higher field than the
corresponding signal of 1,2-bis(diphenylphosphino)benzene
(�14.15 ppm) and hence characterized the location of the
neutral phosphorus atom located inside the shielding cone of
the porphyrin bearing the diphosphane. The corresponding
upshift was not important in the case of the free base 1-H2


(�17.03 ppm), and therefore suggests that the phosphane is
now just near the shielding cone of the porphyrin in the free
base monomer.


Dimers : In the synthesized dimers, the 14 �-H signals of the
diphosphane appeared downfield from those corresponding
to the phenyl rings of TPP and to the phenyl rings of the
substituent in the mono-�-substituted porphyrin. The two �-H
protons adjacent to each phosphonium merged in a large
singlet, whose integral was for 2 protons, at 9.28 ppm in 2-Zn-
Zn and 9.03 ppm in 2-H2-H2. Surprisingly the core N�H
proton signals appeared in 2-H2-H2 as a singlet of four protons
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at only �1.00 ppm, whereas they resonated at higher field
(�2.64 ppm) for the monomeric porphyrin.


In our preliminary work with bis(diphenylphosphonium)-
acetylene as spacer,[20] the free base dimer showed two singlets
for the core N�H protons at �2.48 (2H) and �2.51 ppm
(2H). In the corresponding precursor monomer, the N�H
resonated as one singlet at �2.57 ppm.[20] Thus, in the dimer
2-H2-H2 studied here, the shift was much lower than in the
dimer studied with another spacer in our previous work and it
was also lower than in the precursor monomer 1-H2


(�2.64 ppm). These results may be explained, as were the
observed UV-visible spectral changes, by partial delocaliza-
tion of the positive charge of the phosphonium substituent
over the two porphyrin subunits due to an electrostatic
repulsion of the two positive charges as shown in Scheme 2.
With such a delocalization of the positive charge, the
bischlorin-like structure was obtained. The upfield shift of
the core N�H protons (���1.00 ppm) is consistent with a
bischlorin structure carrying positive charges. In such a case,
the N�H protons are mostly localized on the nitrogen atoms
adjacent to the reduced rings,[30±31] because of the less
symmetric chlorin subunits; this
must be related to the single
broad N�H resonance with a
shift at higher magnetic field
than usually observed for por-
phyrins (� in the range �1.00 to
�1.50 ppm for the neutral
chlorins).[32]


In the 31P NMR spectrum of
dimers, as expected, the diphos-
phonium dication spacer gives
signals at lower fields. Three
well-separated signals are ob-
served for 2-Zn-Zn at 34.90,
24.76, and 4.00 ppm; this indi-
cates distinct conformations of
the dimer in solution.[21] The
signal at 34.90 ppm could be
attributed to conformer 2 (Scheme 2), which is the most
symmetrical conformer. In this case, the two phosphorus
atoms are nearly equivalent and resonate as one singlet at
high field (�� 34.90 ppm).


The two other broadened signals observed at 24.76 and
4.00 ppm may correspond to conformer 1 (Scheme 2), in
which the two phosphorus atoms are not equivalent. A
reasonable explanation may rely here on the assumption that
one of the two phosphorus atoms is significantly shielded in
the chlorine analogue. In this case this phosphorus atom
resonates at higher field (4.00 ppm) than the other
(24.76 ppm). Similar results were obtained with 2-H2-H2.


Electrochemistry : The electrochemical behavior of free-base
porphyrins and metalloporphyrins involving nonelectroactive
metals is well documented.[33±34] On the potential range of
�2 V to �2 V versus SCE, oxidations and reductions of the �
ring proceed by four reversible one-electron steps generating,
respectively, �-radical cations and dications upon oxidation
and �-radical anions and dianions upon reduction. The redox


behavior of porphyrin monomers and dimers �-substituted
with bipyridinium, viologen, or bis(diphenylphosphonium)-
acetylene bridges has been already reported.[19±20] Redox
studies of these compounds have shown that, in addition to
the typical oxidations and reductions of the porphyrins,
reductions of the substituent were observed before the
reductions of the porphyrin. As expected, also in the presence
of such electron-withdrawing substituents, the oxidation of
the substituted porphyrins was more difficult than the
oxidation of the corresponding unsubstituted porphyrins.


All redox potentials E, evaluated from cyclic voltammetry
as (Ea


p � Ec
p�/2, will be given here in V versus the standard


saturated calomel electrode (SCE). The number of exchanged
electrons for each studied redox system was determined by
exhaustive coulometry or by comparison between the limiting
currents of the different waves characterizing a given system.
The assignment of the site undergoing the electron transfers
resulted from spectroelectrochemistry or from comparison of
the recorded voltammograms with those of well known
parents. All electrochemical data are gathered in Table 2
and a typical cyclic voltammogram is presented in Figure 3.


Monomers : With the substituted monomers, the known
oxidations and reductions of the porphyrin were observed,
plus an additional one-electron transfer, which took place
before the first reduction of the porphyrin ring and corre-
sponded to the reversible one-electron reduction of the
P(Ph)2� substituent.[20±21]


The measured reversible one-electron reduction potentials
of the phosphonium substituents (�1.02 V for 1-H2, �1.14 V
for 1-Cu, and�1.28 V for 1-Zn vs. aqueous SCE) matched the
usual reduction potentials of these cationic species. Hence, the
observation that the reduction of the phosphonium became
more difficult when the net ring charge[34b] increased on the
porphyrins provides a good indication that the chromophores
do interact with their substituents, as expected. These
increasingly negative potential values in the series 1-H2�


1-Cu� 1-Zn match the sequence proposed by Fuhrhop and
Kadish[34b] for the electronegativity (�P


M, Pauling values) of the
central metal of the porphyrins.


There were significant changes in the measured potentials
for the reduction of the substituted porphyrins compared with
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Table 2. Electrochemical data for the studied porphyrins and bisporphyrins. All potentials in V vs. SCE obtained
from stationary (RDE) voltammetry in CH3CN/1,2-C2H4Cl2 (1:4), TEA ¥PF6 (0.1�), Pt working electrode.


Porphyrins Ring oxidation P(Ph)2� reduction Ring reduction
E1/2


III E1/2
II E1/2


I E1/2
II E1/2


I E1/2
I E1/2


II


H2TPP 1.34 1.10 � 1.10 � 1.48
CuTPP 1.33 1.06 � 1.22 � 1.68
ZnTPP 1.16 0.80 � 1.37 � 1.75
violin[a] 1.52irr 1.08irr � 0.82 � 1.30irr


1-H2 1.18irr � 1.02 � 1.29 � 1.65
1-Cu 1.58 1.34 1.12 � 1.14 � 1.48 � 1.80
1-Zn 1.42 1.25irr 0.91 � 1.28 � 1.58 � 1.84
2-H2-H2 1.282e.irr � 0.78 � 1.17 � 0.572e � 0.952e


2-Cu-Cu ± 1.30, 1.13 � 0.88 � 1.30 � 0.602e � 1.062e


2-Zn-Zn 1.452e 1.132e � 0.97 � 1.53 � 0.58, �0.71 � 1.232e


[a] By product obtained when working with diphosphane and 2,6-lutidine in large excess.
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the corresponding unsubstituted porphyrins. As documented
in Table 2, after the reduction of the phosphonium, the first
and second reductions of the porphyrin cycle became more
difficult when the substituent was neutral. This result indicates
an electron-donating character of the reduced substituent
(phosphane). The monomers 1-M (M�H2, Cu, and Zn)
exhibited two reversible one-electron reduction steps after
the one-electron reduction of the phosphonium substituent.
The differences of potentials


�E1/2�EII
1�2 �EI


1�2


between the second and the first porphyrin reduction range
from 0.26 to 0.32 V. The values are close to those typically
observed for ring reductions of substituted metalloporphyr-
ins.[34b]


The oxidation potentials of the substituted porphyrins were
more positive than those corresponding to the unsubstituted
chromophores (Table 2). These shifts may be ascribed to the
well-known electron-withdrawing effect[35] of the positively
charged spacer. Conspicuously, the monomer 1-H2 exhibited
an irreversible two-electron oxidation at�1.28 V versus SCE.
This feature, already observed in various substituted free-base
porphyrins, may be explained by the instability and the high
chemical reactivity of the radical cation resulting from the
first electron transfer. The electrochemical oxidation at 1.28 V
versus SCE generated the corresponding protonated porphyr-
in (1-H4


2�) with an exchange of two electrons.[36b] The
metalloporphyrins revealed a very different oxidative pattern.
After the two first reversible oxidations (at 1.12 and 1.34 V vs.
aqueous SCE for 1-Cu, see Table 2), corresponding to the
formation of the porphyrin � cation radical and dication, an
additional one-electron transfer was observed that corre-
sponded to the formation of an isoporphyrin.[37]


Dimers : The dimers exhibited
three distinct electroactive
sites, namely the spacer and
the two chlorin analogues. The
oxidation potentials of the
chlorin analogues were more
positive in the dimers than
those of the corresponding
monomer precursors. The ob-
served shifts (�220 mV from 1-
Zn-Zn to 2-Zn-Zn) may be
ascribed to the electron-with-
drawing effect of the positively
charged spacer on each chlorin
subunit. The 2-Cu-Cu or 2-H2-
H2 dimers qualitatively behave
as the above 2-Zn-Zn com-
pound. On reduction, four dis-
tinct reversible reduction peaks
were recorded. Their respective
heights were in the ratio 2:1:2:1.
Coulometric measurements
carried out at the first reduction


step of the dimers indicated that two electrons were ex-
changed per molecule of dimer during the reaction. This result
implies that the four reduction steps observed correspond to
as sequence 2-1-2-1 electron(s) successively exchanged. This
indicates an alternated sequence in the sites of the electron
transfer, which involved, respectively, the chromophore and
the spacer. This sequence was clearly discriminated in
particularly by the fact that the two reductions expected for
the spacer were each monoelectronic, whereas the two
reductions of the two porphyrin rings were each bielectronic
reversible reactions as already reported for the reductions of
analogous metallodimers.[19±31]


For instance, in 2-Cu-Cu, the reversible one-electron
reductions of the diphosphonium bridge occurred at the
second and the fourth steps, (�0.88 and �1.30 V vs. SCE,
respectively). The first and the third two-electron steps
observed at �0.60 and �1.06 V versus SCE generated
respectively � radical anions and dianions on each of the
two porphyrins (Figure 3).


The interesting feature in the dimers is the easy reduction of
the two porphyrin rings, which occurs at very low potentials
before the reduction of the diphosphonium spacer, at variance
with previous results with others spacers.[19±21] This specific
behavior may be ascribed to the partial delocalization onto
the porphyrin rings of the two positive charges carried by
the spacer, in agreement with the proposed structure of a
chlorin-like compound supported by the UV-visible and
NMR results.


Remarkably, the reduction potentials of the �-ring chlorin
analogue in the dimers were 500 (2-H2-H2) to 800 mV (2-Zn-
Zn) more positive than those measured in the corresponding
monomeric porphyrin precursor (Table 2). These large shifts
are clearly the result of i) the powerful electron-withdrawing
capability of the two positives charges carried by the spacer
and ii) some delocalization of these positive charges over the
� system in the porphyrins.
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Figure 3. Cyclic voltammograms of 2-Cu-Cu in CH3CN � 1,2-C2H4Cl2 (1:4) � TEA ¥PF6 (0.1�), scan rate:
v� 100 mVs�1; Pt working electrode.







Bischlorin Analogues 5085±5096


Interestingly also, in 2-Zn-Zn, the first reduction of the two
porphyrin subunits (with chlorin spectroscopic features)
occurred by two well-separated one-electron reversible trans-
fers, before the first reversible one-electron reduction step of
the spacer. This redox splitting (�E� 130 mV, Table 2) is
indicative of � ±� interactions between the two chromo-
phores in the dimer 2-Zn-Zn. Analogous effects have already
been discussed in cofacial dimeric porphyrins.[36a]


Moreover, a redox splitting was also observed in the dimer
2-Cu-Cu derivative, but this split redox process occurred in
the first oxidation step of the dimer, with �E� 170 mV. Such
different splitting (on oxidation or on reduction) has already
been reported[36a] but is not yet well understood. Spectroelec-
trochemical observations were carried out, and the corre-
sponding results will be discussed further.


Discussion


Perusal of the redox-potential values reported (Table 2) leads
to interesting observations. It has been widely demonstrated
that ring-oxidation and ring-reduction potentials for a mono-
mer free-base porphyrin and the corresponding metal deriv-
atives are governed by the electronegativity of the central
cation �P


M through inductive effects:[34b,g] the more electro-
negative the cation, the more difficult the first oxidation,
while the reduction of the porphyrin becomes easier. These
results suggest that an increase in �P


M should cause a shift of
the N-� electrons toward the metal, which would substantially
lower the potential of the N-� and C-� (inductive effect).[34g]


This rule is verified with the studied monomers 1-M (M�H2,
Zn or Cu).


In the dimers, however, the observed pattern is quite
different. Unexpectedly, the electronegativity of the central
ion has only a small effect on the first ring-oxidation and -
reduction potentials in the dimers, as evidenced by the
quasiparallelism of the plotted E1/2 values to the axis of the
electronegativities �P


M (Table 2). This feature would suggest
that the structural ™bischlorin effect∫ induces such an
important electronic repulsion in the dimer that the electro-
negativity of the central ion is almost without effect. As a
matter of fact, the hypothesis that these original character-
istics of the dimers originate from intrinsic interactions
specific to these molecules is supported by another analysis
of the measured redox potentials. In the given monoporphyrin
1-M, when the electronegativity of the central ion is changed,
a correlation is found between the first oxidation potential
Eox1 and first reduction potential Ered1 of the porphyrin,
reflecting the inductive effect of the cation: the more difficult
the ring is to oxidize, the easier it is to reduce, and vice versa
(Figure 4).[34b] In the dimer studied here, when the central ion
is changed, such correlation–which would exist with two
independent rings–is not found.


Therefore the dimers cannot be considered as involving two
redox-independent rings, but rather as a single entity from (or
to) which electrons are abstracted (or added); and conse-
quently this implies an electronic delocalization between the
two chromophores.


Figure 4. Variation of the first oxidation potential Eox1 with the first
reduction potential Ered1 for the monomer 1-M and the dimer 2-M-M
(M�H2, Cu and Zn).


It should be added that the reduction potentials of the
phosphonium substituent are also governed by the electro-
negativity of the central ion in the porphyrins, both for the
monomer and the dimer. Its reduction became more difficult
when the net charge[34b] increased on the bound porphyrin or
chlorin analogue.


Spectroelectrochemistry : In order to assign the observed
electrochemical signals to the sites of the redox reactions,
either the porphyrins or the diphosphonium spacer, spectro-
electrochemical studies were carried out with a Pt mini-grid as
working electrode, in CH3CN/1,2-C2H4Cl2 (1:4) � TEA ¥PF6


(0.1�). The first oxidation of 2-Zn-Zn induced a decrease in
the intensity of the Soret band (Figure 5A), as usually
observed in the generation of porphyrin cation radi-
cals.[34±35, 38±39] The second oxidation step of 2-Zn-Zn, moni-
tored at a controlled constant potential of �1.45 V versus
SCE, exhibited the typical spectrum of a bisporphyrin
dication,[34±35, 38±39] with a flattening of the Soret band (Fig-
ure 5B). After this second oxidation had been carried out, the
initial spectra of 2-Zn .�-Zn .� and 2-Zn-Zn were each fully
recovered after reverse electrolysis at �1.25 and 0 V versus
SCE, respectively. This result, which exemplifies the rever-
sible interconversion of the three redox forms, is in good
agreement with the reversibility observed on the cyclic
voltammetry curves in studying the oxidation of the dimer
2-Zn-Zn.


The reduction reaction for 2-Zn-Zn at�0.75 V versus SCE,
the first reduction step (transfer of 2e�) of the chlorin
analogue subunits, did not exhibit the decrease in the intensity
of the Soret band usually associated with the generation of the
anion radical TPP.� (Figure 6).[40] Instead, a blue shift of
(about) 20 nm for the Soret and Q bands was observed
without the expected weakened Soret band. Such observation
indicated that the first reduction (�0.75 V) carried out on the
two chromophore subunits did not produce the expected
species: P.�-diphosphonium2�-P.� . The blue shifts of the Soret
and of the Q bands would rather suggest a reduction of the


Chem. Eur. J. 2003, 9, 5085 ± 5096 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5091







FULL PAPER A. Giraudeau et al.


Figure 5. A) UV-visible absorption spectra recorded during the oxidation
of 2-Zn-Zn in CH3CN/1,2-C2H4Cl2 (1:4), TEA ¥PF6 (0.1�) at 1.13 V vs.
SCE. B) UV-visible absorption spectra of 2-Zn-Zn. (––) unoxidized form,
(- - - -) two-electron-oxidized species (first wave, 1.13 V), (� ¥� ¥ �) four-
electron-oxidized species (second wave, 1.45 V).


Figure 6. UV-visible absorption spectra recorded during the reduction of
2-Zn-Zn in CH3CN/1,2-C2H4Cl2 (1:4), TEA ¥PF6 (0.1�) at�0.75 V vs. SCE.
(––) Unoxidized form, (� ¥� ¥ �) two-electron reduced species (second
wave, �0.75 V).


diphosphonium spacer to its neutral form. If we assume that
the � rings of 2-Zn-Zn are first reduced upon applying
�0.71 V versus SCE to the working electrode–which is
consistent with the general redox pattern of the dimer–such
behavior could be explained by a fast rearomatization of the
chromophoric subunits to the final stable species P-diphos-
phane-P, according the following sequence:


P-diphosphonium-P���2 e�
P.�-diphosphonium-P.���fast


P-diphosphane-P


If, according the consistent indications from the above
reported results, the electron distribution interacts in a given
dimer from one macrocycle to the second one through the
spacer, such a sequence is not surprising. Under such
conditions, a species simultaneously containing two negative
charges (P.�) and two positive charges (bisphosphonium) will
have a very poor stability and might spontaneously become
neutral. We have observed that this new neutral dimer
reverted quantitatively to the initial charged dimer by
reversing the polarization applied to the working electrode.
Similar spectral evolutions were observed for 2-Cu-Cu and
2-H2-H2.


ESR : As reported above, UV/Vis spectroscopic, electro-
chemical, and spectroelectrochemical studies indicated that
interactions do not occur between the two porphyrin �


systems via the diphosphonium spacer.
Hence, the possible existence of intramolecular interactions


in these dimers should be considered. We have therefore
synthesized chlorin-like dimers containing two divalent cop-
per ions, namely 2-Cu-Cu. In such molecules, the para-
magnetic copper(��) may be used as a sensor to detect metal ±
metal interactions in cofacial and noncofacial dimer confor-
mations.[36a] To this aim, the magnetic susceptibility (��1�
f(T)) of the dimeric 2-Cu-Cu solid was studied. The values
of � were obtained by double integration of the ESR signal
characteristic of CuII in the dimer. In the dimer 2-Cu-Cu, the
low value obtained for g (2.060558 at 295 K) indicated an
important spin ± orbit coupling. Hence, each unpaired elec-
tron was localized on one copper in 2-Cu-Cu. The plot �(T)
showed that, in the dimer 2-Cu-Cu, the susceptibility obeyed a
Curie ±Weiss relationship (��C/(T�Tc)) in which Tc�
�16 K (Tc� coupling temperature). Actually, the exchange-
interaction energy was estimated as�1.3 meV (J� kBTc for an
assumed one dimensional cubic stacking).


These ESR results obtained on solid dimers therefore
indicated the absence of intramolecular copper ± copper
interactions and the occurrence of an intermolecular cop-
per ± copper antiferromagnetic coupling in dimer 2-Cu-Cu.
ESR experiments carried out with solutions at different
concentrations (10�3 ± 10�4�) of these dimers did not reveal
any antiferromagnetic coupling. These results indicated that
the antiferromagnetic coupling observed in the solid state was
intermolecular.


Thus, the absence of intramolecular interactions between
the CuII atoms suggests that the tetrapyrrole macrocycles are
not cofacial in the dimer, so that the two copper atoms are too
far apart to allow significant copper ± copper interactions.
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Conclusion


A new type of dimeric porphyrin exhibiting chlorin-like
characteristics has been synthesized by electrochemistry. The
generated species have been unambiguously identified. This
method was based on nucleophilic substitution carried out on
two electrooxidized porphyrins.


UV-visible spectra of 2-M-M (M�H2-H2, H3
�-H3


�, Zn-Zn,
Cu-Cu) revealed excitonic interactions between the two
chromophores. The dimers also exhibited significant red shifts
in their UV-visible absorption spectra. These shifts were
strongly enhanced if compared with the corresponding
monomers, and the spectral characteristics were typical of a
chlorin-like structure. In the 1H NMR spectra of 2-H2-H2, the
inner N�H appeared only at �1.00 ppm; this indicated a
delocalization of the positive charge of the diphosphonium
spacer over the two porphyrin subunits and also demonstrated
that the dimer conformation is not cofacial. Such delocaliza-
tion of the positive charge results chlorin-like structures.


ESR analysis of the dimer 2-CuII-CuII indicated a weak
intermolecular antiferromagnetic interaction between the
copper atoms. This is consistent with the above proposed
noncofacial conformation of the dimers.


Interestingly, the redox characteristics of all the studied
dimers revealed that the oxidation and reduction potentials of
the chlorin subunits are not located on both sides of the
electroactive range characterizing the diphosphonium spacer;
this is at variance with previous results obtained with other
spacers.


An unexpected feature in the reduction of the dimers was
the alternated sequence in the sites of the electron transfers
respective to the chlorin-like analogues or porphyrins and to
the spacer. In contrast to the previous results,[19±21] in the
present dimers electrons are added first to the chromophore
subunits. The first and the third two-electron reductions
generated �-radical anions and dianions. The reduction of the
diphosphonium spacer corresponded to the second and the
fourth reduction steps, both being reversible one-electron
reductions. All these results are in good and consistent
agreement with a delocalization of the positive charges of the
diphosphonium spacer over the � system of the porphyrins.


The synthetic method reported here allows, with the
appropriate choice of spacer, specific electrochemical syn-
thesis of interactive chlorin analogue dimers with good yields
and through a one-pot reaction. It opens a new avenue for the
preparation of new bis-porphyrin derivatives with bischlorin
spectroscopic features, subject to appropriate selection of the
porphyrin subunits and of the spacers. The availability of such
new molecules is of major interest for better understanding of
the interactions and the charge transfers between the subunits
in the molecule, and ultimately for effectively mimicking
photosynthetic pathways, or for creating new molecular
materials.


Experimental Section


Materials : All solvents and chemicals were reagent grade, purchased
commercially, and used without further purification except as noted below.


CH2Cl2, for use in exhaustive electrolysis or UV-visible spectroscopy, was
heated at reflux with and distilled from CaH2. The supporting electrolyte
tetraethylammonium hexafluorophosphate (TEA ¥PF6) was used without
purification. 1,2-Bis(diphenylphosphino)benzene was purchased from
Strem Chemical Inc. Thin layer chromatography (TLC) was performed
on commercially prepared silica gel plates purchased from Roth Sochiel.


Apparatus : All electrochemical measurements were carried out under
argon at 25 �C on a dropping mercury electrode or on a platinum disk
electrode. Voltammetric data were obtained with a standard three-
electrode system by using a Bruker E130M potentiostat and a high-
impedance millivoltameter (Minisis 6000, Tacussel). Current ± potential
curves were obtained from an Ifelec If3802 X-Y recorder. The working
electrode was a platinum disk (E.D.I. type, Solea-Tacussel) of 3.14 mm2


surface area. A platinum wire was used as the auxiliary electrode. The
reference electrode was a saturated calomel electrode (SCE) that was
electrically connected to the studied solution by a junction bridge filled
with the corresponding solvent-supporting electrolyte solution. For polaro-
graphic and differential pulse polarographic experiments, a signal gener-
ator (GSATP from Solea-Tacussel) was associated with a potentiostatic
device (Solea-Tacussel) comprising a potentiostat (PRT 20-2X), and a
voltage pilot unit (Servovite).


Coulometric measurements and quantitative electrochemical synthesis
were performed either in a standard 50 mL cell or in a large 300 mL cell. In
the standard cell, the working electrode was a platinum wire (È� 0.8 mm)
of 60 cm length. In the large cell, the working electrode was a cylindrical
platinum grid (È� 5 cm, H� 7 cm). For the controlled-potential electrol-
ysis, a fritted glass disk to prevent diffusion of the electrogenerated species
separated the anodic and cathodic compartments.


Spectroelectrochemical studies were carried out in the solvent mixture
CH3CN/1,2-C2H4Cl2 (1:4), on OTTLE (optically transparent thin layer
electrode). The working electrode was a Pt grid (1000 mesh). The spectra
were recorded on a Hewlett ± Packard 8452A diode array spectrophotom-
eter. The thin-layer spectroelectrochemical cell has been previously
described.[41]


UV-visible spectra were recorded on a Shimazu UV-260 spectrophotom-
eter.
1H and 31P NMR spectra were obtained in (CD3)2CO on a Bruker AC300
spectrometer (300 MHz and 120 MHz respectively).


Elementary analyses were performed by the microanalysis services of IUT
Ilkirch (Strasbourg).


ESR spectra were recorded at X-band frequencies on a Bruker ESP300
spectrometer equipped with a variable temperature accessory.


Synthesis : Compounds H2TPP, ZnTPP, and CuTPP were prepared and
purified by known procedures.[42±43]


Electrochemical synthesis of 1-Zn and/or 2-Zn-Zn : Prior to electrolysis, the
mixtures were stirred and degassed by bubbling argon through the solution
for 10 minutes. Then the desired working potential was applied. During
anodic oxidation, the electrolyzed solution was continuously stirred and
maintained under argon. After electrolysis, solvents were removed by
rotary evaporation. The residue was dissolved in a minimum of CH2Cl2,
then the mixture was poured into water and the organic layer was washed
twice.


ZnTPP (200 mg, 2.95	 10�4 mol), 2,6-Lut (50 �L, 4.30	 10�4 mol) and
2 equiv of 1,2-bis(diphenylphosphino)benzene (263 mg, 5.89	 10�4 mol)
were dissolved in a mixture (300 mL) of 1,2-C2H4Cl2/CH3CN (4:1) and
TEA ¥PF6 (0.1�).


The electrolysis was carried out for 6 h at �0.85 V vs. SCE. After
treatment, the organic extract was concentrated to 5 mL and chromato-
graphed on silica gel. The first fraction, eluted with CH2Cl2/hexane (80:20),
was unreacted ZnTPP. The second fraction (violet), eluted with CH2Cl2/
hexane (90:10), was the monomer 1-Zn (15 mg, 0.118	 10�4 mol, yield: 4%
after recrystallized from CH2Cl2/n-hexane). The desired product 2-Zn-Zn
(dimer) was eluted with CH2Cl2/CH3OH (99:1). After evaporation of the
solvent, 2-Zn-Zn was recrystallized from CH2Cl2/n-hexane to give a green
powder (92.5 mg, 0.441	 10�4 mol, 30%).


By the same procedure, anodic oxidation of 1 equiv of ZnTPP (100 mg,
1.475	 10�4 mol), 2,6-Lut (50 �L), and 0.5 equiv of the diphosphane
(33 mg, 0.739	 10�4 mol), gave, after treatment and purification, exclu-
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sively the desired dimer 2-Zn-Zn with a yield of 70% (216 mg, 1.033	
10�4 mol).


1-Zn : m.p. �300 �C; 1H NMR (300 MHz, (CD3)2CO, 25 �C): �� 8.93 (d,
Jcis� 4.65 Hz, 1H; �-H), 8.9 (d, Jcis� 4.65 Hz, 1H; �-H), 8.86 (d, Jcis�
4.65 Hz, 1H; �-H), 8.83 (d, Jcis� 4.65 Hz, 1H; �-H), 8.67 (d, Jcis� 4.67 Hz,
1H; �-H), 8.47 (s, 1H; �-H adjacent to P�(Ph)2), 8.25 (d, Jcis� 4.67 Hz, 1H;
�-H), 8.23 ± 8.00 (m, 6H; o-H of P�(Ph)2 and of Ph adjacent to P�(Ph)2),
7.96 ± 6.64 (m, 34H; Ph); 31P NMR (120 MHz, (CD3)2CO, 25 �C): �� 21.90
(d, 3JP-P� 27.37 Hz, P�(Ph)2), �30.17 (d, 3JP-P� 27.37 Hz, P�(Ph)2), �145.44
(hpt, 1JP-F� 700.4 Hz, PF6


�); UV/vis (CH2Cl2), �max (�)� 430 (266700), 557
(6500), 597 nm (1900��1 cm�1); elemental analysis calcd (%) for
C74H51N4P3F6Zn: C 70.06, H 4.05, N 4.42, P 7.33, Zn 5.15; found: C 70.22,
H 4.15, N 4.32, P 7.21, Zn 5.20.


2-Zn-Zn : m.p.�300 �C; 1H NMR (300 MHz, (CD3)2CO), 25 �C): �� 9.28 (s
large, 2H; �-H adjacent to P�(Ph)2), 8.74 (d, Jcis� 4.77 Hz, 2H; �-H), 8.69
(d, Jcis� 4.77 Hz, 2H; �-H), 8.68 (d, Jcis� 4.77 Hz, 2H; �-H), 8.62 (d, Jcis�
4.80 Hz, 4H; �-H), 8.49 (d, Jcis� 7.71 Hz, 4H; o-H of P�(Ph)2), 8.44 (d, Jcis�
7.71 Hz, 4H; o-H of P�(Ph)2), 8.35 ± 6.85 (m, 56H; Ph); 31P NMR
(120 MHz, (CD3)2CO, 25 �C): �� 36.74 (s, P�(Ph)2), 26.44 (s low intensity,
P�(Ph)2), 4.00 (s low intensity, P�(Ph)2), �145.44 (hpt, 1JP-F� 700.4 Hz,
PF6


�); UV/Vis (CH2Cl2), �max (�)� 467 (272700), 480 shoulder (203000),
613 (3100), 664 (6200), 717 nm (9500��1 cm�1); elemental analysis calcd
(%) for C118H78N8P4F12Zn2: C 67.79, H 3.76, N 5.36, P 5.93, Zn 6.25; found:
C 67.92, H 3.83, N 5.47, P 6.18, Zn 6.40.


1-H2 and 2-H2-H2 : A mixture of HCl (25%) and acetone (1:4, 100 mL) was
added to a solution of 1-Zn or 2-Zn-Zn in acetone, and the mixture was
stirred for 30 min at room temperature. After addition of water (200 mL),
the organic phase was washed with 20 equiv of water (v/v, 4	 ), and
neutralized by the addition of 2,6-lutidine. The solution was washed again,
dried over CaSO4, and evaporated. After separation by chromatography on
alumina, recrystallization from CH2Cl2/n-hexane gave a brown powder of
2-H2-H2 in almost quantitative yield.


1-H2 : m.p. �300 �C; 1H NMR (300 MHz, (CD3)2CO, 25 �C): �� 8.97 (d,
Jcis� 4.77 Hz, 1H; �-H), 8.96 (d, Jcis� 4.77 Hz, 1H; �-H), 8.89 (d, Jcis�
4.77 Hz, 1H; �-H), 8.79 (d, Jcis� 4.77 Hz, 1H; �-H), 8.73 (d, Jcis� 5.16 Hz,
1H; �-H), 8.34 (s, 1H; �-H adjacent to P�(Ph)2), 8.33 (d, Jcis� 5.16 Hz, 1H;
�-H), 8.26 ± 8.18 (m, 6H; o-H of P�(Ph)2 and of Ph adjacent to P�(Ph)2),
7.95 ± 6.63 (m, 38H; Ph), �2.64 (s, 2H; N-H interns); 31P NMR (120 MHz,
(CD3)2CO, 25 �C): �� 36.76 (s, P�(Ph)2), �17.03 (s, P(Ph)2); UV-vis
(CH2Cl2), �max (�)� 426 (242500), 521 (19600), 560 (1300), 600 (13700),
654 nm (16700��1 cm�1); elemental analysis calcd (%) for C74H53N4P2Cl: C
81.12, H 4.89, N 5.11, Cl 3.24; found: C 81.02, H 4.97, N 5.05, Cl 3.20.


2-H2-H2 : m.p. �300 �C; 1H NMR (300 MHz, (CD3)2CO, 25 �C): �� 9.55 (d,
Jcis� 5.16 Hz, 2H; �-H), 9.10 ± 8.96 (s large, 2H; �-H adjacent to P�(Ph)2),
8.93 (d, Jcis� 5.16 Hz, 2H; �-H), 8.88 (d, Jcis� 5.16 Hz, 2H; �-H), 8.81 (d,
Jcis� 5.16 Hz, 2H; �-H), 8.76 ± 8.64 (m, 4H; o-H of Ph adjacent to P�(Ph)2),
8.62 (d, Jcis� 5.16 Hz, 2H; �-H), 8.55 (d, Jcis� 5.16 Hz, 2H; �-H), 8.57 (d,
Jcis� 6.90 Hz, 4H; o-H of P�(Ph)2), 8.46 (d, Jcis� 6.90 Hz, 4H; o-H of
P�(Ph)2), 8.33 ± 6.41 (m, 52H; Ph), �1.00 (s, 4H; N-H interns); 31P NMR
(120 MHz, (CD3)2CO, 25 �C): �� 34.87 (s large, P�(Ph)2), 28.13 (s large,
P�(Ph)2), 24.91 (s, P�(Ph)2), 4.28 (s, P�(Ph)2), �145.44 (hept, 1JP-F�
700.4 Hz, PF6


�); UV-vis (CH2Cl2), �max (�)� 463 (237900), 532 (6100),
569 (11300), 619 (10100), 679 (9300), 737 nm (30900��1 cm�1); elemental
analysis calcd (%) for C118H82N8P2Cl2: C 81.22, H 4.73, N 6.42, Cl 4.06;
found: C 81.37, H 4.87, N 6.39, Cl 4.23.


1-Cu and 2-Cu-Cu : 1-H2 or 2-H2-H2 was dissolved in CH2Cl2/CH3OH (1:1)
with an excess of CuII(CH3COO)2 ¥H2O (10 equiv). The mixture was
heated at reflux for 3 h and, after cooling, was treated with TEA ¥PF6


(100 equiv). After evaporation of the solvent, the residue was dissolved in a
minimum amount of CH2Cl2, washed with H2O (4	 ), and dried over
CaSO4 during 6 h. The solution was concentrated on a rotary evaporator
(
5 mL) and separated by chromatography on the silica-gel column
(eluent CH2Cl2) to afford 1-Cu (black violet powder) or 2-Cu-Cu (green
powder) in an over 90% yield.


1-Cu : m.p. �300 �C; UV/Vis (CH2Cl2), �max (�)� 423 (289700), 546 (9300),
582 nm (9300��1 cm�1); elemental analysis calcd (%) for C74H51N4P3F6Cu:
C 70.17, H 4.06, N 4.42; found: C 70.32, H 4.22, N 4.31.


2-Cu-Cu : m.p. �300 �C; UV/Vis (CH2Cl2), �max (�)� 421 (110100), 448
(285600), 544 (11600), 584 (14900), 635 (27600), 647 nm (27300��1 cm�1);
elemental analysis calcd (%) for C118H78N8P4F12Cu2: C 67.91, H 3.77, N, 5.37;


found: C 68.05, H 3.92, N 5.29; EPR spectra of powder (300 K): g� �
2.18222, A� � 199	 10�4 cm�1, g�� 2.01917, A�� 111	 10�4 cm�1 (super-
hyperfine coupling 16	 10�4 cm�1).
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Transition-Metal Complexes as Enzyme-Like Reagents for Protein Cleavage:
Complex cis-[Pt(en)(H2O)2]2� as a New Methionine-Specific Protease


Nebojsœa M. Milovic¬, Laura-M. Dutcaœ , and Nenad M. Kostic¬*[a]


Abstract: Complex cis-[Pt(en)(H2O)2]2�


promotes selective hydrolytic cleavage
of two proteins, horse cytochrome c and
bovine �-casein. The cleavage is com-
pleted in 24 h under relatively mild
conditions, at about pH 2.5, and a tem-
perature as low as 40 �C. The results of
HPLC and TSDS PAGE separations,
MALDI mass spectrometry, and Edman
sequencing showed that cleavage occur-
red exclusively at the peptide bond
involving the C-terminus of each me-
thionine residue, both such residues in
cytochrome c and all six such residues in
�-casein. While having the same selec-
tivity as cyanogen bromide (CNBr), the
most common chemical protease, cis-
[Pt(en)(H2O)2]2� has several advantages.
It is nonvolatile, easy to handle, and
recyclable. Its cleavage is residue-selec-
tive, the rest of the polypeptide back-


bone remains intact, and the other side
chains remain unmodified. It is applied
in approximately equimolar amounts
with respect to methionine residues,
creates free amino and carboxylic
groups, and cleaves even the Met�Pro
bond, which is resistant to CNBr and
most proteolytic enzymes. Finally the
complex also works in the presence of
the denaturing reagent sodium dodecyl
sulfate. Experiments with the synthetic
peptides, AcAla-Lys-Tyr-Gly-Gly-Met-
Ala-Ala-Arg-Ala (termed Met-peptide)
and AcVal-Lys-Gly-Gly-His-Ala-Lys-
Tyr-Gly-Gly-Met-Ala-Ala-Arg-Ala
(termed HisMet-peptide) as substrates,


revealed structural and mechanistic fea-
tures of the proteolytic reactions. We
explain why two similar complexes with
similar metal ions, cis-[Pt(en)(H2O)2]2�


and cis-[Pd(en)(H2O)2]2�, differ in selec-
tivity as proteolytic reagents. The selec-
tivity of cleavage is governed by the
selectivity of the cis-[Pt(en)(H2O)2]2�


binding to the methionine side chain.
The proteolytic activity is governed by
the modes of coordination, which con-
trol the approach of the anchored PtII


ion to the scissile peptide bond. The
cleavage occurs with a small, but signifi-
cant, catalytic turnover of more than
18 after 7 days. The ability of cis-
[Pt(en)(H2O)2]2� to cleave proteins at
relatively few sites, with explicable se-
lectivity and catalytic turnover, bodes
well for its use in biochemical practice.


Keywords: artificial peptidase ¥
bioinorganic chemistry ¥ platinum ¥
protein cleavage ¥ methionine


Introduction


The hydrolytic cleavage of proteins plays functional and
regulatory roles in physiological processes, such as control of
the cell cycle, transcription, signal transduction, antigen
processing, and apoptosis.[1] The fragmentation of proteins is
an important procedure to determine their primary sequence,
and is used in several new applications.[2] In proteomics, the
expressed proteins are identified from their digests.[3] In
protein footprinting and studies of folding, the pattern of
proteolytic cleavage provides structural information.[4, 5] In
the conversion of engineered proteins to their native form,


fusion tags are removed by site-specific cleavage.[6] In protein
semisynthesis, the fragments of natural proteins are ligated
into new bioengineered proteins.[7]


Selective proteolysis can be achieved with enzymes and
synthetic reagents. Many proteolytic enzymes are known, but
only few of them are commonly used. The available proteases
usually effect selective and catalytic cleavage under mild
conditions, but they are sometimes inapplicable because they
cleave at too many sites, and produce fragments that are too
short. Moreover, enzymes are proteinaceous contaminants of
the protein digests which they create. The existing chemical
proteolytic reagents are inferior to enzymes, because they
usually require harsh conditions and high molar excess, and
yet often give incomplete selectivity and relatively low
yields.[8] Cyanogen bromide, a methionine-selective cleaver,
is common in biochemical practice despite its shortcomings. It
is volatile and toxic, and is usually applied in a 100-fold excess
over the methionine residues in the substrate. Cyanogen
bromide requires 70% formic acid as the solvent and causes
various side reactions. The protein fragments created by
CNBr are no longer native, because the methionine residues
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in them are irreversibly converted to serine lactones. New
chemical reagents for protein cleavage, with improved
efficiency and selectivity, are desirable for emerging bio-
chemical applications.


Since the peptide bond is extremely unreactive towards
hydrolysis, even nonselective cleavage is hard to achieve.
Under standard conditions (room temperature, pH 4 ± 8), the
half-life for hydrolysis of a simple peptide is 500 ±
1000 years.[9±11] For controlled and selective cleavage, a
formidable task, a chemical reagent must bind to a specific
residue and promote cleavage of a peptide bond near the
binding site. Relatively mild conditions, equimolar amount or
small molar excess over the substrate, and easy removal of the
reagent after cleavage are desirable features. Hydrolytic
cleavage, which renders the protein fragments native, is
preferred over oxidative cleavage, which results in irreversible
chemical modifications of the fragments.


Some transition-metal complexes are emerging as new
chemical proteases.[12±25] The mechanisms of their effect on
small substrates have been investigated, but there are only few
reports of regioselective cleavage of proteins.[15, 26, 27] Our
recent studies demonstrated the unprecedented selectivity of
PdII complexes in cleaving peptides and proteins.[28, 29] The
cleavage in weakly acidic aqueous solutions consistently
occurred at the second amide bond upstream from histidine
and methionine residues, that is, the X�Y bond in the
sequence segments X�Y�His�Z and X�Y�Met�Z, in which
X, Y, and Z are any noncoordinating residues. We explained
this unprecedented selectivity by identifying the hydrolyti-
cally active mode, in which the PdII ion binds to the side chains
of methionine and histidine residues, and to the polypeptide
backbone. We also demonstrated that as the pH of the
solution is raised from mildly-acidic to neutral, this selective
cleavage becomes specific to only X-Pro-His-Z and X-Pro-
Met-Z sequences, in which the Y residue is proline.[30]


In this study, we propose cis-[Pt(en)(H2O)2]2� to be a new
proteolytic reagent. We show that this complex hydrolytically
cleaves proteins in weakly acidic solutions exclusively at the
peptide bond that involves the C-terminus of each methionine
residue, that is, the Met�Z bond. This simple and readily
available PtII reagent meets the aforementioned requirements
of chemical protease. The cleavage is residue-selective with no
known side reactions. Because methionine has an average
abundance in proteins of only 2.2%, the fragments are
relatively long and suitable for biochemical applications.[31]


An equimolar amount of the reagent with respect to the
methionine residues is sufficient for complete cleavage. Each
Met�Z bond is cleaved, even the Met�Pro bond, which is
inert to cyanogen bromide. The protein fragments remain
intact, because the PtII reagent can be removed from them by
chelation or precipitation.[32±34] The reagent is nonvolatile,
easy to handle, and, in principle, recyclable.


The success in cleaving proteins with cis-[Pt(en)(H2O)2]2� is
important for biochemical applications and for our under-
standing of structural and mechanistic requirements for
hydrolytic activity of transition-metal complexes. We explain
a surprising difference in selectivity between very similar PdII


and PtII complexes as cleavage reagents. We investigate the
coordination of methionine-containing oligopeptides to cis-


[Pt(en)(H2O)2]2�, and the dependence of the cleavage rate on
the pH of the solution. The selectivity of cleavage is a
consequence of the selectivity of coordination; because only
methionine residues bind to the PtII reagent under the
reaction conditions, and only the Met�Z bonds are cleaved.
The cleavage mechanism is a consequence of the coordination
mode of the methionine-anchored PtII ion can approach the
scissile peptide bond and activate it toward hydrolysis. Our
results demonstrate that cis-[Pt(en)(H2O)2]2� is a new reagent
for selective proteolysis, superior to cyanogen bromide.


Results and Discussion


Choice of conditions : Coordinating anions, such as acetate
and chloride, are excluded from the reaction mixtures as they
bind to the PtII ion in the reagent, and thus inhibit its binding
to the substrate.[35] To ensure unfolding and solubility of the
proteins and their fragments, in some cases the protein digests
were made in 1.0% (w/v) in SDS, a common denaturant. All
experiments were done in mildly acidic solutions, in which the
cleavage of proteins was consistently effective. For protein
substrates, the PtII-promoted cleavage was sufficiently fast at
pH 2.5 and 40 or 60 �C, while the background cleavage was
nearly undetectable. For peptide substrates, the background
cleavage was undetectable after 48 h at 1.0� pH� 5.0 and
60 �C.


Cleavage of cytochrome c and �-casein : Figure 1 shows the
absence of cleavage in the absence of cis-[Pt(en)(H2O)2]2�,
and the presence of cleavage in the presence of this PtII


Figure 1. Tricine-SDS PAGE electrophoretogram of equine cytochrome c
at pH 2.5 and 40 �C, kept for the number of hours shown, in the solution
that contained 1.0% (w/v) SDS: a) without cis-[Pt(en)(H2O)2]2�, and
b) with 5 equivalents of cis-[Pt(en)(H2O)2]2�. The results of MALDI-MS
and Edman sequencing in Table 1 showed that band A contains the
fragment 1 ¥ ¥ ¥ 65, and band B contains fragments 81 ¥ ¥ ¥ 104, and 66 ¥ ¥ ¥ 80.


reagent. The electrophoretic band corresponding to the intact
cytochrome c gradually diminishes and vanishes after 24 h at
40 �C, while one narrow band (designated A) and one broad
band (designated B), corresponding to lower molecular
masses, emerge. Clearly, the cleavage of cytochrome c pro-
moted by cis-[Pt(en)(H2O)2]2� is selective, and is completed
within 24 h. The products of cleavage (protein fragments) are
identified in Table 1. The fragment 1 ¥ ¥ ¥ 65 was undetectable
by the Edman method, because the terminal amino group was
acetylated; however, it was firmly identified in two ways by
the molecular mass of the fragments and as a complement to
the other two fragments. The small fragments 66 ¥ ¥ ¥ 80 and
81 ¥ ¥ ¥ 104 were not resolved by electrophoresis, but were
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successfully separated by size-exclusion chromatography (see
Figure S1 in the Supporting Information).


The results from Table 1 confirm the cleavage pattern in
Figure 2. The three fragments are products of the cleavage at
two peptide bonds, namely Met65-Glu66 and Met80-Ile81.


Figure 2. Amino acid sequence of horse cytochrome c showing the sites of
the cleavage by cis-[Pt(en)(H2O)2]2� at the C-terminal side of methionine
residues, that is, at the first amide bond ™downstream∫ from each
methionine residue.


This PtII-promoted cleavage clearly is selective, and it is
directed by each of the two methionine residues. This
selectivity, observed in our earlier studies with methionine-
containing di- and tripeptides, remained unperturbed by other
amino acid residues.[35] These results demonstrate for the first
time that complex cis-[Pt(en)(H2O)2]2� works as a proteolytic
reagent.


With its longer chain and six methionine residues, bovine
�-casein tests more stringently the selectivity of cis-[Pt(en)-
(H2O)2]2� as a chemical protease. Treatment of this protein
with ten equivalents of cis-[Pt(en)(H2O)2]2� at pH 2.5 and
60 �C in the absence of SDS was followed by size-exclusion
chromatography. The chromatograms of the fresh �-casein
solution and control solution (Figure 3a and b) show the intact
protein eluting at 14.6 min, and only minor peaks in the
control solution–evidence for almost negligible background
cleavage. Figure 3c shows that after 24 h, the reaction mixture
lacks the intact protein and contains seven protein fragments,
produced by the PtII reagent and eluting between 15.7 and
30.9 min. The results in Table 2 confirm the cleavage pattern
in Figure 4. All six Met�Z peptide bonds are present, and no
other peptide bonds are cleaved. Moreover, in the absence of
SDS, the cleavage of �-casein is completed in 24 h, whereas in
the presence of 1.0% (w/v) SDS the cleavage is completed in
10 h (see Figure S2 in the Supporting Information).


In general, unfolding of protein substrates by detergents,
such as SDS, promotes faster and complete cleavage. Proteo-
lytic enzymes, however, are mostly or completely inactivated


Figure 3. Size-exclusion chromatograms of �-casein: a) fresh solution;
b) after 24 h at pH 2.5 and 60 �C; and c) after 24 h at pH 2.5 and 60 �C in the
presence of 10 equivalents of cis-[Pt(en)(H2O)2]2�. The identity of the
fractions are shown in Table 2.


Figure 4. Amino acid sequence of bovine �-casein showing the sites of the
cleavage by cis-[Pt(en)(H2O)2]2�, at the C-terminal side of methionine
residues, that is, at the first amide bond ™downstream∫ from each
methionine residue.


even by 0.1% SDS, because they themselves get denatured.[1]


Unlike proteolytic enzymes, cis-[Pt(en)(H2O)2]2� remains
active in the presence of 1.0% (w/v) SDS. The ability of cis-
[Pt(en)(H2O)2]2� to work as a protease under denaturing
condition sets it apart from proteolytic enzymes.


Advantages of cis-[Pt(en)(H2O)2]2� over cyanogen bromide
as a chemical protease : The selectivity of cis-[Pt(en)(H2O)2]2�
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Table 1. Cleavage of horse cytochrome c by 5 equivalents of cis-[Pt(en)-
(H2O)2]2� at pH 2.5. The fragments are separated by gel electrophoresis
and size-exclusion HPLC, and identified by MALDI mass spectrometry
and Edman N-terminal sequencing.


Electro- N-terminal Elution Molecular mass [D] Fragment
phoretic sequence time observed calculated
band [min]


A not
determinable


18.5 7815.3 7802.6 1 ¥ ¥ ¥ 65


B EYLEN 28.2 1812.1 1811.1 66 ¥ ¥ ¥ 80
B IFAGI 23.8 2782.3 2780.3 81 ¥ ¥ ¥ 104


Table 2. Cleavage of bovine �-casein by 10 equivalents of cis-
[Pt(en)(H2O)2]2� at pH 2.5. The fragments are separated by size-exclusion
HPLC, and identified by MALDI mass spectrometry and Edman N-termi-
nal sequencing.


Elution Molecular mass [D] N-terminal
time [min] observed calculated sequence Fragment


15.7 10951.86 10950.75 RELEE 1 ¥ ¥ ¥ 93
18.0 4069.70 4068.34 PFPKY 110 ¥ ¥ ¥ 144
22.9 3238.81 3238.83 FPPQS 157 ¥ ¥ ¥ 185
25.5 2665.2 2665.82 PIQAF 186 ¥ ¥ ¥ 209
27.8 1382.62 1382.89 HQPHQ 145 ¥ ¥ ¥ 156
29.8 949.16 949.61 GVSKV 94 ¥ ¥ ¥ 102
30.9 841.02 841.13 APKHK 103 ¥ ¥ ¥ 109
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is the same as that claimed for the most commonly used
chemical protease, cyanogen bromide. Table 3 shows several
advantages of cis-[Pt(en)(H2O)2]2�, notably its ability to
cleave all Met�Z bonds selectively and to leave the methio-
nine residue intact. This noninvasiveness, in principle, allows
the protein fragment to form a new peptide bond in a desired
semisynthetic protein.[7]


Remarkably, cis-[Pt(en)(H2O)2]2� even promotes the cleav-
age of the Met109�Pro110 and Met185�Pro186 peptide bonds
in �-casein. The Met�Pro peptide bond is unreactive to CNBr
or any other cleavage reagent. Internal X�Pro peptide bonds
are resistant even towards enzymatic proteolysis, because of
their unique conformational requirements caused by the
cyclic structure of the proline residue.[36, 37]


Selectivity of cleavage promoted by cis-[Pt(en)(H2O)2]2� : We
explored the mechanism of proteolytic action of the PtII


reagent with two synthetic peptides, namely AcAla-Lys-Tyr-
Gly-Gly-Met-Ala-Ala-Arg-Ala (termed Met-peptide) and
AcVal-Lys-Gly-Gly-His-Ala-Lys-Tyr-Gly-Gly-Met-Ala-Ala-
Arg-Ala (termed HisMet-peptide). These realistic substrates
are more convenient than natural proteins for NMR spectro-
scopic characterization of PtII-substrate binding, HPLC sep-
arations, mass-spectrometry identification of the cleavage
fragments, and kinetic elucidation of the reaction mechanism.


The equimolar mixture of Met-peptide and cis-
[Pt(en)(H2O)2]2� after 1 h at pH 2.5 and room temperature
lacked the free peptide and the free cis-[Pt(en)(H2O)2]2�


reagent, which would have eluted at 20.7 min and 3.8 min
respectively. However, the mixture contained a new compo-
nent, eluting at 17.4 min. The MALDI mass spectrum of this
new HPLC fraction showed a single peak, corresponding to
the peptide with a Pt(en) group (observed mass 1318.56 D,
calculated 1318.62 D). Evidently, the Pt(en) group is bound to
the methionine side-chain.


The reaction mixture was kept for 12 h at 60 �C and
analyzed by HPLC. The initial Pt(en) ± peptide complex
formed, eluting at 17.4 min, was absent, whereas two new
components, eluting at 9.8 and 16.2 min, were present. No
other species were found in the reaction mixture, not even
after 24 h. The results in Table 4 prove specific cleavage of the
Met�Z bond, as shown below.


Chromatograms of the mixtures containing cis-
[Pt(en)(H2O)2]2� and HisMet-peptide in the ratios 1:1 and
2:1, kept for 12 h at 60 �C, were identical, showing only two
peaks, which eluted at 9.8 and 17.7 min. The specific cleavage
of the Met�Z bond is shown below. The results in Table 5
prove this specific cleavage.


The HisMet-peptide contains two potential anchors for the
PtII reagent–His5 and Met11. At pH 2.5, however, only
Met11 can coordinate to the PtII atom, because protonation of
the imidazole group inhibits coordination of His5. This
coordination would require prior deprotonation of the
imidazolium group, which occurs only at pH� 3.5.[38, 39] Since
only methionine anchors the PtII ion, only methionine can
direct the cleavage. This claim is backed by an additional
control experiment; when the thioether group of Met11 in
HisMet-peptide was oxidized to sulfone, a noncoordinating
group, the resulting HisMetOX-peptide was not cleaved by the
cis-[Pt(en)(H2O)2]2� (data not shown). Evidently, selective
cleavage is a result of selective binding of PtII ion to the
cleavage-directing side chain of methionine.


Studies of peptide coordination to PtII ion and to other
transition-metal ions, showed that the coordination mode is
unaffected by the noncoordinating side chains surrounding
the methionine anchor.[39±50] These neighbors may provide
additional interactions, and thus may affect the overall
stability of the complex, but not its structure. Therefore, the
selectivity of the backbone cleavage should be independent of
the side chains surrounding the methionine anchors. On this
basis, and from our consistent results with two proteins and
two synthetic peptides, we can conclude that all peptide or
protein sequences containing an ™isolated∫ methionine resi-
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Table 3. Comparison between cyanogen bromide and cis-[Pt(en)(H2O)2]2�


as reagents for cleavage of proteins after methionine residues.


Characteristics CNBr cis-[Pt(en)(H2O)2]2�


selectivity of cleavage Met-X Met-X
typical reaction time ca. 24 h ca. 24 h
typical reaction conditions 70% CF3COOH or


100% CH3COOH,
room temperature pH� 2.5, 40 �C


reagent to Met mole ratio up to 100:1 ca. 1:1
fate of Met converted to Ser lactone intact
Met�Pro bond cleaved? no yes
side reactions oxidation of


Trp, Tyr, and Cys
unknown


Table 4. Results of HPLC separation, and MALDI mass spectroscopic
identification of fragments of AcAla-Lys-Tyr-Gly-Gly-Met-Ala-Ala-Arg-
Ala (Met-peptide) resulting from the cleavage by cis-[Pt(en)(H2O)2]2�.


Elution Molecular mass [D] Fragment
time [min] observed calculated


9.8 387.95 388.22 7 ¥ ¥ ¥ 10
16.2 667.30 667.27 1 ¥ ¥ ¥ 6


Table 5. Results of HPLC separation and MALDI mass spectroscopic
identification of fragments of AcVal-Lys-Gly-Gly-His-Ala-Lys-Tyr-Gly-
Gly-Met-Ala-Ala-Arg-Ala (HisMet-peptide) resulting from the cleavage
by cis-[Pt(en)(H2O)2]2�.


Elution Molecular mass [D] Fragment
time [min] observed calculated


9.8 387.95 388.22 12 ¥ ¥ ¥ 15
17.7 1147.30 1146.33 1 ¥ ¥ ¥ 11
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due are expected to be cleaved by cis-[Pt(en)(H2O)2]2� at the
Met�Z bond, that is, at the carboxylic side of the anchoring
methionine residue. Free cysteine residues can also bind the
PtII ion, but they usually exist in proteins as disulfides, which
are poor ligands for this ion. Although thiol and thioether
ligands have similar nucleophilicities towards the PtII ion,[51]


cis-[Pt(NH3)2Cl2] and cis-[Pt(en)Cl2] prefer to bind to the
methionine side-chains at about pH 7.[52, 53] The proteins used
in this study do not contain free cysteine residues, and more
studies are necessary to determine how these residues will
interact with cis-[Pt(en)(H2O)2]2� under the reaction condi-
tions. If free sulfhydryl groups molecules interfere with the
cleavage, they can be blocked prior to cleavage.[8]


Hydrolytic activity of cis-[Pt(en)(H2O)2]2� : Two conditions
must be fulfilled for the Met-Z peptide group to be activated
for cleavage by the PtII complex. First, the anchored PtII


complex must approach this group. Second, after anchoring,
the PtII ion must contain at least one aqua ligand. This loosely-
bound ligand can either be displaced by the carbonyl oxygen
atom (in external attack) or delivered to the carbonyl carbon
atom (in internal delivery).[28, 44, 54] If either condition is
absent, cleavage does not occur.[29] We recently gave multiple,
albeit indirect, evidence for the external attack by solvent
water on the carbonyl carbon atom, whose electrophilicity is
enhanced by binding of the metal ion, a Lewis acid, to the
carbonyl oxygen atom.[30] Regardless of the mechanism of the
actual hydrolytic step, the selectivity of cleavage depends on
the stereochemistry of coordination. In this study, we focus on
structural requirements for the cleavage. The results are valid
whether the cleavage step involves external attack or internal
delivery.


We followed the kinetics of Met-peptide cleavage by cis-
[Pt(en)(H2O)2]2� in the pH interval from 1.2 to 3.1. The
appearance in time of both fragments always obeyed the first-
order rate law, as exemplified in Figure S3 in the Supporting
Information. Because the binding of the PtII ion to the sulfur
atom of methionine occurs within minutes, and because the
subsequent reactions are intramolecular and take hours,
fitting of the kinetic results to the first-order rate law is
justified. Figure 5 shows that the rate constant for cleavage
increases with increasing acidity. To explain how the methio-


Figure 5. Effects of pH on the first-order rate constant (circles), and half-
life (squares) for the cleavage ofAcAla-Lys-Tyr-Gly-Gly-Met-Ala-Ala-
Arg-Ala (Met-peptide) by cis-[Pt(en)(H2O)2]2�.


nine-anchored PtII reagent promotes the hydrolysis of the
Met�Z peptide bond, we relate these kinetic data to the NMR
spectroscopic determination of the coordination modes.


1H NMR TOCSY spectra were recorded at room temper-
ature and pH 2.5, before and 1 h after the adddition of one
equivalent of cis-[Pt(en)(H2O)2]2� to the Met-peptide. Signals
of the methionine residue shifted the most. The disappearance
of the SCH3 singlet at 2.12 ppm and appearance of a broad
signal at 2.45 ppm (see Figure S4 in the Supporting Informa-
tion) confirm binding of the PtII complex to the methionine
side-chain. The methionine NH signal at 8.22 ppm, and also its
cross-peaks to �-CH, �-CH, and �-CH resonances marked in
Figure 6a, almost completely disappeared upon addition of


Figure 6. The NH-to-aliphatic region of the two-dimensional TOCSY
1H NMR spectrum of the aqueous solution of AcAla-Lys-Tyr-Gly-Gly-
Met-Ala-Ala-Arg-Ala (Met-peptide) at room temperature: a) before
addition of cis-[Pt(en)(H2O)2]2� at pH 2.5; b) after addition of an equi-
molar amount of cis-[Pt(en)(H2O)2]2� and 1 h at pH 2.5; and c) after
addition of an equimolar amount of cis-[Pt(en)(H2O)2]2� and 1 h at pH 1.0.


cis-[Pt(en)(H2O)2]2�, as shown in Figure 6b, because the
amide nitrogen atom became mostly deprotonated. This is
evidence for its almost complete coordination to the PtII ion.
Clearly, two species are present. In the major one, the
nitrogen atom of Met6 is deprotonated and coordinated to Pt��


ion, whereas in the minor one this atom remains protonated
and is not coordinated. The �-CH to amide NH cross-peaks
between Gly4 and Gly5 (marked in Figure 6) remained,
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indicating that the amide group connecting these two residues
remained protonated and not bound to the PtII ion.


These two species are designated 1 and 2 in Scheme 1. Such
complexes of PtII ion with short peptides are known.[39, 50, 55] In
complex 1, the minor species at pH 2.5, the anchoring


Scheme 1. Binding of cis-[Pt(en)(H2O)2]2� to the methionine side chain
(the anchor) in 1, followed by the deprotonation of the amide group of this
methionine residue, and coordination of the resulting amidate anion in 2.
The scissile peptide bond is highlighted. Only the Y-Met-Z segment of the
sequence is shown. Complexes 1 and 2 exist regardless of the identity of the
Y and Z residues. The pKa for the interconversion lies between pH 1.5 and
2.5.


methionine side-chain displaced an aqua ligand from cis-
[Pt(en)(H2O)2]2�. In complex 2, the predominant species at
pH 2.5, the peptide is additionally coordinated to the PtII ion
by the first peptide nitrogen atom upstream from the anchor.
The coordinated sulfur atom is a chiral center in both
complexes 1 and 2. The existence of two diastereomers
caused the splitting of the �-CH to amide NH resonance of
the nearby Gly5.[56]


The complexes 1 and 2 exchange at pH 2.5; this is evident
from broadened �-CH resonances and the partial loss of
amide-to-CH cross-peaks for Met6 in the TOCSY spectrum.
The extent of this deprotonation increases with increasing pH.
Further coordination of the upstream peptide nitrogen of
Gly5 is inhibited by both the acidic solvent and the tightly
bound ethylenediamine ligand.


At pH 2.5, complex 2 is a major species, but increasing the
acidity would suppress its formation from complex 1 because
the H� ion would compete with the PtII ion for the amidate
nitrogen of Met6. Indeed, the TOCSY spectrum at pH 1 (see
Figure 6c) showed the Met6 NH signal at 8.22 ppm with its
cross-peaks to aliphatic CH resonances; this is clear evidence
that complex 1 is the predominant species. A minor shift of all
NH resonances at this pH is caused by the change in the acidity.


The accurate determination of the pKa for the conversion of
1 to 2 was obscured by the PtII-promoted cleavage, the


conversion reaction of interest in this study. Since the PtII ion
is relatively inert, the reaction requires a long equilibration
time (tens of minutes). During this time, the PtII-promoted
cleavage proceeds even at room temperature, prevent-
ing precise measurements. On the basis of relative intensities
of the relevant peaks at pH 1.0 and 2.5, we can only estimate
that the process in Scheme 1 has a pKa value of about
1.8� 0.4.


Coordination of the amidate nitrogen atom of Met6 in
complex 2 keeps the PtII ion away from the Met6�Ala7
peptide bond. Results of both NMR spectroscopy and
MALDI mass spectrometry results showed that the ethyl-
enediamine ligand remained bound to the PtII ion. Therefore,
the PtII ion in complex 2 lacks an aqua ligand necessary for
hydrolytic activity. Complex 2 is hydrolytically inactive,
because it violates both conditions needed for activity stated
above. The anchored PtII ion in complex 1, however, can
interact with the Met6�Ala7 peptide bond and promote its
cleavage. Complex 1 is a hydrolytically-active species, because
the anchored PtII complex can approach the scissile amide
bond and the PtII ion contains an aqua ligand. Because the
acidic solution shifts the equilibrium in Scheme 1 towards
complex 1, the rate constant for the cleavage increases as pH
decreases, as Figure 5 shows. We refrain from fitting the
results in Figure 5 because we have an inexact value of pKa ;
however our estimated value of 1.8� 0.4 agrees with the
trends in Figure 5. The acid in solution is not a cleavage agent
by itself, but is required to prevent the formation of the
hydrolytically inactive complex 2.


Both aqua ligands in cis-[Pt(en)(H2O)2]2� are required for
its hydrolytic activity. One aqua ligand becomes displaced by
the substrate in the formation of the hydrolytically active
complex 1. The remaining aqua ligand is required, because in
complex 1 it can be either displaced by the carbonyl oxygen
atom (in the external-attack mechanism), or delivered to the
carbonyl carbon atom of the scissile peptide bond (in the
internal-delivery mechanism). Indeed, cleavage was absent
even after 24 h at 60 �C, and pH 2.0 in the equimolar mixture
of HisMet-peptide and [Pt(dien)(H2O)]2� complex, which
contains a tridentate ligand. This solution contains a single
species, eluting at 17.3 min, and exhibits a single peak for the
substrate ± reagent complex in the MALDI mass spectrum.
Clearly, this monoaqua complex binds the substrate. After
having lost the only aqua ligand in this binding, the complex
lacks another aqua ligand and therefore, cannot promote
peptide cleavage.


Complexes cis-[Pt(en)(H2O)2]2� and cis-[Pd(en)(H2O)2]2� as
artificial peptidases : Since the PtII and PdII ions are alike in
electron configuration and other properties, their complexes
tend to react similarly. Indeed, both complexes promote
selective cleavage of peptides and proteins. Their selectivities,
however, are surprizingly different, as Scheme 2 shows. While
cis-[Pt(en)(H2O)2]2� cuts the first peptide bond downstream
from methionine anchor (the Met�Z bond), the analogous
PdII complex, cis-[Pd(en)(H2O)2]2�, cuts the second peptide
bond upstream from methionine and histidine anchors (the
X�Y bond) in the X-Y-Met-Z and X-Y-His-Z sequences.[28]


At acidic pH, the soft Lewis acid PtII binds only the soft Lewis
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base, the methionine side chain,[38, 39] whereas the ™border-
line∫ acid PdII ion binds both the soft side chain of methionine
and the harder one of histidine.[28] Once anchored, the two
metal ions form different hydrolytically active complexes in
the mildly acidic solutions. Because PtII is much more inert
than PdII to ligand substitution,[57] the bidentate ethylenedi-
amine ligand largely persists on the PtII ion under the reaction
conditions and in the time required,[39, 56, 58] but is relatively
quickly displaced from the PdII ion, with the help of H� ions in
solution.[29] The PtII binds the substrate as a unidentate ligand.
The PdII ion, free of ethylenediamine, binds to the amidate
nitrogen atom upstream from the anchor (pKa� 2.0[39±45]), and
forms a bidentate complex similar to 2, but with available
aqua ligands.[28] Both of these complexes are hydrolytically
active. Consequently, the anchored PtII ion remains proximal


to the peptide bond down-
stream from the anchor and
can activate it towards cleav-
age. The anchored PdII ion,
however, is kept away from this
bond, but close to the second
peptide bond upstream from
the anchor, which becomes ac-
tivated.


Catalytic turnover : Useful dis-
tinction between mere promot-
er (of stoichiometric reactions)
and catalyst (of catalytic reac-
tions) is becoming blurred in


the literature, as some synthetic reagents are dubbed catalysts
or even artificial enzymes although they act without a
catalytic turnover. We explored the catalytic activity of the
PtII reagent in excess of the substrate, and also in the excess of
the substrate and an HgII ion, a labile and soft metal ion that
binds methionine side-chain, but does not promote peptide
cleavage.


As Table 6 shows, one equivalent of the PtII reagent cleaves
multiple equivalents of the substrate; this is evidence that the
reaction is catalytic. The catalytic cycle is shown in Scheme 3.
The catalyst enters the cycle as the substrate displaces one
aqua ligand. The hydrolytically active species 1 (in equili-
brium with the inactive species 2 and 3)[56] undergoes hydro-
lytic cleavage of the highlighted Met�Z bond. One fragment
departs, and the methionine-containing fragment remains
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Scheme 2. Different proteolytic selectivity of PtII and PdII complexes. These two metal ions form different
hydrolytically active complexes with the substrate, and promote hydrolytic cleavage of different peptide bonds.
For explanation, see text.


Scheme 3. The catalytic turnover in methionine-directed cleavage of proteins and peptides by cis-[Pt(en)(H2O)2]2�. Only the -Met-Z- sequence is shown
because the highlighted Met�Z bond becomes cleaved.
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bound to the catalyst. This second fragment is displaced by
fresh substrate, in a reaction apparently assisted by the affinity
of the soft HgII ion (when it is present) for the thioether
group.[33, 59, 60]


The catalytic turnover of 18.9 after 7 days is small but
significant. The formation of complex 2 (favored by increasing
pH) and complex 3 (favored by the excess of the substrate)
impedes catalysis.[56] The competition between added HgII ion
and inert PtII ion for both the substrate and the product helps
the displacement of PtII reagent from the product, thus
increasing the turnover. Improvement of turnover remains a
goal for our future studies.


Conclusion


The simple complex cis-[Pt(en)(H2O)2]2� acts with useful
regioselectivity in promoting hydrolytic cleavage of proteins.
In weakly acidic solution, this reagent cleaves the Met�Z
bonds and no others. Even the Met�Pro bond, which is usually
resistant to proteolytic enzymes, is cleaved by this new
reagent. It has several advantages over cyanogen bromide: it
is non-volatile and easy to handle, it is recyclable, it is capable
of residue-selective cleavage with no side reactions, it leaves
the protein fragments capable of forming new peptide bonds,
and it can be applied in approximately equimolar amounts
with respect to the methionine residues.


The cleavage selectivity is determined by the selectivity of
the PtII reagent, a soft acid, for methionine side chain, a soft
base, under the reaction conditions. The proteolytic activity is
governed by the modes of coordination, which control the
approach of the Pt(H2O)2� group to the first peptide bond
downstream and its activation toward hydrolysis. The ability
of cis-[Pt(en)(H2O)2]2� to cleave proteins at relatively few
sites, with explicable selectivity and with good yields, bodes
well for its use in biochemical practice.


Experimental Section


Chemicals : The complex cis-[Pt(en)Cl2] (en is ethylenediamine), sodium
dodecylsulfate (SDS), equine cytochrome c, and bovine �-casein were
obtained from Sigma Chemical Co. Trifluoroacetic acid (TFA) and �-
cyano-4-hydroxycinnamic acid were obtained from Aldrich Chemical Co.
Methyl phenyl sulphone was obtained from Lancaster Synthesis Inc.
Acetonitrile of HPLC grade was obtained from Fisher Scientific Co. The
complexes cis-[Pt(en)(H2O)2]2� and [Pt(dien)(H2O)]2� (in which dien is


diethylenetriamine) were prepared as perchlorate salts, and quantified
according to published procedures.[61, 62]


The peptides AcAla-Lys-Tyr-Gly-Gly-Met-Ala-Ala-Arg-Ala (termed Met-
peptide) and AcVal-Lys-Gly-Gly-His-Ala-Lys-Tyr-Gly-Gly-Met-Ala-Ala-
Arg-Ala (termed HisMet-peptide) were synthesized by a standard manual
Fmoc solid-phase procedure, and purified by reverse-phase HPLC on a C18
preparative column, as described previously.[28] The purity, examined by
analytical HPLC, was higher than 99.5%. The found and calculated
molecular masses for Met-peptide and HisMet-peptide were, 1036.57,
1036.51 D; and 1515.08, 1514.78 D, respectively.
The methionine thioether group in the HisMet peptide was oxidized to
sulphone by H2O2 and formic acid, and the resulting HisMetOX peptide
was purified by chromatography.[8] The found and the calculated molec-
ular masses were 1545.76 and 1546.77 D, respectively. Evidently, exactly
two oxygen atoms were incorporated in HisMet peptide, without side-
reactions.


Electrophoresis : A Protean II electrophoretic cell was combined with a
3000 Xi power supply, both produced by Bio-Rad, for standard tricine/
sodium dodecyl-sulfate polyacrylamide gel electrophoresis (TSDS-PAGE)
at 150 V for 1.5 h.[63] The running buffer contained Tris base (12.10 g),
tricine (17.90 g), and SDS (1.00 g), in water (up to 1.00 L). The sample
buffer contained glycerol (1.0 mL), 10% SDS (w/v) (2.0 mL) in water, Tris-
HCl (1.25 mL, 1.00��, bromophenol blue (1.0 mg), and water (up to
10.0 mL). The 16.5% of the running gels contained gel buffer (a 3.00� in
Tris-HCl and 0.30% in SDS, pH 8.45), a solution (2.0 mL) containing
acrylamide (48.0% w/v) and bis-acrylamide (3.0% w/v), water (2.0 mL),
(48.0 g), TEMED (5.0 �L), and 10% (w/v) ammonium persulfate
(100.0 �L). The stacking gel was made by polymerization of a mixture
that contained 100.0 �L of the aforementioned solution of acrylamide and
bis-acrylamide, gel buffer (310.0 �L), water (840.0 �L), TEMED (3.0 �L),
and 10% ammonium persulfate (3.0 �L). All the aforementioned solutions
were aqueous. The gels were stained for 1 h by an aqueous solution
containing 40% (v/v) methanol, 10% (v/v) acetic acid, and 1.0% (w/w)
Coomassie Blue R-250 dye, and destained with a similar solution without
the dye.
A sample of the cytochrome c digest (10.0 �L) was mixed with the sample
buffer (40.0 �L); 20.0 �L of the mixture was heated for 5 min at 95 �C,
allowed to cool, and loaded into the well in the stacking gel. The gels were
blotted onto a PVDF membrane by a semi-dry procedure, by using Trans-
Blot SD system and Power Pac 300 power supply (both by Bio-Rad). The
potential was 50.0 V, and the blotting was completed in 4 h. After the
membrane was stained, destained, and rinsed with distilled water, the
bands were cut and subjected to N-terminal sequencing by Edman
degradation, with a 494 Procise Protein Sequencer/140C analyzer from
Applied Biosystems, operated by the staff of the Protein Facility.


NMR spectroscopy : The 1H NMR spectra were recorded in a mixture that
contained 95% (v/v) H2O and 5% (v/v) D2O at 25.0 �C with a Bruker
DRX500 spectrometer, and referenced to the methyl signal of DSS in
aqueous solutions. The Met-peptide was examined by 1H TOCSY (total
correlation spectroscopy) with mixing time of 70 ms. The ambiguous
assignment of the residues Gly4 and Gly5 was resolved by ROESY
(rotating-frame Overhauser enhancement spectroscopy) with a mixing
time of 500 ms. Each two-dimensional data set consisted of 256�
2048 complex points. The spin-lock field strength during mixing was
6.4 kHz in TOCSY experiments and 2.5 kHz in the ROESY experiment.
The water signal was suppressed by the WATERGATE method.[64] The pH
was measured with a Fisher Accumet instrument and an Aldrich Ag/AgCl
reference electrode. The measurements at pH 2.5 and 1.0 were informative,
but an accurate study of the effect of pH on the PtII ± peptide coordination
modes was precluded by the PtII-promoted peptide cleavage, the main
subject of this study.


HPLC separations : The components of the peptide digests were separated
using a Hewlett ± Packard 1100 HPLC system containing an autosampler
and a multiwavelength detector set to 215, 280, and 410 nm. Absorption at
215 nm is common for all peptides and proteins; absorption at 280 nm is
due to aromatic residues and a bound PtII ion; and absorption at 410 nm is
diagnostic of heme. In the reverse-phase separations, analytical Supelco
Discovery C18 column (sized 250� 4.6 mm, beads of 5 �m), analytical
Vydac C5 column 214TP54 (sized 150� 4.6 mm, beads of 5 �m), and a
preparative Vydac C18 column 218TP101522 (sized 250� 22 mm, beads of
10 �m) were used. The eluting solvent A was 0.10% (v/v) TFA in H2O, and
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Table 6. Number of equivalents of AcAla-Lys-Tyr-Gly-Gly-Met-Ala-Ala-
Arg-Ala (Met-peptide) cleaved by one equivalent of cis-[Pt(en)(H2O)2]2�


at pH 2.0 and 60 �C, when the mole excess of the peptide (substrate) over
the PtII reagent was 10-fold, 100-fold, and also 100-fold in the substrate and
90-fold in Hg(ClO4)2.


Time [days] Number of equivalents cleaved
10 equiv 100 equiv 100 equiv � 90 equiv HgII


0.5 2.1 2.7 3.4
1.0 2.6 3.9 5.8
3.0 3.4 8.4 12.1
7.0 6.9 14.9 18.9
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solvent B was 0.08% (v/v) TFA in acetonitrile. In a typical run, the
percentage of solvent B in the eluent was kept at 0% for 5 min after the
injection of the sample, and then raised gradually to 45% over a 35 min
period. In the ™fast∫ analytical run optimized for the kinetic measurements,
the fraction of solvent B was initially 10%, and was raised to 22% over a
13 min period. The flow rate was 1.0 mLmin�1 in analytical runs and
10.0 mLmin�1 in preparative runs. In the size-exclusion separations, the
Superdex peptide HR 10/30 column, with an optimal separation range from
1000 to 7000 D, was used. The solvent was 0.10% (v/v) TFA in H2O, and the
flow rate was 0.50 mLmin�1.


Mass spectrometry : The MALDI-TOF experiments were done with a
Bruker Proflex¾ instrument. The samples containing intact peptide, the
reaction mixture of the peptide and the complex cis-[Pt(en)(H2O)2]2�, and
separate fractions isolated by HPLC, were prepared by a standard dried-
droplet procedure: 1.0 �L of the sample was mixed with 9.0 �L of a
saturated solution of the matrix (�-cyano-4-hydroxycinnamic acid) in a 2:1
(v/v) mixture of water and acetonitrile. Each spectrum consisted of
100 scans. For the sake of clarity, molecular masses are reported only for
fragments free of the Pt(en) groups, although the Pt(en)-carrying species
were also observed in the MALDI spectra. Solutions of angiotensin II,
oxidized chain B of insulin, and cytochrome c were used as external
standards. The measured molecular mass of a given fragment was
compared to the value calculated by PAWS software, obtained from
ProteoMetrics, LLC.


Study of hydrolysis : Aqueous solutions were held in 2.0 mL glass vials.
Stock solutions were 5.0m� in each substrate (cytochrome c, �-casein,
Met-peptide, or HisMet-peptide). In a typical experiment, involving
equimolar amounts of the PtII reagent and the methionine residue in the
substrate, the substrate solution (200.0 �L) was mixed with stock solution
of cis-[Pt(en)(H2O)2]2� (10.0 �L, 100m��, a solution of methyl phenyl
sulfone (10 �L, 20m�� as the internal standard, and water (up to 1.000 mL).
The pH was adjusted by HClO4 or NaOH. After the reactions were
completed, the pH remained within �0.1 of the initial value. The mixture
was kept at 40� 1 or 60� 1 �C for 1 day, and 20.0 �L samples were taken
periodically. In the control experiments for possible background cleavage,
the conditions were the same except that cis-[Pt(en)(H2O)2]2� was absent.
The cleavage was followed by TSDS-PAGE (to resolve large fragments),
and by size-exclusion chromatography (to resolve small fragments) for the
protein substrates; and, by reverse-phase HPLC for the peptide substrates.
The separated fragments were lyophilized to dryness, re-dissolved, and
analyzed by MALDI-TOF mass spectrometry and Edman N-terminal
sequencing.


Because cleavage is very slow at room temperature, the species distribution
in the chromatographic runs corresponds to that in the digest. In kinetic
measurements with Met-peptide, the areas under the chromatographic
peaks were normalized to that of methyl phenyl sulphone; this was to
compensate for possible errors in the injection volume and for evaporation.
The error of this integration was estimated at 5%. The plots of the peak
areas versus time for the cleavage products were fitted to the first-order
rate law with SigmaPlot v. 5.0, obtained from SPSS Inc. The fitting to the
first-order rate law is correct because the binding of the PtII reagent to the
substrate is much faster than the subsequent intramolecular cleavage of the
substrate. Each rate constant is the average of two consistent values,
obtained by monitoring both fragments of cleavage. The stated errors in the
rate constants correspond to two standard deviations, that is, a confidence
limit greater than 95.0%.


Study of the catalytic turnover : Three reaction mixtures differed from those
used for the kinetic experiments only in the amount of cis-[Pt(en)(H2O)2]2�.
The first mixture contained 10.0 �L of a 10.0m� solution of the PtII reagent,
the second contained 1.0 �L of this solution, and the third contained 1.0 �L
of this solution, and also 1.80 �L of a 500m� Hg(ClO4)2 solution. Each
mixture was kept at 60� 1 �C and pH 2.0� 0.1 for 14 days, and samples
(40.0 �L) were periodically analyzed by HPLC. In the control experiments
for possible background cleavage by acid or by HgII ions, the conditions
were the same except that cis-[Pt(en)(H2O)2]2� was absent.


Catalytic turnover was calculated as the number of equivalents of the
product (fragment Ala-Ala-Arg-Ala) per one equivalent of the reagent. To
obtain this value, the normalized area under the chromatographic peak of
the product was compared to that of this product in the similar mixture
after the reaction is completed. The error was estimated at 5%.
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Discrimination of Peptides by Using a Molecularly Imprinted
Piezoelectric Biosensor


Chung-Yin Lin,[a] Dar-Fu Tai,*[a] and Tzong-Zeng Wu[b]


Abstract: Based on the direct formation of a molecularly imprinted polymer on gold
electrodes, we have developed a peptide sensor for the detection of low-molecular-
weight peptides. A new cross-linking monomer, (N-Acr-�-Cys-NHBn)2, was em-
ployed to attach the surface of the chip and to copolymerize with other monomers.
Interestingly, N-benzylacrylamide participates in the polymerization and recognition
is carried out in an aqueous environment. By using quartz crystal microbalance
detection, short peptides can be monitored by their interaction with plastic antibodies
specific for the target peptides. The selectivity of molecularly imprinted polymers and
the sensitivity of such artificial biosensors have been combined to differentiate
between traces of oxytocin and vasopressin to the ngmL�1 scale.


Keywords: imprinting ¥ molecular
recognition ¥ peptides ¥ polymer-
ization ¥ sensors


Introduction


Molecular imprinting (MIP)[1±4] is a process for synthesizing
organic polymers that contain recognition sites for small
molecules. The imprinting process consists of a template
molecule that organizes functional and cross-linking polymer-
izable monomers during the polymerization process. The
template is extracted from the insoluble network material
leaving behind domains that are complementary in size,
shape, and functional group orientation to the template
molecule. The preparation of molecularly imprinted polymers
as the stationary phase for selective separation of amino acids
and small peptides is known.[5] Some of these systems have
utilized protected peptides in organic solvents.[6±8] These
formulations employ free-radical polymerization and rely on
the use of hydrogen-bonding interactions between the tem-
plate and functional monomers as the selectivity-providing
interaction.[9]


Direct detection of a peptide ±macromolecule interaction
is rare and is currently under investigation. The preparation of
artificial binding sites for such peptides may provide insight
into recognition processes. Examples include sensing of


enkephalins,[10] tripeptides,[8] helical peptides,[11] and oxytocin
and its derivatives[12, 13] by imprinted macromolecular recep-
tor. Recent progress was the recognition of His peptides[14] by
using peptide ±metal interactions. These artificial receptors
may also facilitate the screening of peptide mixtures and
proteins, or assist in the evaluation of peptidomimetics that
can be used to either enhance or inhibit receptor responses.


Our strategy for creating peptide receptors using molecular
imprinting takes advantage of quartz crystal microbalance
(QCM).[15±17] The QCM is a kind of bulk-acoustic wave
(BAW) resonator, as derived by Saurbrey.[18] In 1980, Konash
and Bastiaans[19] developed a QCM apparatus fixed between
two spacers that allowed the liquid to flow through from side
to the other in contact with air. This permits the oscillation to
occur in the liquid and also the measurement of the liquid with
the QCM. Due to the high sensitivity, simple operation, easy
interpretation, and ™real-time∫ measurement, QCM allows
the label-free detection of molecules with applications to the
study of kinetics,[20, 21] peptide binding to immobilized oligo-
nucleotides,[11, 22] protein binding to immobilized receptors,[23]


medical diagnosis,[24, 25] the detection of pathogenic micro-
organisms,[26] and other molecular discrimination events. An
MIP-QCM sensor has been reported for the detection of (S)-
propanolol[27] and terpenes[28] in organic solvent.


We now report protocols for molecular imprinting that
create macromolecular receptors for small peptides. Oxytocin
is a nonapeptide that is synthesized in hypothalamic neurons
and transported down axons of the posterior pituitary for
secretion into blood. We chose oxytocin and another non-
apeptide vasopressin as the template target for capturing
molecular imprint sites. The availability of the water soluble
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form of both peptides was an
advantage that could be used
to establish the specificity of
the interaction.


Results and discussions


To investigate the interaction
of molecular imprinting to dis-
criminate the target peptides
vasopressin and oxytocin, we
chose three other peptides for
comparison (Figure 1).


A new cross-linking mono-
mer in neutral form, containing a chiral center as well as
disulfide bond was designed and prepared. As shown in
Scheme 1, synthesis of (N-Acr-�-Cys-NHBn)2 is straightfor-
ward with a total yield of 50% from N,N�-diBoc-�-cystine
((Boc-�-Cys)2).


Figure 2 illustrates our strategy for preparing highly cross-
linked polyacrylamides containing binding sites that incorpo-
rate a (N-Acr-�-Cys-NHBn)2-Au complex. The QCM em-
ployed in this work consisted of a disk of crystalline quartz
with gold electrodes on the upper and lower surfaces. The use
of water in the polymer synthesis and recognition steps has
evident over organic systems. Although protic solvents such as
alcohols and water are compatible with free-radical polymer-
ization, they have been largely excluded from use in imprint-


ing due to their abilities to compete with hydrogen-bonding
interactions. However, as lack of solubility of peptides in
organic media and more subtle effects such as peptide
conformation, a water/acetonitrile mixture was made the
solvent of choice.


The polymerizable (N-Acr-�-Cys-NHBn)2-Au complex was
prepared by combining aqueous solutions of (N-Acr-�-Cys-
NHBn)2 on 4.5 mm diameter gold electrodes.[30, 31] The
disulfide functional group was used as a ™glue∫ to attach (N-
Acr-�-Cys-NHBn)2 to the electrode; this functioned as an
asymmetric molecule to provide chirality[32] to the QCM
surface, and a cross-linker to copolymerize with other
monomers. The benzylamide of (N-Acr-�-Cys-NHBn)2 also
prevented displacement of the polymer by self-assembly ofN-
benzylacrylamide (BAA) or a template to form a hydro-
phobic layer. All the monomers and cross-linkers were thus
attached to the surface to formulate MIPs in a more organized
manner after copolymerization.


To avoid imbedding too great
amounts of the template, co-
polymerization of the (N-Acr-
�-Cys-NHBn)2-Au complex
was carried out without adding
other cross-linking monomer.
The polymerization complex
was then formed by irradiation
with BAA, acrylic acid, acryl-
amide (at a ratio of 2:1:1), and
the template in a water/aceto-
nitrile mixture (water/
acetonitrile� 1:1). The poly-
mer, which was formed as a
thin film, was washed with
phosphate buffer (20m�,
pH 3 ± 4) to remove 70 to 80%


of template, followed by washing with acetonitrile and drying.
The frequency shifted to �750� 44 Hz after coating with (N-
Acr-�-Cys-NHBn)2 and shifted further to �3400� 800 Hz
after copolymerization. It shifted back to 300� 50 Hz after
the removal of the template. The thickness of the polymer
films were measured as 92� 15 nm.


The peptide recognition sites were formed by incorporating
two types of interactions, which are established during the
polymerization. One consists of ionic binding between acrylic


Figure 1. Amino acid sequence of the tested peptides. The 15-mer peptide
contains the 90 ± 95 sequence of Japanese encephalitis virus non-structureal
protein 1.[29]


Scheme 1.


Figure 2. Schematic representation of the peptide imprinting process.
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acid and the N terminus of the peptide. This binding is
compromised by water or other protic solvents. The second
bonding frame is composed of multiple weaker interactions
between the network polymer chains and the imprinting
peptide molecule. We find that the hydrophobic interactions
between the peptide and N-benzylacrylamide are very
important. Without N-benzylacrylamide, the polymer matri-
ces that are developed during the polymerization are not
sufficient to provide sequence selectivity between the im-
printed peptide and other amino acid sequences. Compared to
only one equivalent of N-benzylacrylamide, the frequency
shifts were larger as the monomer ratio increases to 2:1:1
(Figure 3).


Figure 3. The frequency changes of oxytocin and vasopressin obtained by
using oxytocin-imprinted QCM.


Binding studies were performed to evaluate uptake of the
template and non-template peptides. Aqueous solutions
(PBS, pH 7) were allowed to flow through the system. After
equilibration, aqueous solutions of the tested peptide were
injected and the change of frequency was measured by QCM.
Binding isotherms were obtained for the template peptide
(oxytocin) (Figure 3) as well as vasopressin (Figure 4).


Figure 4. The frequency changes of oxytocin and vasopressin obtained by
using vasopressin-imprinted QCM.


As shown in Figures 3 and 4, the adsorption of non-
template peptides was not observed until the concentration of
other peptides reached 1 ngmL�1. The frequency shifts of
three other peptides, angiotensin II, bradykinin, and 15-mer
peptide were compared in the same concentration. No trace
was detected at 1 ngmL�1. However, nonspecific adsorption
of these peptides began to be visible when the concentration
reached the level of 1 ngmL�1. To clearly demonstrate the
binding abilities of MIPs,Bmax is set as the maximun frequency


shift observed and B is the frequency shift obtained at the
indicated concentration of peptide.[33] The data obtained are
plotted in Figures 5 and 6. Thus, Kd values were calculated


Figure 5. The binding effects of oxytocin-imprinted QCM.


Figure 6. The binding effects of vasopressin-imprinted QCM.


from the slope of curves. The best MIP Kd value for oxytocin
was about 1.1� 10�8� (Figure 5). The best MIP Kd value for
vasopressin was about 2.0� 10�8� (Figure 6). In general, MIP
demonstrated a marked 10 ± 100 times enhancement in Kd


value toward the template peptides relative to their non-
specific adsorptions to non-template peptide.


In conclusion, we present data that show it is possible to
directly and sensitively discriminate peptides by using a
combination of molecular imprinting and QCM. Interestingly,
N-benzylacrylamide participates both polymerization and
recognition is carried out in an aqueous environment. Thus,
we have developed protocols for creating macromolecular
receptors for peptides using molecular imprinting. This
system may be helpful in understanding the modes of peptide
recognition processes.[32] They may also find use as artificial
sensors for screening of peptides and peptidomimetics.


Experimental protocol


(Boc-�-Cys)2, acrylic acid, acrylamide, oxytocin, angiotensin II, bradykinin
and vasopressin, were obtained from Sigma-Aldrich (St. Louis, MO). N-
Benzylacrylamide was purchased from Lancaster (Lancashire, UK). The
15-mer peptide derived from nonstructural protein 1 of Japanese encepha-
litis virus[29] was synthesized by a peptide synthesizer. The buffer used for
all experiments was PBS (20m� NaH2PO4, pH 7.0). The QCM was
obtained from Tai-Tien Electronic Co. (Taipei, Taiwan) with a reproduci-
bility of �1 Hz. The QCM consisted of an 8 mm diameter disk made from
an AT-cut 9 MHz quartz crystal with a gold electrodes on both sides
(diameter: 4.5 mm, area: 15.9 mm2) of the crystal.


Preparation of imprinted polymer-coated QCM : The QCM disks were
immersed in a 10�� solution of (N-Acr-�-Cys-NHBn)2 in HPLC-grade
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acetonitrile for 16 h; they were then rinsed exhaustively with acetonitrile
and dried under vacuum. A solution of acrylic acid (55 �mol), acrylamide
(55 �mol),N-benzylacrylamide (110 �mol), and template (3 �mol, oxytocin
or vasopressin) were mixed in mixture of acetonitrile/water (1:1; 0.3 mL).
After depositing a 4 �L aliquot on top of the (N-Acr-�-Cys-NHBn)-gold
electrode, the chip was placed horizontally into a 20 mL vial containing
acetonitrile (3 mL). The vial was screwed tightly and irradiated with UV
light at 350 nm for 6 h. The polymer, which was formed as a thin film on the
gold surface, was washed with phosphate buffer (20m�, pH 3 ± 4) to
remove the template. This was followed by washing with methanol and
drying. The thickness of the films were measured using a surface profiler
from Veeco Inc. (Dekatak3 ST).


Biosensor system : The flow injection system was compose of an HPLC
pump (Model L7110, Hitachi, flow rate� 0.1 mLmin�1), home-built flow
cell, a sample injection valve (Model 1106, OMNIFIT), a home-built
oscillation circuit (including oscillator and frequency counter), and a
personal computer. The polymer-coated QCM was fixed between two
O-rings and inserted into the flow-cell. Only one side of the QCM was in
contact with the liquid. PBS was used for circulating, washing and testing.
The specificity of the MIP-grafted QCM was evaluated by injecting 100 �L
of oxytocin or vasopressin solutions at different concentrations.
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Remarkable Reactions of Cyclooctatetraene Diiron-Bridging Carbyne
Complexes with Amino and Amido Compounds: Nucleophilic Addition to
and Breaking of the Cyclooctatetraene Ring


Shu Zhang,[a] Qiang Xu,*[b] Jie Sun,[a] and Jiabi Chen*[a]


Abstract: The reactions of the cationic,
diiron-bridging carbyne complexes
[Fe2(�-CAr)(CO)4(�8-C8H8)]BF4 (1,
Ar�C6H5; 2, Ar� p-CH3C6H4; 3, Ar�
p-CF3C6H4) with LiN(C6H5)2 in THF at
low temperature gave novel N-nucleo-
philic-addition products, namely, the
neutral, diiron-bridging carbyne com-
plexes [Fe2(�-CAr)(CO)4(�7-C8H8N-
(C6H5)2)] (4, Ar�C6H5; 5, Ar� p-
CH3C6H4; 6, Ar� p-CF3C6H4)). Cationic
bridging carbyne complexes 1 ± 3 react
with (C2H5)2NH, (iC3H7)2NH, and
(C6H11)2NH under the same conditions
with ring cleavage of the COT ligand to
produce the novel diiron-bridging car-
bene inner salts [Fe2{�-C(Ar)C8H8-


NR2}(CO)4] (7, Ar�C6H5, R�C2H5; 8,
Ar� p-CH3C6H4, R�C2H5; 9, Ar� p-


CF3C6H4, R�C2H5; 10, Ar�C6H5, R�
iC3H7; 11, Ar� p-CH3C6H4, R� iC3H7;
12, Ar� p-CF3C6H4, R� iC3H7; 13,
Ar�C6H5, R�C6H11; 14, Ar� p-
CH3C6H4, R�C6H11, 15, Ar� p-
CF3C6H4, R�C6H11). Piperidine reacts
similarly with cationic carbyne complex
3 to afford the corresponding bridging
carbene inner salt [Fe2{�-C(Ar)C8H8-
N(CH2)5}(CO)4] (16). Compound 9 was
transformed into a new diiron-bridging
carbene inner salt 17, the trans isomer of
9, by heating in benzene. Unexpectedly,
the reaction of C6H5NH2 with 2 gave a


novel COT iron ± carbene complex
[Fe2{�C(C6H4CH3-p)NHC6H5}(�-CO)-
(CO)3(�8-C8H8)] (18). However, the
analogous reactions of 2-naphthylamine
with 2 and of p-CF3C6H4NH2 with 3
produce novel chelated iron ± carbene
complexes [Fe2{�C(C6H4CH3-
p)NC10H7}(CO)4(�2 :�3 :�2-C8H9)] (19)
and [Fe2{�C(C6H4CF3-p)NC6H4CF3-
p}(CO)4(�2 :�3 :�2-C8H9)] (20), respec-
tively. Compound 18 can also be trans-
formed into the analogous chelated
iron ± carbene complex
[Fe2{�C(C6H4CH3-p)NC6H5}(CO)4(�2:
�3 :�2-C8H9)] (21). The structures of
complexes 6, 9, 15, 17, 18, and 21 have
been established by X-ray diffraction
studies.


Keywords: alkene ligands ¥ carbyne
ligands ¥ iron ¥ nucleophilic addition
¥ ring-opening


Introduction


The addition of organic nucleophiles to unsaturated hydro-
carbon ligands promoted by transition metals is one of the
most investigated and important reactions in organometallic
chemistry.[1] It has found broad application in organic syn-
thesis[2] and is also a crucial step in industrial processes such as
the Wacker process.[3] In this field cyclic polyolefin ligands are


of great importance because attack on them has led to the
synthesis of many otherwise inaccessible substituted polyole-
fin complexes.[4] 1,3,5,7-Cyclooctatetraene (COT), a medium-
ring polyene and the next higher vinylogue of benzene, forms
an exceptional variety of complexes with transition metals
and plays a notable role in many aspects of organic and
organometallic chemistry.[5]


On the other hand, dimetal bridging carbene complexes
have been the subject of intensive research[6] due to their
unique structure and chemical properties, as well as their
potential use as models for intermediates in Fischer ±Tropsch
reactions.[6a, 7] As an extension of our studies on olefin-
coordinated metal carbene and carbyne complexes,[8] we
investigated the COT- and alkoxycarbene-bridged diiron
complexes [Fe2{�-C(OC2H5)Ar}(CO)4(�8-C8H8)], which were
prepared by the reaction of [Fe2(CO)5(�8-C8H8)] with aryl-
lithium reagents, followed by alkylation with Et3OBF4.[9] The
bridging COT ligand in these bridging alkoxycarbene com-
plexes participates in a novel two-electron, three-center Fe-C-
Fe interaction, similar to that in the starting material
[Fe2(CO)5(�8-C8H8)].[9, 10]
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It is well known that nucleophiles such as amines attack a
carbon atom of coordinated alkenes in transition-metal
complexes if the metal is sufficiently electropositive to
promote such an attack.[11] While the COT ligand in [Fe2{�-
C(OC2H5)Ar}(CO)4(�8-C8H8)] is not sufficiently electropos-
itive to undergo attack by nucleophiles, we thought that
protonation[12] of the iron centers would make such an attack
possible. Thus, we studied the reaction of diiron-bridging
alkoxycarbene complexes with acids such as HBF4, but
instead of the proton-addition product they gave highly
electrophilic, cationic, bridging carbyne complexes [Fe2(�-
CAr)(�8-C8H8)(CO)4]BF4, the COT ligand of which are
activated towards attack by nucleophiles. Recently,[13] we
showed that reaction of cationic, diiron-bridging carbyne
complexes [Fe2(�-CAr)(�8-C8H8)(CO)4]BF4 (1, Ar�C6H5; 2,
Ar� p-CH3C6H4; 3, Ar� p-CF3C6H4) with nucleophiles such
as NaN(SiMe3)2, LiN(SiMe3)2, and LiNEt2 leads to nucleo-
philic addition to and breaking of the coordinated cyclo-
octatetraene ring. To the best of our knowledge, this is the first
example of such an activation of an olefin by a cationic,
diiron-bridging carbyne moiety. The study on these complexes
has revealed a variety of new and interesting transformations.
Here we report the remarkable reactions of cationic, diiron-
bridging carbyne complexes 1 ± 3 with a variety of amino and
amido compounds. These reactions lead to a range of
products, including those of nucleophilic addition and ring
opening.


Results and Discussion


The freshly prepared cationic, diiron ± carbyne complexes 1 ±
3 were treated in situ with LiN(C6H5)2 in THF at �100 to
�50 �C for 4 ± 5 h. After workup (see Experimental Section)
the novel nucleophilic cycloaddition products, namely, the
diiron-bridging carbyne complexes [Fe2(�-CAr)(CO)4(�7-
C8H8N(C6H5)2)] (6, Ar�C6H5; 7, Ar� p-CH3C6H4; 8, Ar�
p-CF3C6H4), were obtained in 37 ± 45% yield (isolated
product) [Eq. (1)].


Different reaction rates were observed for the three
cationic complexes, which were in the order of 3� 1� 2. This
might be caused by the strongly electron-withdrawing p-
CF3C6H4 group on the bridging carbyne carbon atom in 3,


which increases the electrophilicity of the �-carbyne carbon
atom, and by the electron-donating p-CH3C6H4 group in 2,
which decreases the electrophilicity of the �-carbyne carbon
atom.


Complexes 4 ± 6 are similar to the products obtained from
the reactions of cationic carbyne complexes 1 ± 3 with
NaN(SiMe3)2.[13] They are air- and temperature-sensitive,
purple-red crystals. Their infrared spectra exhibit three strong
bands at about 2053 ± 2048, 2019 ± 2016, and 1987 ± 1978 cm�1


with patterns similar to that of [Fe2(CO)5(�8-COT)], except
for the absent bridging CO band; this indicates the symmetry
of these complexes. This was confirmed by an X-ray
diffraction study on 6 (Figure 1). The X-ray structure shows


Figure 1. Molecular structure of 6.


that products 4 ± 6 are neutral, diiron-bridging carbyne com-
plexes in which an (C6H5)2N group has added to a central
carbon atom of the COT ring on the face anti to the diiron
moiety, that is, the same stereoselectivity of many nucleophilic
attacks on hydrocarbon ligands in transition-metal complex-
es.[1e, 14] This site of nucleophilic attack contrasts with the
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reactions[15, 16] of the diiron-bridging carbyne complexes
[Fe2(�-CO)(�-CAr)(CO)2(�5-C5H5)]BBr4 and [Fe2(�-CO)(�-
CAr)(CO)2{(�5-C5H4)2Si(CH3)2}]BBr4 with nucleophiles,
which result in nucleophilic addition to the �-carbyne carbon
atom to give diiron-bridging carbene complexes.


In 6 the two Fe atoms are symmetrically bridged by the C8


ring; three of the eight ring atoms [C(13)±C(15)] are �3-bonded
to Fe(1), and three others [C(17)±C(19)] are �3-bonded to Fe(2).
The Fe�Fe distance of 2.684(2) ä in 6 is essentially the same as
that in the bridging carbene complex [Fe2{�-C(OC2H5)C6H4CF3-
p}(CO)4(�8-C8H8)] (2.686(1) ä).[9] In 6, the distances from the Fe
atoms to the �3- and �-C atoms of the C8 ring are very close to
those in [Fe2{�-C(OC2H5)C6H4CF3-p}(CO)4(�8-C8H8)]. The
change from the bridging carbene carbon atom in [Fe2{�-
C(OC2H5)C6H4CF3-p}(CO)4(�8-C8H8)] to the bridging carbyne
carbon atom in 6 is responsible for the short �-C�Fe bond
lengths in 6 (av 2.037 ä in [Fe2{�-C(OC2H5)C6H4CF3-
p}(CO)4(�8-C8H8)],[9] 1.809 ä in 6).


Surprisingly, when more than two equivalents of
(C2H5)2NH was used instead of LiN(C6H5)2 for the reaction
with the cationic carbyne complexes 1 ± 3 under the same
conditions, violet-red crystals
of [Fe2{�-C(Ar)C8H8N(C2H5)2}-
(CO)4] (7, Ar�C6H5; 8, Ar� p-
CH3C6H4; 9, Ar� p-CF3C6H4),
formulated as diiron-bridging
carbene inner salts, were ob-
tained in 53 ± 69% yields of
isolated products [Eq. (2)].
Complexes 7 ± 9 can also be
obtained from the reactions of
cationic complexes 1 ± 3 with
one equivalent of LiNEt2. Oth-
er dialkylamines such as diiso-
propylamine and dicyclohexyl-
amine, which are more sterically
hindered and are usally regard-
ed as very weak nucleophiles,
also react similarly with cationic
carbyne complexes 1 ± 3
[Eq. (2)] to afford the corre-
sponding bridging carbene in-
ner salts [Fe2{�-C(Ar)C8H8-
N(iC3H7)2}(CO)4] (10 ± 12) in
lower yields (28 ± 31%) and
[Fe2{�-C(Ar)C8H8N(C6H11)2}-
(CO)4] (13 ± 15) in moderate
yields (50 ± 56%).


Piperidine reacted with the
cationic diiron ± carbyne com-
plex 3 under the same condi-
tions to give the analogous
bridging carbene inner salt
[Fe2{�-C(C6H4CF3-p)C8H8N-
(CH2)5}(CO)4] (16) in 38%
yield of isolated product.


The 1H NMR spectra of 7 ± 16
with eight 1H signals for the
COT ring (at �� 6.69 ± 6.51,


6.42 ± 6.25, 5.25 ± 5.06, 4.60 ± 4.35, 3.94, 3.38 ± 3.21, 2.76 ± 2.59,
2.10 ± 1.74 ppm) suggest that ring cleavage of the C8H8NEt2,
C8H8N(iC3H7)2, C8H8N(C6H11)2, and C8H8N(CH2)5 ligands
has occurred. X-ray diffraction studies on 9 and 15 were
therefore undertaken, which unequivocally established the
opening of the COT ring.


The X-ray crystal structures of 9 (Figure 2) and 15 (Fig-
ure 3) are highly unusual. The Fe(CO)2-�-C(Ar)-Fe(CO)2


Figure 2. Molecular structure of 9.
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core is retained, but the COTring has opened to form a chain,
C(12) ±C(19), carrying an (C2H5)2N or (C6H11)2N group on
C(12) with C(19) directly bonded to bridging carbene carbon
atom C(1). Atoms C(15) ±C(17) form an allyl-type unit �3-
bonded to Fe(1), while C(13), C(14) and C(18), C(19) are �2-
bonded to Fe(2). The terminal carbon atom C(12) of the C8


chain is linked to the (C2H5)2N (in 9) or (C6H11)2N (in 15) unit
to form a C�N double bond with a positive charge on the N
atom, whereas the Fe(1) atom bears a negative charge,
thereby satisfying the 18-electron rule. The Fe�Fe distances in
9 and 15 of 2.649(3) and 2.6329(10) ä, respectively, are
somewhat shorter than that in 6 (2.684(2) ä). The average �-
C(1)�Fe bond lengths in 9 and 15 are 2.025 and 2.030 ä,
respectively, which are very close to that in [Fe2{�-
C(OC2H5)C6H4CF3-p}(CO)4(�8-C8H8)] (2.037 ä ).[9]


Figure 3. Molecular structure of 15.


Although a mechanism for the COT ring opening in
[Eq. (2)] has not yet been established, it seems possible that
R2NH first attacks the COT ring of the cationic carbyne
complexes, as in the reactions of LiN(C6H5)2 with complexes
1 ± 3, in which the (C6H5)2N� ion added to the COT ligand of
complexes 1 ± 3. Subsequently, deprotonation by the excess of
amine gives an intermediate similar to 4 ± 6. Then C�N bond
formation and cleavage of a C�C bond bearing the N
substituent (C(12)�C(19)) could occur at the same time.
The resulting electron-rich carbon atom C(19) could then
attack the electrophilic bridging carbyne carbon atom, which
would lead to coupling of the resulting chain with the carbyne
ligand to produce 7 ± 16. To the best of our knowledge, there is
no precedent for such an activation that leads to ring opening
of the COT ligand in a metal complex at very low temper-


ature. There is only one example of a COT ring-opening
reaction, which is observed for the Si-substituted C8 ring in the
diruthenium complex [Ru2(CO)4(SiMe3)(�7-C8H8SiMe3)] in
boiling octane.[17]


It is well known that thermal decomposition of bridging
carbene complexes usually results in dimerization of the
carbene ligand to produce alkene derivatives.[18] In addition,
the thermolysis of some bridging carbene complexes leads to
novel rearrangements.[19] To explore the reactivity of the
bridging carbene inner salts, we investigated the thermolysis
of 9. Heating a benzene solution of 9 in a sealed tube at 90 ±
95 �C for 72 h gave the new diiron-bridging carbene inner salt
[Fe2{�-C(C6H4CF3-p)C8H8NEt2}(CO)4] (17), the thermody-
namically more stable trans double-bond isomer of 9, in 60%
yield [Eq. (3)].


The structure of 17 (Figure 4) was established by single-
crystal X-ray structure analysis. The C(12)-C(13)�C(14)-
C(15) torsion angle in 17 is 160�, while in 9 it is �11�, which


Figure 4. Molecular structure of 17.


indicates that the C(13)�C(14) double bond has isomerized
from a cis configuration in 9 to a trans configuration in 17, as
inferred from its 1H NMR spectrum (Experimental Section).
The signal of the proton on the C�N group (H(12)) in 17 is
shifted downfield by about ��� 0.8 ppm relative to the
corresponding signal in 9, and the coupling constant of the







Iron ±Carbyne Complexes 5111±5122


Chem. Eur. J. 2003, 9, 5111 ± 5122 www.chemeurj.org ¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5115


former (10.1 Hz) is smaller than that of the latter (11.1 Hz). In
addition, the signals of the two C2H5 groups on the N atom in
17 are very close, while in 9 the signals of the two methyl and
two methylene groups are easily distinguishable because their
chemical shifts differ by about ��� 0.3 and 0.5 ppm, respec-
tively. Apart from this, the basic framework and the structural
parameters of 17 are nearly the same as those of 9, including
the Fe�Fe distance, C�C bond length, and most bond angles.


Of special interest is the reaction of cationic, diiron-
bridging carbyne complexes with the less basic aniline. Unlike
the reactions of LiNPh2 and Et2NH, the reaction of aniline
with cationic carbyne complex 2 under analogous conditions
gave neither nucleophilic addition products nor COT-opened,
diiron-bridging carbene inner salts; instead, the unexpected
COT iron ± carbene complex [Fe2{�C(C6H4CH3-
p)NHC6H5}(�-CO)(CO)3(�8-C8H8)] (18) was obtained in
61% yield [Eq. (4)].


However, the analogous reactions of cationic 2 with
2-naphthylamine and cationic 3 with p-CF3C6H4NH2 did not
produce analogous iron ± carbene complexes; instead, novel
chelated iron ± carbene complexes [Fe2{�C(C6H4CH3-p)-
NC10H7}(CO)4(�2:�3:�2-C8H9)] (19) and [Fe2{�C(C6H4CF3-
p)NC6H4CF3-p}(CO)4(�2:�3:�2-C8H9)] (20) were obtained in
80 and 83% yield, respectively [Eq. (5)].


The IR spectrum of 18 showed a CO absorption band at
1697 cm�1 in the �(CO) region, characteristic for a bridging
CO ligand, in addition to the two strong CO absorption bands
at 1987 and 1930 cm�1, while
the IR spectra of 19 and 20
showed four terminal CO bands
at 2001 ± 1919 cm�1. The
1H NMR spectrum of 18
showed a singlet for the COT
ligand, like the starting materi-
als [Fe2{�-C(OC2H5)Ar}-
(CO)4(�8-C8H8)], which are
fluxional,[9, 20] and this suggests
that the COTring is retained in
18. The 1H NMR spectra of 19
and 20 showed nine signals
attributable to the C8H9 ring
protons, in addition to the four
proton signals attributed to the
aryl groups; hence, the COT
rings in 19 and 20 are no longer
planar, and the structures of 19
and 20 are quite different from
that of 18.


The product 18 was shown by X-ray crystallography to be
an iron ± carbene complex with a carbene ligand C(C6H4CH3-
p)NHC6H5 bonded to an Fe atom of the (CO)3Fe2(�-CO)
core. The molecular structure of 18 (Figure 5) shows that the
two Fe atoms are bridged by a CO group, as inferred from its
IR spectrum. One of the two Fe atoms bears two terminal CO
groups, and the other one terminal CO group and a
C(C6H4CH3-p)NHC6H5 ligand, in addition to coordination
to the COTring and a bridging CO ligand; thus, each Fe atom
has 18 valence electrons. The Fe�Fe distance of 2.7589(19) ä


Figure 5. Molecular structure of 18.
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is slightly longer than that in the diiron-bridging carbene
complex [Fe2{�-C(OC2H5)C6H4CF3-p}(CO)4(�8-C8H8)]
(2.686(1) ä),[9] but is significantly longer than those in 6, 9,
and 15. The Fe�C(1) bond length of 1.895(8) ä, which is
comparable to the corresponding Fe�Ccarbene bond length in
analogous iron ± carbene complexes [(�4-C10H16)(CO)2Fe-
C(OC2H5)C6H4CH3-o] (1.915(15) ä)[21] and
[(CO)3Fe(1,2,3,4-� :5,6,7,8-�-C8H8)(CO)2FeC(OC2H5)C6H5]
(1.87(2) ä).[22] The C(1)�N bond length of 1.333(10) ä lies
between normal C�N and C�N distances.


A possible reaction pathway to complex 18 could be via an
intermediate [Fe2{�-C(C6H4CH3-p)NHC6H5}(CO)4(�8-
C8H8)], formed by the attack of neutral C6H5NH2 on the
bridging carbyne carbon atom of 2 followed by deprotonation
by the excess of amine. This intermediate is analogous to the
diiron-bridging carbene complexes which were obtained from
the reactions[15, 16] of the diiron-bridging carbyne complexes
[Fe2(�-CO)(�-CAr)(CO)2(�5-C5H5)]BBr4 and [Fe2(�-CO)(�-
CAr)(CO)2{(�5-C5H4)2Si(CH3)2}]BBr4 with nucleophiles.
Then cleavage of the �-C(1)�Fe(2) bond and formation of
the Fe(1)�Ccarbene bond with bridging of a terminal CO ligand
on Fe(1) to the Fe(2) atom could occur to produce complex
18. Formation of 19 and 20 might occur via an iron ± carbene
complex intermediate [Fe2{�C(C6H4CH3-p)NHC10H7}(�-
CO)(CO)3(�8-C8H8)] and [Fe2{�C(C6H4CF3-p)NHC6H4CF3-
p}(�-CO)(CO)3(�8-C8H8)], analogous to complex 18. These
are then transformed into the chelated iron ± carbene com-
plexes 19 and 20 due to their lability in solution due to the
relatively high reaction temperature. This was confirmed by
the transformation of 18 into 21.


A solution of 18 in CH2Cl2 or acetone or THF was kept at
room temperature for 1 ± 2 h, during which time the deep red
solution gradually turned red. After workup, as described in
the Experimental Section, the red, chelated iron ± carbene
complex [Fe2{�C(C6H4CH3-p)NC6H5}(CO)4(�2 :�3 :�2-C8H9)]
(21) was obtained in 84% yield [Eq. (6)], whose structure
was established by X-ray crystallography.


The transformation of 18 into 21 was initially revealed by
1H NMR spectroscopy. Keeping the solution of 18 in
[D6]acetone at room temperature for about 1 ± 2 h led to the
disappearance of the original 1H NMR signals assigned to 18
from the spectrum, and consequently only the signals
attributable to the C8H9 ring and aryl protons of 21 were
observed. Further evidence for this transformation came from
the isolation of crystalline 21 from a solution in CH2Cl2.


Complex 21 is an isomer of complex 18. The difference
between the two structures arises from the migration of the H
atom of the HNC6H5 group in 18 to a carbon atom of the COT
ring and coordination of the N atom to Fe(2). Complexes 19


and 20 are assigned similar structures, since their spectral data
are similar to those of 21 (Experimental Section)


The molecular structure of 21 (Figure 6) shows that the
eight-membered ring of the COT ligand is retained, but the
formerly planar COT ring has adopted a boatlike configu-


Figure 6. Molecular structure of 21.


ration. Atoms C(12), C(19), and C(18) form an allyl-type unit
�3-bonded to Fe(2), while C(13), C(14) and C(16), C(17) are
�2-bonded to Fe(1). The N atom is now coordinated to Fe(2),
to which it provides two electrons to satisfy the 18-electron
rule. The Fe(2)�N(1) bond length is 1.966(11) ä, which is
somewhat shorter than the Fe�N bond lengths in diiron
complexes with a bridging RC�NR(E) unit: [(�-p-MeC6H4-
Te)(�-PhC�NPh)Fe2(CO)6] (1.993(4) ä),[23] [Fe2(CO)4(�2-
RN�CH)(�-PCy2)(�-dppm)] (R� allyl) (2.015(13) ä),[24]


and [(�-PhSe)(�,�-PhC�NPh)Fe2(CO)6](2.000(3) ä),[25] but
it is nearly the same as that in the diiron-bridging carbyne
complex [Fe2(�-CO)(�-CC6H5)(CO)2(�5-C5H5)2NCW(CO)5]
(1.95(1) ä)[15b] and the diiron complex [Fe2-
(CO)6(N�CHCH3)2] (1.942(7) ä),[26] in which closing of the
Fe2N2 core with shorter Fe�N bond lengths results in partial
double-bond character in the Fe�N bonds. The shorter
Fe(2)�N distance suggests that there is some double-bond
character in the Fe(2)�N bond in 21. The Fe�Fe distance of
2.691(3) ä in 21 is somewhat shorter than that in 18. The
Fe(1)�C(1) bond length of 1.972(13) ä is slightly longer than
that in 18, while the C(1)�N distance of 1.266(16) ä is
significantly shorter than that in 18 (1.333(10) ä), which
indicates high double-bond character.


The most interesting structural feature of 21 is the C8H9


ligand. In contrast with the nearly planar eight-membered
ring in 18, in 21 C(13), C(14), C(16), and C(17) are in a plane
(�0.0172 ä), and C(12), C(13), C(17) and C(18) are in
another (�0.0289 ä); C(15) lies out of the C(13)-C(14)-
C(16)-C(17) plane by 0.7875 ä, and C(19) out of the C(12)-
C(13)-C(17)-C(18) plane by 0.2750 ä. Another measure of
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the nonplanarity of the ring is the dihedral angle of 40.22�
between the C(13)-C(14)-C(16)-C(17) and C(12)-C(13)-
C(17)-C(18) planes, and that of 25.28� between the C(12)-
C(13)-C(17)-C(18) and C(12)-C(18)-C(19) planes. The non-
planarity of the COT ring in 21 suggests that the � system is
not delocalized, in contrast to that in 18.


The above three types of reactions suggest that the COT-
coordinated, cationic, bridging carbyne complexes are best
represented by a combination of resonance forms (Scheme 1).


Scheme 1. Two possible resonance forms of cationic bridging carbyne
complexes 1 ± 3.


In form A, the positive charge is located on the bridging
carbyne carbon atom, whereas in form B one carbon atom of
the COT ring bears a positive charge. In the reactions of
cationic bridging carbyne complexes 1 ± 3 with various N
nucleophiles, the regioselectivity of nucleophilic attack de-
pends on the type of N nucleophile: 1) Disubstituted N
nucleophiles selectively attack the COT ring of form B. Thus,
reactions of (SiMe3)2N� and Ph2N� with cationic complexes
1 ± 3 gave the ring-addition products. In the reactions of
dialkyl-substituted N nucleophiles, such as Et2N� and dialkyl-
amines, with cationic 1 ± 3, the COT ring can be further
opened to give the ring-opened products, which could be due
to the lack of delocalization of the lone pair electrons on the N
atom due to the phenyl or trimethylsilyl groups. 2) Primary
arylamines selectively attack the cationic carbyne carbon
atom of form A to give carbene complexes.


In conclusion, we have discovered novel reactions of COT-
coordinated, cationic, diiron-bridging carbyne complexes with
a variety of amino and amido compounds to give a series of
COT ring-addition bridging carbyne complexes, ring-opened
COT bridging carbene complexes, and iron ± carbene com-
plexes, depending on the nature of the N compound. It
appears that the cationic, bridging carbyne, dimetal moiety
promotes nucleophilic attack on the unsaturated ligand and
thus facilitates novel chemistry. The title reaction represents a
new and useful approach to the preparation and structural
modification of dimetal bridging carbene and bridging
carbyne complexes. Further studies on reactions with other
nucleophiles and their applications in organic and organo-
metallic synthesis are in progress.


Experimental Section


General procedures : All procedures were performed under a dry, oxygen-
free N2 atmosphere by using standard Schlenk techniques. All solvents
employed were of reagent grade and dried by refluxing over appropriate
drying agents and stored over 4 ä molecular sieves under N2 atmosphere.


Tetrahydrofuran and diethyl ether were distilled from sodium benzophe-
none ketyl, while petroleum ether (30 ± 60 �C) and CH2Cl2 were distilled
from CaH2. The neutral alumina (Al2O3, 100 ± 200 mesh) used for
chromatography was deoxygenated at room temperature under high
vacuum for 16 h, deactivated with 5 wt% N2-saturated water, and stored
under an N2 atmosphere. HBF4 ¥ Et2O, Et2NH, PhNH2, p-CF3C6H4NH2,
(iC3H7)2NH, (C6H11)2NH, piperidine, and nC4H9Li were purchased from
Aldrich Chemical Co. [Fe2(�-CAr)(�8-C8H8)(CO)4]BF4 (1, Ar�C6H5; 2,
Ar� p-CH3C6H4; 3, Ar� p-CF3C6H4) were prepared as previously de-
scribed.[9]


IR spectra were measured on a Nicolet AV-360 spectrophotometer in NaCl
cells with 0.1 mm spacers. All 1H NMR spectra were recorded at ambient
temperature in [D6]acetone with TMS or deuterated solvents as the
internal reference on a Varian Mercury 300 spectrometer running at
300 MHz. Electron ionization mass spectra (EIMS) were recorded on a
Hewlett Packard 5989A spectrometer. Melting points, obtained on samples
in sealed nitrogen-filled capillaries, are uncorrected.


Reaction of 1 with LiN(C6H5)2 to give [Fe2(�-CC6H5)(CO)4(�7-
C8H8N(C6H5)2)] (4): A solution of (C6H5)2NH (0.067 g, 0.40 mmol) in
THF (10 mL) was mixed with nC4H9Li (0.40 mmol) at �50 �C. After
30 min stirring at �50 �C, the solution was added to 1 (0.150 g, 0.30 mmol),
freshly prepared in situ, in THF (50 mL) at �100 �C with stirring. The
reaction mixture gradually turned from brick red to brown-red. After
stirring at �100 to �50 �C for 4 ± 5 h, the resulting solution was evaporated
to dryness under high vacuum at �50 �C, and the dark red residue was
extracted with petroleum ether/CH2Cl2 (10:1). The red extract was
evaporated to dryness in vacuo at �30 �C, and the residue was recrystal-
lized from petroleum ether/CH2Cl2 (15:1) at �80 �C to give purple-red
crystals of 4 (0.072 g, 41% based on 1). M.p. 64 ± 66 �C decomp; IR
(CH2Cl2): ��(CO)� 2053 (m), 2016 (m), 1985 cm�1 (s); 1H NMR
(CD3COCD3): �� 6.62 ± 8.04 (m, 15H; C6H5), 5.85 (br, 2H; C8H8), 5.16
(br, 2H; C8H8), 4.81 (br, 0.5H; CH2Cl2), 3.38 (br, 2H; C8H8), 0.88 ppm (br,
2H; C8H8); MS: m/z : 473 [M��Fe(CO)2], 417 [M��Fe(CO)2� 2CO] or
[M��N(C6H5)2)], 389 [M��N(C6H5)2�CO], 361 [M�� 2Fe(CO)2], 333
[M��N(C6H5)2� 3CO]; elemental analysis (%) calcd for C31H23Fe2NO4 ¥
0.25CH2Cl2: C 61.89, H 3.97, N 2.31; found: C 61.91, H 4.41, N 2.70.


Reaction of 2 with LiN(C6H5)2 to give [Fe2(�-CC6H4CH3-p)(CO)4(�7-
C8H8N(C6H5)2)] (5): Compound 2 (0.161 g, 0.31 mmol) was treated with a
fresh solution of LiN(C6H5)2, prepared by the reaction of (C6H5)2NH
(0.085 g, 0.50 mmol) with nC4H9Li (0.50 mmol), in THF at �100 to �50 �C
for 5 h. Further treatment of the resulting solution as in the preparation of 7
yielded purple-red crystalline 5 (0.083 g, 45% based on 2). M.p. 70 ± 72 �C
decomp; IR (CH2Cl2): ��(CO)� 2048 (m), 2017 (m), 1978 cm�1 (s); 1HNMR
(CD3COCD3): �� 6.73 ± 7.24 (m, 14H; C6H5, C6H4CH3), 6.06 (br, 2H;
C8H8), 5.36 (br, 2H; C8H8), 5.07 (br, 1H; CH2Cl2), 3.30 (br, 2H; C8H8), 1.93
(s, 3H; CH3), 0.92 ppm (br, 2H; C8H8); MS: m/z : 375 [M�� 2Fe(CO)2],
207 [M�� 2Fe(CO)2�N(C6H5)2], 84 [CH2Cl2�]; elemental analysis (%)
calcd for C32H25Fe2NO4 ¥ 0.5CH2Cl2: C 60.83, H 4.08, N 2.18; found: C
60.55, H 4.50, N 2.51.


Reaction of 3 with LiN(C6H5)2 to give [Fe2(�-CC6H4CF3-p)(CO)4(�7-
C8H8N(C6H5)2)] (6): Similar to the procedure used in the reaction of 1 with
LiN(C6H5)2, compound 3 (0.139 g, 0.24 mmol) was treated with LiN(C6H5)2
prepared by the reaction of (C6H5)2NH (0.071 g, 0.41 mmol) with nC4H9Li
(0.41 mmol) at �100 to �50 �C for 4 h. Further treatment of the resulting
solution as described for the preparation of 7 produced purple-red
crystalline 6 (0.060 g, 37% based on 3). M.p. 96 ± 98 �C decomp; IR
(CH2Cl2): ��(CO)� 2053 (m), 2019 (m), 1987 cm�1 (s); 1H NMR
(CD3COCD3): �� 6.85 ± 7.59(m, 14H; C6H5 and C6H4CF3), 6.15 (br, 2H;
C8H8), 5.15 (br, 2H; C8H8), 3.26 (br, 2H; C8H8), 1.10 ppm (br, 2H; C8H8);
MS: m/z : 429 [M�� 2Fe(CO)2], 352 [M�� 2Fe(CO)2�C6H5], 261 [M��
2Fe(CO)2�N(C6H5)2]; elemental analysis (%) calcd for C32H22F3Fe2NO4:
C 58.84, H 3.39, N 2.14; found: C 58.60, H 3.65, N 2.31.


Reaction of 1 with (C2H5)2NH to give [Fe2{�-
C(C6H5)C8H8N(C2H5)2}(CO)4] (7): (C2H5)2NH (0.063 mL, 0.60 mmol)
was added to 1 (0.100 g, 0.20 mmol), freshly prepared in situ, in THF
(50 mL) at �100 �C. The reaction solution immediately turned from brick
red to bright red. After stirring at �100 to �50 �C for 3 h, the resulting
solution was evaporated to dryness under high vacuum at �50 �C, and the
dark red residue was extracted with petroleum ether/CH2Cl2 (10:1). The
red extract was evaporated to dryness in vacuo at �30 �C, and the residue
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was recrystallized from petroleum ether/CH2Cl2 (15:1) at �80 �C to give
violet-red crystals of 7 (0.051 g, 53% based on 1). M.p. 131 ± 133 �C
decomp; IR (CH2Cl2): ��(CO)� 1988 (s), 1953 (vs), 1915 (m), 1898 cm�1


(m); 1H NMR (CD3COCD3): �� 7.81 (m, 2H; C6H5), 7.07 (m, 3H; C6H5),
6.51 (d, J� 11.2 Hz, 1H; CH), 6.25 (d, J� 3.5 Hz, 1H; CH), 5.06 (t, J�
6.3 Hz, 1H; CH), 4.35 (t, J� 7.5 Hz, 1H; CH), 4.00 ± 3.94 (m, 2H;
CH2CH3�CH), 3.47 ± 3.36 (m, 3H; CH2CH3), 3.21 (t, J� 6.8 Hz, 1H;
CH), 2.59 (dd, J� 2.6, 7.9 Hz, 1H; CH), 2.00 (t, J� 2.7 Hz, 1H; CH), 1.38 (t,
J� 7.1 Hz, 3H; CH2CH3), 1.08 ppm (t, J� 7.1 Hz, 3H; CH2CH3); 13C NMR
(CD3COCD3): �� 218.3, 214.6, 210.3, 209.2 (CO), 177.0 (�-C), 160.8 (C�N),
154.5, 128.8, 127.8, 125.7 (C6H5), 101.8, 101.1, 72.7, 54.8 (CH), 51.2, 43.5
(CH2), 40.9, 37.4, 22.3 (CH), 13.2, 12.4 ppm (CH3); MS: m/z : 489 [M�], 461
[M��CO], 433 [M�� 2CO), 405 [M�� 3CO], 377 [M��Fe(CO)2], 349
[M��Fe(CO)2�CO], 265 [M�� 2Fe(CO)2]; elemental analysis (%) calcd
for C23H23Fe2NO4: C 56.48, H 4.74, N 2.86; found: C 55.85, H 4.42, N 3.19.


Reaction of 2 with (C2H5)2NH to give [Fe2{�-C(C6H4CH3-
p)C8H8N(C2H5)2}(CO)4] (8): Using the same procedure as for the reaction
of 1 with (C2H5)2NH, 2 (0.104 g, 0.20 mmol) was treated with (C2H5)2NH
(0.060 mL, 0.58 mmol) at �100 to �50 �C for 4 ± 5 h. Further treatment of
the resulting solution as described for the reaction of 1 with (C2H5)2NH
yielded 8 (0.057 g, 57% based on 2) as violet-red crystals. M.p. 100 ± 101 �C
decomp; IR (CH2Cl2): ��(CO)� 1986 (s), 1952 (vs), 1915 (m), 1897 cm�1


(m); 1HNMR (CD3COCD3): �� 7.75 (d, J� 8.0 Hz, 2H; CH3C6H4), 7.08 (d,
J� 8.0 Hz, 2H; CH3C6H4), 6.55 (d, J� 11.1 Hz, 1H; CH), 6.29 (d, J�
2.9 Hz, 1H; CH), 5.10 (t, J� 6.3 Hz, 1H; CH), 4.39 (t, J� 6.9 Hz, 1H;
CH), 4.05 ± 3.96 (m, 2H; CH2CH3�CH), 3.51 ± 3.37 (m, 3H; CH2CH3),
3.23 (t, J� 6.9 Hz, 1H; CH), 2.64 (dd, J� 1.5, 7.5 Hz, 1H; CH), 2.26 (s, 3H;
CH3C6H4), 2.05 (m, 2H; CH), 1.42 (t, J� 7.2 Hz, 3H; CH2CH3), 1.12 ppm (t,
J� 7.2 Hz, 3H; CH2CH3); 13C NMR (CD3COCD3): �� 218.3, 214.7, 210.4,
209.2 (CO), 177.5 (�-C), 160.4 (C�N), 151.6, 135.0, 128.6, 128.4 (CH3C6H4),
101.2, 101.1, 72.7, 54.9 (CH), 51.2, 43.5 (CH2), 40.8, 37.3, 22.3 (CH), 20.5
(CH3C6H4), 13.3, 12.4 ppm (CH3); MS: m/z : 503 [M�], 475 [M��CO], 447
[M�� 2CO), 419 [M�� 3CO], 391 [M��Fe(CO)2], 279 [M�� 2Fe(CO)2];
elemental analysis (%) calcd for C24H25Fe2NO4: C 57.29, H 5.01, N 2.78;
found: C 56.98, H 5.10, N 2.75.


Reaction of 3 with (C2H5)2NH to give [Fe2{�-C(C6H4CF3-
p)C8H8N(C2H5)2}(CO)4] (9): As in the reaction of 1 with (C2H5)2NH, 3
(0.122 g, 0.21 mmol) was treated with (C2H5)2NH (0.068 mL, 0.65 mmol) in
THF (50 mL) at �100 to �50 �C for 3 ± 4 h. Further treatment of the
resulting solution as in the reaction of 1 with (C2H5)2NH produced violet-
red crystalline 9 (0.080 g, 69% based on 3). M.p. 143 ± 144 �C decomp; IR
(CH2Cl2): ��(CO)� 1989 (m), 1955 (s), 1918 (m), 1900 cm�1 (w); 1H NMR
(CD3COCD3): �� 8.07 (d, J� 8.2 Hz, 2H; CF3C6H4), 7.68 (d, J� 8.2 Hz,
2H; CF3C6H4), 6.66 (d, J� 11.1 Hz, 1H; N-CH), 6.42 (d, J� 3.4 Hz, 1H;
CH), 5.23 (t, J� 6.4 Hz, 1H; CH), 4.50 (t, J� 6.9 Hz, 1H; CH), 4.19 ± 4.09
(m, 2H; CH2CH3�CH), 3.62 ± 3.49 (m, 3H; CH2CH3), 3.35 (t, J� 6.9 Hz,
1H; CH), 2.75 (ddd, J� 1.0, 2.6, 8.1 Hz, 1H; CH), 2.12 (t, J� 2.8 Hz, 1H;
CH), 1.51 (t, J� 7.1 Hz, 3H; CH2CH3), 1.21 ppm (t, J� 7.1 Hz, 3H;
CH2CH3); 13C NMR (CD3COCD3): �� 218.5, 214.8, 210.6, 209.7 (CO),
172.9 (�-C), 162.6 (C�N), 151.6, 135.0, 128.6, 128.4 (CF3C6H4), 103.3,
101.6, 73.6, 55.4 (CH), 51.8, 44.2 (CH2), 41.2, 38.3, 22.7 (CH), 13.8, 12.9 ppm
(CH3); MS: m/z : 557 [M�], 529 [M��CO], 501 [M�� 2CO), 473 [M��
3CO], 445 [M��Fe(CO)2], 417 [M��Fe(CO)2�CO], 333 [M�� 2Fe-
(CO)2]; elemental analysis (%) calcd for C24H22F3Fe2NO4: C 51.74, H 3.98,
N 2.51; found: C 51.61, H 4.20, N 2.68.


Reaction of 1 with (iC3H7)2NH to give [Fe2{�-C(C6H5)C8H8N(iC3H7)2}-
(CO)4] (10): (iC3H7)2NH (0.095 mL, 0.68 mmol) was added to 1 (0.160 g,
0.32 mmol), freshly prepared in situ, in THF (50 mL) at �100 �C. After
stirring at �78 to �50 �C for 3 h, the resulting solution was evaporated to
dryness under high vacuum at �40 �C, and the dark red residue was
extracted with petroleum ether/CH2Cl2 (10:1). The red extract was
evaporated to dryness in vacuo at �20 �C, and the residue was recrystal-
lized from petroleum ether/CH2Cl2 (15:1) at �80 �C to give violet-red
crystals of 10 (0.051 g, 31% based on 1). M.p. 147 ± 149 �C decomp; IR
(CH2Cl2): ��(CO)� 1985 (s), 1952 (vs), 1913 (s), 1896 cm�1 (s); 1H NMR
(CD3COCD3): �� 7.95 ± 7.18 (m, 5H; C6H5), 6.67 (d, J� 11.0 Hz, 1H; CH),
6.37 (br, 1H; CH), 5.19 (t, J� 6.0 Hz, 1H; CH), 4.85 (m, 1H; NCHMe2),
4.56 (t, J� 7.0 Hz, 1H; CH), 4.15 (dd, J� 11.0, 7.6 Hz, 1H; CH), 3.98 (m,
1H; NCHMe2), 3.39 (t, J� 6.6 Hz, 1H; CH), 2.79 (m, 1H; CH), 1.94 (br,
1H; CH), 1.55 (t, J� 6.6 Hz, 3H; NCHCH3), 1.32 (t, J� 6.6 Hz, 6H;
NCHCH3), 1.18 ppm (t, J� 6.6 Hz, 3H; NCHCH3); 13C NMR


(CD3COCD3): �� 218.9, 215.2, 211.1, 209.9, 178.3, 162.6, 155.2, 129.4,
128.4, 126.4, 102.7, 101.8, 73.4, 55.2, 52.4, 49.8, 41.6, 38.9, 24.8, 23.5, 21.4,
20.5, 19.5 ppm; MS: m/z : 517 [M�], 489 [M��CO], 461 [M�� 2CO), 405
[M��Fe(CO)2], 293 [M�� 2Fe(CO)2]; elemental analysis (%) calcd for
C25H27Fe2NO4: C 58.06, H 5.26, N 2.71; found: C 57.46, H 5.42, N 2.89.


Reaction of 2 with (iC3H7)2NH to give [Fe2{�-C(C6H4CH3-
p)C8H8N(iC3H7)2}(CO)4] (11): Freshly prepared 2 (0.188 g, 0.36 mmol)
was treated, in a manner similar to that for the reaction of 1 with
(iC3H7)2NH, with (iC3H7)2NH (0.110 mL, 0.78 mmol) in THF at �78 to
�50 �C for 3 h. Further treatment of the resulting mixture as described for
the preparation of 10 yielded 11 (0.058 g, 30% based on 2) as violet-red
crystals. M.p. 146 ± 148 �C decomp; IR (CH2Cl2): ��(CO)� 1985 (s), 1951
(vs), 1912 (s), 1896 cm�1 (m); 1H NMR (CD3COCD3): �� 7.82 (d, J�
7.3 Hz, 2H; p-CH3C6H4), 7.14 (d, J� 7.3 Hz, 2H; p-CH3C6H4), 6.66 (d,
J� 10.5 Hz, 1H, CH), 6.35 (br, 1H; CH), 5.62 (s, 1H; CH2Cl2), 5.17 (t, J�
5.9 Hz, 1H; CH), 4.83 (m, 1H; NCHMe2), 4.55 (t, J� 6.5 Hz, 1H; CH), 4.12
(t, J� 8.8 Hz, 1H; CH), 3.96 (m, 1H; NCHMe2), 3.38 (t, J� 6.5 Hz, 1H;
CH), 2.77 (m, 1H; CH), 2.33 (s, 3H; p-CH3C6H4), 1.93 (br, 1H CH), 1.52 (t,
J� 6.7 Hz, 3H; NCHCH3), 1.33 (t, J� 6.7 Hz, 6H; NCHCH3), 1.17 ppm (t,
J� 6.7 H, 3H; NCHCH3); 13C NMR (CD3COCD3): �� 219.0, 215.2, 211.2,
209.9, 178.9, 162.3, 152.3, 135.7, 129.3, 129.1, 102.0, 101.8, 73.4, 55.2, 52.4,
49.7, 41.5, 38.7, 24.9, 23.5, 21.4, 21.1, 20.5, 19.6 ppm; MS:m/z : 531 [M�], 503
[M��CO], 475 [M�� 2CO], 419 [M��Fe(CO)2], 363 [M�� 2Fe(CO)2�
2CO], 84 [CH2Cl2�]; elemental analysis (%) calcd for C26H29Fe2NO4 ¥
0.5CH2Cl2: C 55.48, H 5.27, N 2.44; found: C 55.28, H 5.22, N 2.57.


Reaction of 3 with (iC3H7)2NH to give [Fe2{�-C(C6H4CF3-
p)C8H8N(iC3H7)2}(CO)4] (12): Freshly prepared 3 (0.150 g, 0.26 mmol)
was treated, in a manner similar to that for the reaction of 1 with
(iC3H7)2NH, with (iC3H7)2NH (0.10 mL, 0.71 mmol) in THF at �78 to
�50 �C for 3 h. Further treatment of the resulting mixture as described in
the reaction of 1 with (iC3H7)2NH afforded 12 (0.050 g, 28% based on 2) as
violet-red crystals. M.p. 86 ± 88 �C decomp; IR (CH2Cl2): ��(CO)� 1987 (m),
1954 (vs), 1916 (m), 1899 cm�1 (m); 1H NMR (CD3COCD3): �� 8.09 (d,
J� 8.0 Hz, 2H; p-CF3C6H4), 7.68 (d, J� 8.0 Hz, 2H; p-CF3C6H4), 6.69 (d,
J� 10.5 Hz, 1H; CH), 6.42 (d, J� 3.1 Hz, 1H; CH), 5.63 (s, 2H; CH2Cl2),
5.25 (t, J� 6.3 Hz, 1H; CH), 4.90 (m, 1H; NCHMe2), 4.60 (t, J� 6.9 Hz,
1H; CH), 4.21 (dd, J� 10.5, 7.5 Hz, 1H; CH), 4.00 (m, 1H; NCHMe2), 3.43
(t, J� 6.8 Hz, 1H; CH), 2.80 (m, 1H; CH), 1.94 (t, J� 3.0 Hz, 1H; CH),
1.55 (t, J� 6.8 Hz, 3H; NCHCH3), 1.36 (t, J� 6.8 Hz, 6H; NCHCH3),
1.19 ppm (t, J� 6.8 Hz, 3H; NCHCH3); 13C NMR (CD3COCD3): �� 218.4,
214.5, 210.5, 209.5, 173.5, 163.4, 159.5, 129.5, 125.0, 103.5, 101.5, 73.4, 55.0,
52.3, 49.7, 41.7, 39.0, 24.6, 23.2, 21.1, 20.2, 19.3 ppm; MS: m/z : 557 [M��
CO], 529 [M�� 2CO], 473 [M��Fe(CO)2], 361 [M�� 2Fe(CO)2], 84
[CH2Cl2�]; elemental analysis (%) calcd for C26H26F3Fe2NO4 ¥ CH2Cl2: C
48.39, H 4.21, N 2.09; found: C 48.70, H 4.24, N 2.46.


Reaction of 1 with (C6H11)2NH to give [Fe2{�-
C(C6H5)C8H8N(C6H11)2}(CO)4] (13): (C6H11)2NH (0.15 mL, 0.73 mmol)
was added to 1 (0.130 g, 0.26 mmol), freshly prepared in situ, in THF
(50 mL) at �100 �C. After stirring at �78 to �40 �C for 3 h, the resulting
solution was evaporated to dryness under high vacuum at �20 �C, and the
dark red residue was extracted with petroleum ether/CH2Cl2 (10:1). The
red extract was evaporated to dryness in vacuo at �20 �C and the residue
was recrystallized from petroleum ether/CH2Cl2 (15:1) at �80 �C to give
violet-red crystals of 13 (0.078 g, 50% based on 1). M.p. 110 ± 112 �C
decomp; IR (CH2Cl2): ��(CO)� 1984 (s), 1950 (vs), 1912 (s), 1895 cm�1 (m);
1H NMR (CD3COCD3): �� 7.95 ± 7.18 (m, 5H; Ph), 6.68 (d, J� 10.7 Hz,
1H; NCH), 6.36 (br, 1H; CH), 5.63 (s, 1H; CH2Cl2), 5.16 (t, J� 6.0 Hz, 1H;
CH), 4.56 (t, J� 7.0 Hz, 1H; CH), 4.42 (br, 1H; NCHCH2), 4.22 (dd, J�
10.7, 8.0 Hz, 1H; CH), 3.59 (br, 1H; NCHCH2), 3.41 (m, 1H; CH), 2.77 (d,
J� 7.3 Hz, 1H; CH), 2.09 ± 0.85 ppm (m, 21H; CH2 in C6H11�CH); MS:m/
z : 569 [M��CO], 485 [M��Fe(CO)2], 429 [M��Fe(CO)2� 2CO], 373
[M�� 2Fe(CO)2], 193 [M��Fe(CO)2�N(C6H11)2]; elemental analysis
(%) calcd for C31H35Fe2NO4: C 62.34, H 5.86, N 2.34; found: C 61.78, H
6.03, N 2.30.


Reaction of 2 with (C6H11)2NH to give [Fe2{�-C(C6H4CH3-
p)C8H8N(C6H11)2}(CO)4] (14): Freshly prepared 2 (0.147 g, 0.28 mmol)
was treated, in a manner similar to that for the reaction of 1 with
(C6H11)2NH, with (C6H11)2NH (0.18 mL, 0.90 mmol) in THF at �78 to
�40 �C for 3 h. Further treatment of the resulting mixture as described for
the preparation of 13 afforded 14 (0.089 g, 52% based on 2) as violet-red
crystals. M.p. 112 ± 114 �C decomp; IR (CH2Cl2): ��(CO)� 1983 (m), 1949
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(s), 1911 (m), 1894 cm�1 (m); 1H NMR (CD3COCD3): �� 7.83 (d, J�
7.7 Hz, 2H; CH3C6H4), 7.15 (d, J� 7.7 Hz, 2H; CH3C6H4), 6.66 (d, J�
10.6 Hz, 1H; NCH), 6.34 (br, 1H; CH), 5.63 (s, 1H; CH2Cl2), 5.16 (t, J�
6.1 Hz, 1H; CH), 4.55 (t, J� 6.9 Hz, 1H; CH), 4.43 (br, 1H; NCHCH2),
4.19 (dd, J� 10.6, 7.6 Hz, 1H; CH), 3.54 (br, 1H; NCHCH2), 3.38 (t, J�
6.6 Hz, 1H; CH), 2.76 (d, J� 6.9 Hz, 1H; CH), 2.33 (s, 3H; CH3C6H4),
2.10 ± 0.85 ppm (m, 21H; CH2 in C6H11�CH); 13C NMR (CD3COCD3):
�� 218.4, 214.5, 210.6, 209.4, 178.2, 162.7, 151.7, 135.0, 128.6, 128.4, 101.5,
100.9, 72.8, 60.1, 58.1, 54.5, 41.5, 38.6, 35.6, 34.2, 30.4, 29.3, 25.7, 25.3, 25.2,
24.9, 24.8, 24.7, 20.5, 20.4 ppm; MS: m/z : 611 [M�], 583 [M��CO], 555
[M�� 2CO], 527 [M�� 3CO], 499 [M��Fe(CO)2], 471 [M��Fe(CO)2�
CO], 443 [M��Fe(CO)2� 2CO], 387 [M�� 2Fe(CO)2], 84 [CH2Cl2�];
elemental analysis (%) calcd for C32H37Fe2NO4 ¥ 0.5CH2Cl2: C 59.71, H 5.86,
N 2.14; found: C 60.26, H 5.96, N 2.56.


Reaction of 3 with (C6H11)2NH to give [Fe2{�-C(C6H4CF3-
p)C8H8N(C6H11)2}(CO)4] (15): The procedure used in the reaction of 3
(0.150 g, 0.26 mmol) with (C6H11)2NH (0.17 mL, 0.85 mmol) was the same
as that in the reaction of 1 with (C6H11)2NH in THF at �78 to �40 �C for
3 h, and gave violet-red crystalline 15 (0.096 g, 56% based on 3). M.p. 149 ±
150 �C decomp; IR (CH2Cl2): ��(CO)� 1986 (m), 1952 (s), 1914 (m),
1897 cm�1 (w); 1H NMR (CD3COCD3): �� 7.96 (d, J� 8.1 Hz, 2H;
CF3C6H4), 7.37 (d, J� 8.1 Hz, 2H; CF3C6H4), 6.56 (d, J� 10.5 Hz, 1H;
NCH), 6.28 (br, 1H; CH), 5.49 (s, 2H; CH2Cl2), 5.09 (t, J� 6.0 Hz, 1H;
CH), 4.46 (t, J� 6.6 Hz, 1H; CH), 4.36 (br, 1H; NCHCH2), 4.14 (t, J�
8.9 Hz, 1H; CH), 3.45 (br, 1H; N-CHCH2), 3.30 (t, J� 6.3 Hz, 1H; CH),
2.66 (d, J� 7.2 Hz, 1H; CH), 1.74 ± 1.04 ppm (m, 21H; CH2 in C6H11�CH);
13C NMR (CD3COCD3): �� 218.7, 214.7, 210.8, 210.0, 173.7, 164.6, 159.8,
129.7, 125.3, 103.8, 101.5, 73.8, 61.0, 58.9, 55.2, 42.7, 39.7, 36.2, 34.8, 31.0, 26.3,
25.9, 25.8, 25.5, 25.4, 25.3, 21.1 ppm; MS: m/z : 665 [M�], 637 [M��CO],
609 [M�� 2CO), 553 [M��Fe(CO)2], 443 [M�� 2Fe(CO)2], 84
[CH2Cl2�]; elemental analysis (%) calcd for C32H34F3Fe2NO4 ¥ CH2Cl2: C
52.83, H 4.84, N 1.87; found: C 52.41, H 4.86, N 2.10.


Reaction of 3 with piperidine to give [Fe2{�-C(C6H4CF3-
p)C8H8N(CH2)5}(CO)4] (16): Piperidine (0.060 mL, 0.60 mmol) was added
to 3 (0.150 g, 0.26 mmol), freshly prepared in situ, in THF (50 mL) at
�100 �C. After stirring at �78 to �50 �C for 3 h, the resulting solution was
evaporated to dryness under high vacuum at �40 �C, and the dark red
residue was extracted with petroleum ether/CH2Cl2 (10:1). The red extract
was evaporated to dryness in vacuo at �20 �C, and the residue was


recrystallized from petroleum ether/CH2Cl2 (15:1) at �80 �C to give 16
(0.056 g, 38% based on 2) as orange crystals. M.p. 106 ± 108 �C decomp; IR
(CH2Cl2): ��(CO)� 1988 (s), 1954 (vs), 1917 (m), 1899 cm�1 (m); 1H NMR
(CD3COCD3): �� 7.96 (d, J� 8.3 Hz, 2H; p-CF3C6H4), 7.55 (d, J� 8.3 Hz,
2H; CF3C6H4), 6.52 (d, J� 10.8 Hz, 1H; CH), 6.29 (d, J� 2.7 Hz, 1H; CH),
5.08 (t, J� 6.3 Hz, 1H; CH), 4.38 (t, J� 7.2 Hz, 1H; CH), 4.14 (dd, J� 10.8,
7.5 Hz, 1H; CH), 4.00 ± 3.40 (m, 4H; NCH2), 3.25 (t, J� 6.9 Hz, 1H; CH),
2.61 (dd, J� 8.0, 2.5 Hz, 1H; CH), 1.92 (m, 1H; CH), 1.73 ± 1.58 ppm (m,
6H; CH2); 13C NMR (CD3COCD3): �� 218.9, 214.8, 210.9, 210.0, 173.2,
163.4, 163.3, 160.0, 129.9, 125.4, 103.7, 101.4, 74.1, 57.6, 55.4, 48.2, 41.9, 39.1,
27.1, 26.1, 24.0, 21.6 ppm; MS: m/z : 569 [M�], 541 [M��CO], 513 [M��
2CO], 457 [M��Fe(CO)2], 345 [M�� 2Fe(CO)2]; elemental analysis (%)
calcd for C25H22F3Fe2NO4: C 52.76, H 3.90, N 2.46; found: C 52.80, H 4.02,
N 2.41.


Thermolysis of 9 to give [Fe2{�-C(C6H4CF3-p)C8H8N(C2H5)2}(CO)4] (17): 9
(0.090 g, 0.16 mmol) was dissolved in benzene (30 mL) in a quartz tube. The
tube was cooled at �80 �C to freeze the benzene solution and sealed under
high vacuum. The sealed tube was heated at 90 ± 95 �C for 72 h. After
cooling, the dark red solution was evaporated to dryness in vacuo. The dark
residue was subjected to chromatography on Al2O3 with petroleum ether/
CH2Cl2 (5:1) as eluant. The orange-red band was collected. After removal
of the solvent under vacuum, the crude product was recrystallized from
petroleum ether/CH2Cl2 at�80 �C to give red crystals of 17 (0.054 g, 60%).
M.p. 154 ± 156 �C, decomp; IR (CH2Cl2): ��(CO)� 1988 (m), 1956 (s), 1921
(m), 1901 cm�1 (m); 1H NMR (CD3COCD3): �� 8.17 (d, J� 8.0 Hz, 2H;
CF3C6H4), 7.71 (d, J� 8.2 Hz, 2H; CF3C6H4), 7.43 (d, J� 10.1 Hz, 1H;
NCH), 6.40 (d, J� 2.8 Hz, 1H; CH), 5.57 (t, J� 5.7 Hz, 1H; CH), 4.50 (t,
J� 7.0 Hz, 1H; CH), 3.73 ± 3.45 (m, 4H; CH2CH3), 2.60 (m, 1H; CH), 2.53
(d, J� 9.9 Hz, 1H; CH), 2.48 (m, 1H; CH), 2.21 (t, J� 3.0 Hz, 1H;
CH2CH3), 1.40 ± 1.32 ppm (m, 6H; CH2CH3); 13C NMR (CD3COCD3): ��
219.0, 214.5, 211.1, 210.1, 169.6, 159.4, 129.9, 125.4, 104.0, 97.8, 74.6, 59.1,
51.5, 50.1, 44.9, 40.7, 31.6, 13.8, 12.7 ppm; MS: m/z : 557 [M�], 529 [M��
CO], 501 [M�� 2CO], 473 [M�� 3CO], 445 [M��Fe(CO)2], 333 [M��
2Fe(CO)2]; elemental analysis (%) calcd for C24H22F3Fe2NO4: C 51.74, H
3.98, N 2.51; found: C 51.46, H 4.12, N 2.32.


Reaction of 2 with C6H5NH2 to give [Fe2{�C(C6H4CH3-p)NHC6H5}(�-
CO)(CO)3(�8-C8H8)] (18): C6H5NH2 (0.066 mL, 0.73 mmol) was added to
freshly prepared 2 (0.125 g, 0.24 mmol) in THF (50 mL) at �78 �C. After
stirring at �78 to �40 �C for 3 h, the resulting solution was evaporated to


Table 1. Crystal data and experimental details for 6, 9, 15, 17, 18, and 21.


6 ¥ THF 9 15 ¥ CH2Cl2 17 18 ¥ 0.5CH2Cl2 21


formula C36H30F3Fe2NO5 C24H22F3Fe2NO4 C33H36Cl2F3Fe2NO4 C24H22F3Fe2NO4 C26.5H22ClFe2NO4 C26H21O4NFe2
M 725.31 557.13 750.23 557.13 565.59 523.14
space group P1≈ (No. 2) P21/c (No. 14) P1≈ (No. 2) P21/n (No. 14) P1≈ (No. 2) P21 (No. 4)
a [ä] 11.866(7) 11.209(9) 11.4227(9) 10.7508(7) 8.0326(9) 9.7867(14)
b [ä] 12.708(8) 18.410(5) 11.8084(10) 20.2454(15) 9.9497(11) 12.2996(18)
c [ä] 12.850(8) 11.871(8) 13.7302(11) 11.1025(8) 16.444(2) 19.417(3)
� [�] 60.547(8) 108.834(2) 94.911(2)
� [�] 83.224(14) 102.79(5) 107.157(2) 97.570(2) 95.612(2) 97.262(2)
� [�] 70.250(9) 90.486(2) 108.620(3)
V [ä3] 1585.3(17) 2388(2) 1663.8(2) 2395.4(3) 1229.9(2) 2318.6(6)
Z 2 4 2 4 2 4
�calcd [gcm� 3] 1.520 1.549 1.498 1.545 1.541 1.499
F(000) 744 1136.00 772 1136 582 1072
	(MoK�) [cm� 1] 9.78 12.67 10.87 12.65 13.22 12.84
T [K] 293 293 293 293 293 293
2
 range [�] 3.84 ± 56.34 5 ± 51.0 3.30 ± 50.00 4.02 ± 56.58 4.36 ± 50.00 2.12 ± 56.50
unique reflections 5878 4613 5808 5486 4268 7954
obseverd reflections [I� 2.00�(I)] 1647 1624 (3.00�(I)) 3527 2010 1727 2831
parameters 427 308 474 393 329 598
correction factors max/min 0.2900/1.0000 0.7782/1.0000 0.7701/1.0000 0.86393/1.00000 0.69949/1.00000 0.39162/100000
R[a] 0.0750 0.060 0.0620 0.0516 0.0730 0.0643
Rw


[b] 0.1889 0.066 0.0987 0.0628 0.1198 0.1573
GOF[c] 0.711 1.54 0.948 0.681 0.814 0.775
max. shift/esd, final cycle 0.125 0.05 0.001 0.003 0.000 0.000
largest peak [eä3] 0.864 0.61 0.577 0.296 0.538 0.505
largest hole [eä3] � 0.464 � 0.45 � 0.353 � 0.365 � 0.579 � 0.528


[a] R����Fo� � �Fc��/��Fo�. [b] Rw� [�w(�Fo� � �Fc�)2/�w(F 2
o�2]1/2 ; w� 1/�2(�Fo�). [c] GOF� [�w(�Fo� � �Fc�)2/(Nobs�Nparameters)]1/2.
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dryness under high vacuum at �40 �C, and the dark red residue was
extracted with petroleum ether/CH2Cl2 (10:3). The red extract was
evaporated to dryness in vacuo at �40 �C and the residue recrystallized
from petroleum ether/CH2Cl2 (5:1) at�80 �C to give deep red crystals of 18
(0.080 g, 61% based on 2). M.p. 100 ± 102 �C decomp; IR (CH2Cl2):
��(CO)� 1987 (s), 1930 (s), 1697 cm�1 (br, w); 1H NMR (CD3COCD3): ��
11.4 (br, 1H; C6H5NH), 7.22 ± 6.80 (m, 9H; CH3C6H4�C6H5NH), 5.63 (s,
1H; CH2Cl2), 4.38 (s, 8H; C8H8), 2.28 ppm (s, 3H; CH3C6H4); MS:m/z : 467
[M�� 2CO], 439 [M�� 3CO], 411 [M��Fe(CO)2], 355 [M��Fe(CO)2�
2CO], 299 [M�� 2Fe(CO)2], 84 [CH2Cl2�]; elemental analysis (%) calcd
for C26H21Fe2NO4 ¥ 0.5CH2Cl2: C 56.27, H 3.92, N 2.48, found: C 55.99, H
4.08, N 2.62.


Reaction of 2 with 2-naphthylamine to give [Fe2{�C(C6H4CH3-
p)NC10H7}(CO)4(�2 :�3:�2-C8H9)] (19): 2-C10H7NH2 (0.083 g, 0.58 mmol)
was added to freshly prepared 2 (0.138 g, 0.29 mmol) in THF (50 mL) at
�78 �C. After stirring at �78 to �20 �C for 3 h, the resulting solution was
evaporated to dryness under high vacuum at �40 �C, and the dark red
residue was subjected to chromatography on Al2O3 with petroleum/CH2Cl2
(10:1) as eluant. The orange-red band was eluted and collected. After
removal of the solvent, the residue was recrystallized from petroleum/
CH2Cl2 (15:1) at �50 �C to give red crystalline 19 (0.133 g, 80% based on
2). M.p. 154 ± 156 �C decomp; IR (CH2Cl2): ��(CO)� 1996 (m), 1962 (s),
1933 (m), 1911 cm�1 (w); 1H NMR (CD3COCD3): �� 6.53 ± 7.88 (m, 11H;
CH3C6H4�C10H7N), 4.49 (t, J� 6.8 Hz, 1H; CH), 4.08 (t, J� 6.6 Hz, 1H;
CH), 3.65 (dd, J� 13.6, 8.3 Hz, 1H; CH), 3.46 ± 3.30 (m, 2H; CH), 3.08 (dd,
J� 8.8, 5.8 Hz, 1H; CH), 2.78 (m, 1H; CH2), 2.64 (dd, J� 13.6, 7.8 Hz, 1H;
CH), 1.64 ppm (m, 1H; CH2); 13C NMR (CD3COCD3)� �� 237.3
(Ccarbene), 218.5, 217.9, 217.2, 216.2 (CO), 156.8, 149.0, 136.8, 134.5, 131.9,
129.1, 128.5, 127.2, 126.1, 124.6, 124.0, 120.5 (Ar-C), 88.5, 80.8, 69.4, 54.6,
53.5, 43.0, 21.4, 21.0, 20.1 ppm; MS:m/z : 545 [M�CO], 489 [M�Fe(CO)],
462 [M�1�Fe(CO)2], 434 [M�1�Fe(CO)2�CO], 349 [M�� 2Fe(CO)2];
elemental analysis (%) calcd for C30H23Fe2NO4: C 62.86, H 4.04, N 2.44;
found: C 62.55, H 4.09, N 2.64.


Reaction of 3 with p-CF3C6H4NH2 to give [Fe2{�C(C6H4CF3-p)N(C6H4CF3-
p)}(CO)4(�2 :�3:�2-C8H9)] (20): p-CF3C6H4NH2 (0.062 mL, 0.50 mmol) was
added to freshly prepared 3 (0.125 g, 0.24 mmol) in THF (50 mL) at
�78 �C. After stirring at �78 to �40 �C for 3 h, the resulting solution was
evaporated to dryness under high vacuum at �40 �C and the dark red
residue was subjected to chromatography on Al2O3 with petroleum/CH2Cl2
(10:1) as eluant. The orange-red band was eluted and collected. After
removal of the solvent, the residue was recrystallized from petroleum/
CH2Cl2 (15:1) at �50 �C to give red crystalline 20 (0.117 g, 83% based on
3). M.p. 136 ± 138 �C decomp; IR (CH2Cl2): ��(CO)� 2001 (m), 1968 (s),
1940 (m), 1919 cm�1 (w); 1H NMR (CD3COCD3): �� 7.59 (d, J� 8.1 Hz,
2H; CF3C6H4), 7.48 (d, J� 8.1 Hz, 2H; CF3C6H4), 7.22 (d, J� 8.1 Hz, 2H;
CF3C6H4), 6.83 (d, J� 8.1 Hz, 2H; CF3C6H4), 5.63 (s, 1H; CH2Cl2), 4.51 (t,
J� 6.3 Hz, 1H; CH), 4.15 (t, J� 6.8 Hz, 1H; CH), 3.70 (dd, J� 8.4, 15.6 Hz,
1H; CH), 3.50 (t, J� 6.2 Hz, 1H; CH), 3.43 (t, J� 6.5 Hz, 1H; CH), 3.11
(dd, J� 8.9, 5.9 Hz, 1H; CH), 2.82 (m, 1H; CH2), 2.75 (m, 1H; CH),
1.60 ppm (m, 1H; CH2); 13C NMR (CD3COCD3): �� 238.1 (Ccarbene), 217.3,
216.5, 215.8, 215.2 (CO), 160.4, 153.4, 126.13, 126.08, 125.24, 125.19, 124.2,
123.93, 123.86 (Ar-C), 87.3, 80.4, 68.9, 54.3, 52.9, 42.8, 20.6, 19.2 ppm; MS:
m/z : 421 [M�� 2Fe(CO)2], 276 [M�� 2Fe(CO)2�CF3C6H4], 262 [M��
2Fe(CO)2�NC6H4CF3]; elemental analysis (%) calcd for C27H17F6Fe2-
NO4 ¥ 0.5CH2Cl2: C 48.03, H 2.64, N 2.04, found: C 48.12, H 2.66, N 2.31.


Transformation of 18 into [Fe2{�C(C6H4CH3-p)NC6H5}(CO)4(�2 :�3 :�2-
C8H9)] (21): A solution of 18 (0.050 g, 0.10 mmol) in CH2Cl2 (10 mL) was
kept at room temperature for 1 ± 2 h, during which time the deep red
solution gradually turned red. The solvent was removed in vacuo, and the
residue was subjected to chromatography on Al2O3 with petroleum/CH2Cl2
(10:1) as eluant. The orange-red band was eluted and collected. After
removal of the solvent, the residue was recrystallized from petroleum/
CH2Cl2 (15:1) at �50 �C to give 19 (0.042 g, 84%) as orange-red crystals.
M.p. 170� 172 �C decomp; IR (CH2Cl2): ��(CO) 1997 (m), 1960 (s),
1932 cm�1 (m); 1H NMR (CD3COCD3): �� 7.21 ± 6.47 (m, 9H;
CH3C6H4�C6H5), 4.42 (t, J� 6.3 Hz, 1H; CH), 4.05 (t, J� 6.5 Hz, 1H;
CH), 3.60 (dd, J� 14.9, 8.2 Hz, 1H; CH), 3.41 (t, J� 5.8 Hz, 1H; CH), 3.36
(t, J� 5.5 Hz, 1H; CH), 2.98 (dd, J� 8.2, 6.1 Hz, 1H; CH), 2.72 (m, 1H;
CH2), 2.58 (dd, J� 13.5, 7.9 Hz, 1H; CH), 2.19 (s, 3H; CH3C6H4), 1.60 ppm
(m, 1H; CH2); 13C NMR (CD3COCD3): �� 236.2 (Ccarbene), 218.4, 217.8,
217.1, 216.1 (CO), 159.1, 148.8, 136.63, 136.61, 129.1, 129.0, 126.8, 125.2,


Table 2. Selected bond lengths [ä][a] and angles [�][a] for 6, 9, 15, and 17.


6 9 15 17


Fe(1)�Fe(2) 2.684(2) 2.649(3) 2.6329(10) 2.6416(10)
Fe(1)�C(1) 1.806(8) 1.97(1) 1.957(5) 1.956(4)
Fe(2)�C(1) 1.811(9) 2.08(1) 2.103(4) 2.069(4)
Fe(1)�C(13) 2.130(8)
Fe(1)�C(14) 2.098(9) 2.43(1) 2.456(5) 2.468(6)
Fe(1)�C(15) 2.119(9) 2.08(1) 2.076(6) 2.070(5)
Fe(1)�C(16) 2.305(11) 2.08(1) 2.067(5) 2.057(6)
Fe(1)�C(17) 2.08(1) 2.095(5) 2.078(5)
Fe(2)�C(13) 2.07(1) 2.084(5) 2.099(5)
Fe(2)�C(14) 2.20(1) 2.204(5) 2.201(5)
Fe(2)�C(16) 2.325(11)
Fe(2)�C(17) 2.079(9)
Fe(2)�C(18) 2.118(12) 2.11(1) 2.094(5) 2.073(5)
Fe(2)�C(19) 2.154(8) 2.03(1) 2.018(5) 2.027(5)
Fe(1)�C(8) 1.642(12) 1.75(2) 1.726(6) 1.717(6)
Fe(1)�C(9) 1.829(12) 1.77(2) 1.736(6) 1.748(6)
Fe(2)�C(10) 1.799(11) 1.76(1) 1.778(6) 1.758(5)
Fe(2)�C(11) 1.732(11) 1.77(1) 1.742(6) 1.759(5)
C(1)�C(2) 1.475(10) 1.48(2) 1.492(7) 1.492(6)
C(12)�C(13) 1.417(11) 1.41(2) 1.403(7) 1.391(7)
C(13)�C(14) 1.443(12) 1.45(2) 1.431(7) 1.429(7)
C(14)�C(15) 1.392(14) 1.44(2) 1.429(7) 1.440(7)
C(15)�C(16) 1.408(15) 1.37(2) 1.379(8) 1.368(7)
C(16)�C(17) 1.424(14) 1.42(2) 1.416(8) 1.406(7)
C(17)�C(18) 1.383(15) 1.49(2) 1.477(8) 1.490(7)
C(18)�C(19) 1.462(13) 1.44(2) 1.405(7) 1.397(6)
C(12)�C(19) 1.523(12)
C(1)�C(19) 1.41(2) 1.399(7) 1.404(6)
C(12)�N 1.458(9) 1.33(1) 1.303(6) 1.316(6)
N�C(20) 1.421(10) 1.47(2) 1.469(6)
N�C(21) 1.494(6)
N�C(23) 1.44(2) 1.466(7)
Fe(1)-C(1)-Fe(2) 95.8(4) 81.7(4) 80.76(18) 81.96(16)
Fe(1)-Fe(2)-C(1) 42.0(3) 47.4(3) 47.20(14) 47.17(12)
Fe(2)-Fe(1)-C(1) 42.2(3) 51.0(3) 52.04(13) 50.87(13)
Fe(1)-C(14)-Fe(2) 69.5(3) 68.55(14) 68.63(14)
Fe(1)-Fe(2)-C(14) 59.4(3) 60.26(14) 60.48(16)
Fe(2)-Fe(1)-C(14) 51.1(3) 51.19(12) 50.88(13)
Fe(1)-C(16)-Fe(2) 70.9(3)
Fe(1)-Fe(2)-C(16) 54.2(3)
Fe(2)-Fe(1)-C(16) 54.9(3)
C(1)-Fe(1)-C(16) 96.5(4)
C(1)-Fe(2)-C(16) 95.7(4)
Fe(1)-C(17)-C(18) 99.3(7) 99.2(4) 98.7(3)
C(17)-C(18)-Fe(2) 69.2(7) 107.9(8) 108.3(4) 109.1(4)
C(17)-C(18)-C(19) 121.7(13) 114(1) 112.6(5) 113.0(5)
Fe(2)-C(18)-C(19) 71.3(6) 66.8(7) 67.1(3) 68.3(3)
Fe(2)-C(19)-C(1) 71.6(7) 73.5(3) 71.6(3)
Fe(2)-C(19)-C(18) 68.7(6) 72.6(7) 73.0(3) 71.9(3)
Fe(2)-C(13)-C(12) 101.6(8) 109.1(3) 98.1(3)
Fe(1)-C(1)-C(2) 132.7(7) 129.5(9) 128.8(4) 128.9(3)
Fe(2)-C(1)-C(2) 131.4(6) 123.8(8) 123.0(4) 123.8(3)
Fe(1)-C-O (av) 177 176.5 178.2 178.0
Fe(2)-C-O (av) 176.9 176.5 177.2 175.3
C(12)-C(13)-C(14) 134.7(9) 122(1) 121.1(5) 121.4(5)
C(13)-C(14)-C(15) 124.4(11) 130(1) 127.4(5) 123.8(5)
C(14)-C(15)-C(16) 129.2(11) 125(1) 126.0(6) 122.5(5)
C(15)-C(16)-C(17) 129.7(11) 124(1) 124.6(6) 124.3(6)
C(16)-C(17)-C(18) 132.8(12) 132(1) 132.1(5) 132.9(5)
C(17)-C(18)-C(19) 121.7(13) 114(1) 112.6(5) 113.0(5)
C(18)-C(19)-C(12) 133.9(9)
C(19)-C(12)-C(13) 123.2(8)
C(13)-C(12)-N 108.7(7) 126(1) 129.6(5) 127.6(5)
C(19)-C(12)-N 110.0(7)


[a] Estimated standard deviations in the least significant figure are given in
parentheses.
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124.5, 123.7 (Ar-C), 88.2, 80.7, 69.2, 54.4, 53.3, 42.7, 21.2, 19.9 ppm;MS:m/z :
467 [M�� 2CO), 439 [M�� 3CO], 411 [M��Fe(CO)2], 355 [M��
Fe(CO)2� 2CO], 299 [M�� 2Fe(CO)2]; elemental analysis (%) calcd for
C26H21Fe2NO4: C 59.69, H 4.05, N 2.68; found: C 59.54, H 4.31, N 2.65.


X-ray crystal structure determinations of complexes 6, 9, 15, 17, 18, and 21:
Single crystals of 6, 9, 15, 17, 18, and 21 suitable for X-ray diffraction studies
were obtained by recrystallization from petroleum ether/CH2Cl2 or
petroleum ether/THF at �80 �C. Single crystals were mounted on a glass
fibers and sealed with epoxy adhesive. The X-ray diffraction intensity data
for 6, 15, 17, 18, and 21 were collected with a Brock Smart diffractometer
[radiation (monochromated in incident beam): MoK� (�� 0.71073 ä)] and
those for 9 on Rigaku AFC7R [radiation (monochromated in incident
beam): MoK� (�� 0.71069 ä)] diffractometer at 293 K. The scan method
for all measurements was �� 2
.


The structures of 6, 9, 15, 17, 18 and 21 were solved by direct methods and
expanded by using Fourier techniques. For complexes 6, 15, 17, 18, and 21,
the non-hydrogen atoms were refined anisotropically, and the hydrogen
atoms were included, of which some were refined isotropically. For
complex 9, the non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were included but not refined. The absorption corrections
were applied with SADABS.


The details of the crystallographic data and the procedures used for data
collection and refinement for complexes 6, 9, 15, 17, 18, and 21 are given in
Table 1. Selected bond lengths and angles are listed in Tables 2 and 3,
respectively.


CCDC 212534 (6 ¥ THF), 212535 (9), 212536 (15 ¥ CH2Cl2), 212537 (17),
212538 (18 ¥ 0.5CH2Cl2) and 212539 (21) 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)1223-336-033; or deposit@ccdc.cam.uk).
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Effect of Peripheral Substitution on the Electronic Absorption and
Fluorescence Spectra of Metal-Free and Zinc Phthalocyanines


Nagao Kobayashi,*[a] Hiroshi Ogata,[a] Naokazu Nonaka,[b] and Eugene A. Luk×yanets[c]


Abstract: The effect of substituents on
the position and intensity of the elec-
tronic absorption and fluorescence spec-
tra of phthalocyanines (Pcs) was exam-
ined for 35 Pc compounds. When elec-
tron-releasing groups are bound to four
�-benzo positions of the Pc skeleton, the
B and Q bands shift to longer wave-
length. Relative to this shift, the effect of
introducing the same electron-releasing
groups at the other four � positions
amounts to about 1.6 ± 2.0. Although the
effect is not always clearly seen, intro-
duction of electron-releasing groups in
the �-benzo positions of the Pc skeleton
generally shifts the Q band to shorter
wavelength. The effect of electron-with-
drawing groups is exactly the opposite


with respect to the � and � positions.
These effects can be reasonably ex-
plained by considering the magnitude
of the atomic orbital coefficients of the
carbon atoms derived from molecular
orbital (MO) calculations. In addition,
the following intriguing phenomena
were observed in the experiments, al-
though not all were explained theoret-
ically: 1) the splitting of the Q band of
metal-free Pcs decreases with increasing
wavelength of the Q band, 2) the ring


currents of Pcs with Q bands at longer
wavelength are generally smaller, and
3) the absorption coefficients of the Q
band of Pc compounds with 16-electron-
releasing substituents are larger than
those of the corresponding tetra- and
octasubstituted Pcs by several tens of
percent. 4) Our PPP calculations sug-
gested that the absorption coefficient of
the Q band of Pcs with more strongly
electron releasing substituents is larger.
5) The second HOMO of the Pcs with
the Q band at longer wavelength has b1u
symmetry, as opposed to the a2u symme-
try of normal Pcs. 6) Pcs showing S1
emission maxima at wavelengths longer
than about 740 nm generally have quan-
tum yields of less than 0.1.


Keywords: fluorescence spectrosco-
py ¥ molecular orbital calculations ¥
phthalocyanines ¥ substituent effects
¥ UV/Vis spectroscopy


Introduction


Phthalocyanines (Pcs) have traditionally found use as dyes
and pigments, as catalysts for desulfurization processes in the
oil industry, and more recently as photoconducting agents in
photocopiers, deodorants, germicides, optical computer read/
write disks, and as promotion or retardation films for plant
growth in greenhouses, because of their easy synthesis, high
stability, and the presence of � ±�* transitions in the near-UV/
visible/near-IR region.[1] In recent decades, there has been
renewed interest in the use of Pcs in a variety of high-tech
fields, including semiconductor devices,[2] photovoltaic solar
cells,[3] electrophotography,[4] rectifying devices,[5] molecular
electronics,[6] Langmuir ±Blodgett films,[7] electrochromism in


display devices,[8] low-dimensional metals,[9] gas sensors,[10]


liquid crystals,[11] nonlinear optics,[12] photodynamic reagents
for cancer therapy and other medical applications,[13] and
electrocatalytic reagents.[14] In a number of these applications,
the wavelength of the major � ±�* transitions in the UV/Vis
region is of critical importance. The position and bandwidth of
absorption bands of Pcs can be adjusted in two ways. One is by
changing size and symmetry of the �-conjugated system of
Pcs,[15] and the other is by varying the central metal atom and
the type, number, and positions of peripheral substituents.[16]


It is known, for example, that the Q band can be shifted with
approximate additivity when the same substituents are
introduced at the same position of each benzene ring of the
Pcs.[17] However, the effect of introducing a plurality of
substituents on each benzene unit has not been examined
systematically to date, except for our preliminary communi-
cation.[18] Here we report regiospecific and nonlinear effects
of substituents on both the energy and intensity of the
electronic absorption and fluorescence emission spectra of
metal-free and zinc Pcs, as well as their effect on the splitting
of the Q00 band of the metal-free Pcs. We examined 35 Pcs
with electron-releasing alkoxyl or alkyl(phenyl)thio groups
and electron-withdrawing nitro or sulfonyl groups. Some of
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the experimental observations were reproduced by MO
calculations within the framework of the Pariser ± Parr ±
Pople (PPP) approximation.


Results and Discussion


The structures and abbreviations of Pcs used in this study are
shown in Figure 1. In the abbreviations, the first number
indicates the number of substituents introduced on the Pc
periphery, � or � indicates their positions, and substituent is
identified in parentheses. For example, 4�(SBu)ZnPc denotes
a ZnPc with four butylthio groups in the � positions, while
4�,4�(NO2)H2Pc is a metal-free Pc with four nitro groups
each in the � and � positions.


Absorption and magnetic circular dichroism spectra : Figure 2
shows the absorption and magnetic circular dichroism (MCD)
spectra of alkoxy-substituted H2Pcs (the B[19] and Q band
regions are shown separately so that the peak positions can be


clearly seen). As can be seen in the figure, for Pcs with the
same number of alkoxyl groups, substitution at the � positions
results in a Q band absorption at longer wavelength (lower
energy). An increase in the number of substituents from four
to eight results in opposite behavior for � and � substitution.
Substitution at � positions further shifts the Q band to longer
wavelength, and substitution at � positions to shorter wave-
length. The latter shift suggests that substitution at the �


positions by electron-releasing groups shifts the band to
shorter wavelength, although this shift is smaller than the
longer wavelength shift due to substitution at the � positions.
The shift to shorter wavelength due to � substitution appears
real, however, since the Q band of 16(OCH2CF3)H2Pc is at
shorter wavelength than that of 8�(OBu)H2Pc. In accordance
with previous studies,[16] the shift in the B band region is not
clear, although there is a trend that substitution at the �


positions broadens the band.[20, 21] Interestingly, the shapes of
the B bands of 4�(OBu)- and 8�(OBu)H2Pc are similar, and
this also holds true for 4�(OBu)- and 8�(OBu)H2Pc. The
H2Pcs substituted at the � positions have three peaks in the B


band region, while the �-sub-
stituted H2Pcs have the stron-
gest peaks at 315 ± 330 nm.
Comparison of the spectra of
8�(OBu)-, 8�(OBu)-, and
16(OCH2CF3)H2Pc further
shows that the absorption coef-
ficient of 16(OCH2CF3)H2Pc is
roughly 1.2 times larger than
those of the other two. Further-
more, comparison of the spec-
tra of 4�- and 4�(OBu)H2Pc
suggests that the intensity of the
Q band of the former is slightly
higher.
The MCD spectra are shown


for the three representative
species. In the Q band region,
8�(OBu)- and 16(OCH2CF3)-
H2Pc display dispersion-type,
Faraday A-term-like curves.
Since the compounds have
D2h symmetry, this is a pseudo-
Faraday A term produced by
superimposition of closely ly-
ing Faraday B terms of oppo-
site signs.[22] However, care-
ful analysis of this apparent
dispersion-type Q band of
8�(OBu)H2Pc perhaps experi-
mentally substantiates that the
splitting of the Q band of
this species is larger than
those of 8�(OBu)- and
16(OCH2CF3)H2Pc. The shape
of the BMCD indicates that the
main B band of these three
species lies at about 330 ±
360 nm.Figure 1. Structures and abbreviations of phthalocyanines in this study.
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Figure 2. Electronic absorption and MCD spectra of some metal-free Pcs
in THF in the Q (top) and B (Soret) band (bottom) regions.


Figure 3 shows the electronic absorption and MCD spectra
of three butylthio-substituted ZnPcs as representative spectra
of metalated Pcs. As for the metal-free species in Figure 2, the
Q band of 4�(SBu)-, 4�(SBu)- and 8�(SBu)ZnPc shifts to
longer wavelength, while, conversely, the most intense peak in
the B band region of these species shifts to shorter wavelength
in this order; this suggests that the configuration interaction
between the B and Q states increases in this order (unfortu-
nately, attempts to prepare 16(OCH2CF3)ZnPc were unsuc-
cessful).[23] In the MCD spectra, since all compounds haveD4h


symmetry, at least one Faraday A term is expected for the Q
and B bands, respectively, of each compound. In the Q band
region, all ZnPcs show dipersion-type A terms corresponding
to the Q00 band. In the B band region, the most intense A
terms of 4�- and 4�(SBu)ZnPc are very clear and appear at
340 and 360 nm, respectively. However, the A term of
8�(SBu)ZnPc is small (ca. 290 ± 300 nm region).
While collecting absorption data of H2Pcs substituted with


various groups, we noticed a wavelength-dependent splitting
of the Q band. These data are summarized in Figure 4. The


Figure 3. Electronic absorption and MCD spectra of 8�(SBu)ZnPc (solid
lines), 4�(SBu)ZnPc (broken lines), and 4�(SBu)ZnPc (dotted broken
lines) in THF in the Q (top) and B (Soret) band (bottom) regions.


Figure 4. Correlation between the splitting of the Q band,Qx00�Qy00 , and
the mid-energy of the Q band (Qx00�Qy00)/2.


splitting generally decreases with increasing wavelength of the
Q band, and H2Pcs (and metal-free naphthalocyanine) with
the Q band at around 800 nm do not show apparent splitting.
Experimental electronic absorption data of H2Pcs and


ZnPcs are summarized in Tables 1 and 2, respectively. Note
that the absorption coefficients of unsubstituted H2Pc and
8�(OBu)ZnPc may be not correct due to low solubility of the
former and instability of the latter in solution. By subtracting
the Q band energy of unsubstituted Pcs from those of
substituted ones, we can calculate the effect of substituents
quantitatively (in the case of metal-free species, (Qx�Qy)/2
indicates the Q band position). For electron-releasing groups,
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substitution at the � positions shifts the Q band to longer
wavelength. Tetrasubstitution produces Q band shifts of
�0.51 and �0.83 kcm�1 for 4�(OBu)H2Pc and 4�(SBu)H2Pc,
respectively, relative to H2Pc, and shifts of �0.55 and
�0.80 kcm�1 for 4�(OBu)ZnPc and 4�(SBu)ZnPc, respec-
tively, relative to ZnPc. These increase to �1.40, �2.25,
�1.72, and �2.09 kcm�1 in 8�(OBu)H2Pc, 8�(SBu)H2Pc,
8�(OBu)ZnPc, and 8�(SBu)ZnPc, respectively. These values
indicate, for example, that the effect of a thioether group is
about 1.45 ± 1.62 times larger than that of the alkoxyl groups,
and that the magnitude of the shift due to the second four
substituents is about 1.6 ± 2.0 times larger than that owing to
the first four substituents. According to symmetry-adapted
perturbation theory,[15] which is a first-order perturbation
theory, the shifts in the Q band produced by increasing the
number of substituent groups from zero to four and from four
to eight are expected to be the same. The value of 1.6 ± 2.0
therefore suggests the presence of a higher order perturbation
in the second tetrasubstitution at the � positions.
The substituent effect at the � positions is much smaller


than that in the � positions, and appears different for alkoxyl
and thioether groups. In the case of alkoxyl groups, the shift in
the Q band of 4�(OBu)H2Pc and 8�(OBu)H2Pc relative to the
Q band of H2Pc is less than �0.06 kcm�1, while those of
4�(SBu)H2Pc and 8�(SBu)H2Pc are �0.34 and �0.67 kcm�1,
respectively. Thus, substitution by thioalkyl groups slightly


shifts the Q band to longer wavelength, and the size of the
shift approximately pararells the number of substituent
groups. Since the position of the Q band of 8�(OBu)-,
16(OCH2CF3)-, and 8�(OBu)H2Pc changes from longer to
shorter wavelength, we suggest that substitution by electron-
releasing groups at the � positions essentially moves the Q
band to shorter wavelength. The slight longer wavelength shift
due to alkylthio groups may reflect the increase of the size of
effective � system, since the 3p orbital of sulfur is known to
mix well with the � orbital of tetraazaporphyrins.[24]


The effect of electron-withdrawing groups is the opposite of
that of electron-releasing groups. As can be seen in the
comparison of 4�(NO2)- and 4�(NO2)H2Pcs and -ZnPcs,
substitution at � or � positions shifts the Q band to shorter or
longer wavelength, respectively. However, the magnitude of
the shift for substitution at � positions is not necessarily small
compared with that at � positions [cf. , for example, the data of
4�- (0.15 kcm�1) and 4�(SO2Ph)ZnPc (�0.14 kcm�1)], in
contrast to the above cases of electron-releasing groups.


Fluorescence emission and ring-current strength : Like other
metal-free and ZnPcs,[25] all compounds in this study show
fluorescence emission from the S1 state. Figure 5 displays the
correlation between the wavenumber of fluorescence max-
imum and quantum yield of 35 Pcs. The following facts
emerge from this figure: 1) Pcs showing emission peaks at


Table 1. Electronic absorption data of metal-free phthalocyanines in THF.


Qx [cm�1] Qy [cm�1] 10�4� [Lmol�1 cm�1] Qx�Qy [103cm�1] 0.5(Qx�Qy) [103 cm�1] � [103cm�1][a]


� [nm] � [nm]


H2Pc (reference) 14316.4 15048.9 ±[b] 0.73 14.68 0
698.5 664.5


electron-withdrawing substituents
4�(NO2)H2Pc 14409.2 15174.5 ±[b] 0.77 14.79 0.11


694.0 659.0
4�(NO2)H2Pc 14035.1 14814.8 ±[b] 0.78 14.42 � 0.26


712.5 675.0
4�,4�(NO2)H2Pc 14035.1 14814.8 ±[b] 0.78 14.42 � 0.26


712.5 675.0
electron-releasing substituents


4�(OBu)H2Pc 13831.3 14499.1 16.57 0.67 14.17 � 0.51
723.0 689.7


8�(OBu)H2Pc 13123.4 13440.8 11.20 0.32 13.28 � 1.40
762.0 744.0


4�(OBu)H2Pc 14222.7 15008.3 8.90 0.79 14.62 � 0.06
703.1 666.3


8�(OBu)H2Pc 14320.5 15146.9 11.25 0.83 14.73 0.05
698.3 660.2


16(OCH2CF3)H2Pc 13650.0 14170.3 14.35 0.52 13.91 � 0.77
732.6 705.7


4�(SBu)H2Pc 13633.3 14084.5 10.14 0.45 13.85 � 0.83
733.5 710.0


8�(SBu)H2Pc 12430.1 12430.1 13.56 0 12.43 � 2.25
804.5 804.5


4�(SBu)H2Pc 14015.4 14673.5 6.34 0.66 14.34 � 0.34
713.5 681.5


8�(SBu)H2Pc 13717.4 14295.9 4.11 0.58 14.01 � 0.67
729.0 699.5


4�(SPh)H2Pc 14094.4 14755.8 10.66 0.66 14.43 � 0.25
709.5 677.7


4�(SPh)4�(tBu)H2Pc 13541 14074.6 14.35 0.53 13.81 � 0.87
738.5 710.5


[a] Shift relative to the Q band energy of H2Pc. [b] Reliable data could not be obtained because of low solubility of the compounds.
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shorter wavelength have higher
quantum yields; 2) the quantum
yields of metal-free Pcs are gen-
erally higher, even though their
emission maxima appear at low-
er energy than those of the
corresponding ZnPcs; and 3)
Pcs showing S1 emission maxi-
ma at wavelengths longer than
about 740 nm generally have
quantum yields of less than 0.1.
Point 1) suggests that nonradia-
tive decay becomes more diffi-
cult as the energy gap increases


between the HOMO and the LUMO, and 2) is due to the
heavy-atom effect of zinc. A relation such as that in point 3)
has not been reported to date. The data for S1 emissions of H2-
and ZnPcs are summarized in Tables 3 and 4.
Figure 6 shows the relationship between the position of the


Q00 band and pyrrole proton signals of alkoxy- and alkylthio-
substituted H2Pcs in the 1H NMR spectra. In compounds such
as porphyrins and Pcs, pyrrole protons appear with negative
chemical shifts due to the ring current of the macrocycle.


Table 2. Electronic absorption data of zinc phthalocyanines in THF.


Q0-0 [cm�1] 10�4� [Lmol�1 cm�1] � [103cm�1][a]


� [nm] at Qx


ZnPc (reference) 14914.2 28.00 0
670.5


electron-withdrawing substituents
4�(NO2)ZnPc 14943.2 14.41 0.03


669.2
4�(NO2)ZnPc 14903.1 ±[b] � 0.01


671.0
4�,4�(NO2)ZnPc 14836.7 ±[b] � 0.08


674.0
4�(SO2Ph)ZnPc 15060.2 9.48 0.15


664.0
4�(SO2Ph)ZnPc 14777.6 17.86 � 0.14


676.7
4�(SO2Ph)4�(tBu)ZnPc 14961.1 22.22 0.05


668.4
electron-releasing substituents


4�(OBu)ZnPc 14370.0 17.26 � 0.55
696.0


8�(OBu)ZnPc[c] 13190.0 17.58 � 1.72
758.0


4�(OBu)ZnPc 14830.0 13.35 � 0.09
674.5


8�(OBu)ZnPc 14830.0 20.42 � 0.09
674.5


16(OCH2CF3)ZnPc 14144.3 15.26 � 0.77
707.0


4�(SBu)ZnPc 14112.3 18.30 � 0.80
708.6


8�(SBu)ZnPc 12827.1 12.45 � 2.09
779.6


4�(SBu)ZnPc 14547.6 22.88 � 0.37
687.4


8�(SBu)ZnPc 14144.3 13.91 � 0.77
707.0


4�(SPh)ZnPc 14150.3 25.81 � 0.76
706.7


4�(SPh)ZnPc 14609.2 29.21 � 0.31
684.5


8�(SPh)ZnPc 14128.3 24.88 � 0.79
707.8


4�(SPh)4�(tBu)ZnPc 14094.4 24.20 � 0.82
709.5


[a] Shift relative to the Q band energy of H2Pc. [b] Reliable data could not
be obtained because of low solubility of the compounds. [c] Because of
instability of the solution in THF, spectrum was recorded in pyridine.


Figure 5. Correlation between wavenumber of fluorescence peak max-
imum and quantum yield �F of S1 fluorescence.


Table 3. S1 fluorescence emission data of metal-free phthalocyanines in THF.


Excitation Fluorescence Fluorescence � Excitation Stokes
wavelength peak lifetime peak shift
� [nm] maximum �[nm] [ns] maximum � [nm] [103cm�1]


H2Pc (reference) 640 704.5 0.600
electron-withdrawing substituents


4�(NO2)H2Pc 640 701.5 7.36 0.787 696 0.11
4�(NO2)H2Pc 640 718.5 5.72 0.270 715 0.07
4�,4�(NO2)H2Pc 640 718.5 5.62 0.258 715.5 0.06
4�(OBu)H2Pc 633 729.2 4.85 0.070 722.6 0.13
8�(OBu)H2Pc 700 809 3.80 0.189 741 1.13
4�(OBu)H2Pc 625 710 7.78 0.490 704.5 0.11
8�(OBu)H2Pc 633 703 8.83 0.579 699.5 0.07


electron-releasing substituents
16(OCH2CF3)H2Pc 633 740 10.8 0.0607 733.8 0.11
4�(SBu)H2Pc 630 737 4.54 0.038 736.5 0.01
8�(SBu)H2Pc 722.5 809 1.31 0.032 738 1.19
4�(SBu)H2Pc 630 720 6.30 0.138 718 0.04
8�(SBu)H2Pc 630 733.4 4.34 0.052 726.8 0.12
4�(SPh)H2Pc 640 715 6.44 0.334 714 0.02
4�(SPh)4�(tBu)H2Pc 640 744 4.79 0.073 740.8 0.06


Figure 6. Correlation between chemical shift [ppm] of the pyrrole proton
and the mid-energy of the Q band (Qx00�Qy00)/2 [cm�1] of metal-free Pcs.
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Interestingly, as seen in this figure, H2Pcs having Q bands at
longer wavelength show lower ring currents. This type of
relationship has not been reported to date.


Molecular orbital calculations : To enhance our understanding
on the effect of substituents, we carried out molecular orbital
(MO) calculations on several alkylthio- and alkoxy-substitut-
ed (pyrrole-proton-deprotonated) H2Pc species within the
framework of the Pariser ± Parr ± Pople (PPP) approxima-
tions.[26] The calculated electronic absorption spectra are
shown in Figure 7, and transition energies, oscillator strengths
f, and configurations are summarized in Table 5. The exper-
imental order of the wavelengths of the Q band according to
the type of substituents is well reproduced by the calculation;
the Q band shifts to longer wavelength in the order of
unsubstituted, 8�(O-alkyl)-, 8�(S-alkyl)-, 16(O-alkyl)-, 16(S-
alkyl)-, 8�(O-alkyl)-, and 8�(S-alkyl)-Pcs. For these species,
the estimated wavelengths were 662, 685, 694, 738, 744, 770,
and 799 nm, while the experimental values of zinc Pcs in THF
were, 671, 675, 707, 707, [no datum], 758, and 780 nm. In all
cases the Q band shifts to longer wavelength on introduction
of electron-releasing groups. A comparison of the corre-
sponding alkoxy- and alkylthio-substituted species shows that
the Q band of the latter appears at longer wavelength, and its
intensity is higher than that of the former. In addition, the
intensities of the Q band of hexadecasubstituted species were
calculated to be about 30 ± 50% stronger than those of the
octasubstituted species. Among the octasubstituted species,
the intensity of those substituted at � positions is stronger by
several tens of percent than those substituted at � positions.
It is empirically known that the B band of Pcs is about twice


as strong as the Q band.[27] This feature is reproduced for
unsubstituted and octaalkoxy �-substituted Pcs. However, Pcs
having the Q band at longer wavelength, such as 8�- and


16(O- or S-alkyl)Pcs, were cal-
culated to have split and broad B
bands. In particular, this trend is
more evident for alkylthio-sub-
stituted species, for which one of
the split components is expected
to appear midway between the
Q and B bands, as is indeed
observed for 8�(SBu)ZnPc at
about 500 nm. Another impor-
tant point is that the most in-
tense B band of 8�(S-alkyl)Pc is
expected to lie at the shortest
wavelength among alkoxy- and
alkylthio-substituted Pcs. In-
deed, as seen in the absorption
spectra in Figure 3, the most
intense B band of 8�(SBu)ZnPc
lies at wavelength shorter than
300 nm. Thus, Pcs which have
the Q band at longer wave-
lengths generally have the B
band at shorter wavelengths,
and this indicates that the con-
figuration interaction in these


Pcs is stronger than that in Pcs which have the Q band at
shorter wavelengths. This type of relationship was recently
substantiated for ZnPc, ZnNc, and their intermediate com-
pounds.[28]


Table 4. S1 fluorescence emission data of zinc phthalocyanines in THF.


Excitation Fluorescence Fluorescence � Excitation Stokes
wavelength peak lifetime peak shift
� [nm] maximum � [nm] [ns] maximum � [nm] [103cm�1]


ZnPc (reference) 620 686.5 4.36 0.300
electron-withdrawing substituents


4�(NO2)ZnPc 608 678 4.63 0.488 672.5 0.12
4�(NO2)ZnPc 612.5 695 3.83 0.159 691 0.08
4�,4�(NO2)ZnPc 612.5 698 3.36 0.088 691 0.15
4�(SO2Ph)ZnPc 608 720 4.69 0.038 714.5 0.11
4�(SO2Ph)ZnPc 608 686 4.35 0.397 684.5 0.03
4�(SO2Ph)4�(tBu)ZnPc 608 678.5 3.98 0.441 672.5 0.13
4�(OBu)ZnPc 633 706 3.05(81%) 0.143 696 0.20


4.53 (19%)
8�(OBu)ZnPc 675 807.5 0.57 0.062 739 1.15


electron-releasing substituents
4�(OBu)ZnPc 633 689 5.31 (88%) 0.422 687.6 0.03


1.51 (12%)
8�(OBu)ZnPc 633 681.5 4.39 0.616 676.4 0.11
16(OCH2CF3)ZnPc 633 716 3.93 0.0745 713 0.06
4�(SBu)ZnPc 630 718.2 2.63 0.137 708 0.20
8�(SBu)ZnPc 700 781 1.58 0.036 712.5 1.23
4�(SBu)ZnPc 630 685 3.93 0.386 683.5 0.03
8�(SBu)ZnPc 630 733 3.18 0.119 700 0.64
4�(SPh)ZnPc 620 687.5 2.65 0.276 686.5 0.02
4�(SPh)ZnPc 620 687.5 3.93 0.439 684 0.08
8�(SPh)ZnPc 620 721.2 3.35 0.090 713.2 0.16
4�(SPh)4�(tBu)ZnPc 620 727.4 3.05 0.224 721.8 0.11


Figure 7. Calculated transition energies and oscillator strengths f for
pyrrole-proton-deprotonated Pcs (Pc2�). Numbers indicate the values of
the Q band.
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The numbers of configura-
tions in Table 5 further suggest
that the purity of the Q band
increases for species having the
Q band at longer wavelengths.
Figure 8 shows some frontier


orbitals of representative spe-
cies. As previously reported,[27]


the HOMO and next HOMO of
general Pcs have a1u and a2u
symmetry, respectively, in the
D4h point group. However, one
of the most important features in
this figure is that the next HO-
MO of Pcs having the Q band at
longer wavelength, such as
8�(O- or S-alkyl)- and 16(O- or
S-alkyl)Pcs, has b1u symmetry,
which is generally the 4th or
lower HOMO in Pcs having the
Q band at shorter wavelength
(see also Figure 9). Data in Ta-
ble 5 and Figure 8 therefore sug-
gest that the second lowest tran-
sition for 8�(O- or S-alkyl)- and
16(O- or S-alkyl)Pcs is a transi-
tion from this b1u orbital to the
LUMO or LUMO� 1. In accord
with this assignment, a Faraday
A term is seen for the 500 nm
band of 8�(SBu)ZnPc (Fig-
ure 3).
Figure 9 displays a partial mo-


lecular orbital energy diagram
for some Pcs substituted with O-
or S-alkyl groups. The following
points emerge from the inspec-
tion of this figure: 1) substitu-
tion at the � positions raises the
energy of all frontier orbitals;
2) this effect is slightly more
pronounced for the HOMO than
for the LUMO; 3) this effect is
more pronounced for S-alkyl-
than for O-alkyl-substituted
Pcs; 4) compared with substitu-
tion at � positions, that at �


positions results in larger desta-
bilization of the HOMO and
slight destabilization of the LU-
MO; 5) substitution at the �


positions lifts a low-lying b1u
orbital (the 4th HOMO in un-
substituted Pc) significantly, so
that it becomes the HOMO� 1;
and 6) the energy gap between
the HOMO and LUMO de-
creases in the following order:
unsubstituted Pc� 8�(O-alkyl)


Table 5. Calculated transition energies, oscillator strengths f, and configurations.[a]


Energy [nm] f Configurations


Pc2�


662 0.84 21� 22(87%) 20� 23(12%)
662 0.84 21� 23(87%) 20� 22(12%)
332 2.19 20� 23(67%) 13� 23(12%) 21� 22(11%)
332 2.19 20� 22(67%) 13� 22(12%) 21� 23(11%)
302 0.25 16� 22(23%) 21� 27(20%) 13� 22(15%) 16� 23(14%) 21� 26(12%)
302 0.25 16� 23(23%) 21� 26(20%) 13� 23(15%) 16� 22(14%) 21� 27(12%)


8�OPc2�


685 0.86 29� 30(87%)
685 0.86 29� 31(87%)
366 0.16 25� 31(47%) 28� 31(20%) 24� 31(20%)
366 0.16 25� 30(47%) 28� 30(20%) 24� 30(20%)
342 2.65 28� 30(57%) 25� 30(14%)
342 2.65 28� 31(57%) 25� 31(14%)
318 0.34 24� 30(54%) 21� 31(19%) 25� 30(18%)
318 0.34 24� 31(54%) 21� 30(19%) 25� 31(18%)


8�SPc2�


694 0.89 29� 31(87%)
694 0.89 29� 30(87%)
402 0.38 25� 31(35%) 28� 31(31%)
402 0.38 25� 30(35%) 28� 30(31%)
371 1.35 28� 30(50%) 25� 30(41%)
371 1.35 28� 31(50%) 25� 31(41%)
327 1.32 24� 31(58%) 21� 30(29%)
327 1.32 24� 30(58%) 21� 31(29%)
308 0.21 21� 31(49%) 24� 30(20%)
308 0.21 21� 30(49%) 24� 31(20%)


16OPc2�


738 1.38 37� 38(94%)
738 1.38 37� 39(94%)
389 0.53 36� 39(88%)
389 0.27 36� 38(92%)
342 0.70 33� 38(45%) 32� 38(31%)
335 1.15 33� 39(69%) 32� 39(15%)
320 0.48 32� 39(78%) 33� 39(18%)
320 0.60 32� 58(59%) 33� 38(38%)


8�OPc2�


744 1.09 29� 30(76%) 29� 31(14%)
744 1.09 29� 31(76%) 29� 30(14%)
399 0.67 28� 30(70%) 28� 31(12%)
399 0.67 28� 31(70%) 28� 30(12%)
345 0.93 25� 30(53%) 24� 31(21%) 28� 30(10%)
345 0.93 25� 31(53%) 24� 30(21%) 28� 31(10%)
301 0.35 24� 30(40%) 24� 31(20%) 25� 31(10%)
301 0.35 24� 31(40%) 24� 30(20%) 25� 30(10%)


16SPc2�


770 1.55 37� 38(95%)
770 1.55 37� 39(95%)
449 0.30 36� 39(92%)
449 0.15 36� 38(94%)
386 0.52 33� 38(47%) 32� 38(39%)
373 0.62 33� 39(59%) 32� 39(34%)
354 0.38 32� 39(63%) 33� 39(35%)
351 0.32 32� 38(55%) 33� 38(44%)
315 0.26 37� 42(93%)
315 0.23 37� 43(94%)


8�SPc2


799 1.24 29� 30(92%)
799 1.24 29� 31(92%)
460 0.26 28� 30(91%)
460 0.26 29� 31(91%)
369 0.19 25� 30(67%) 24� 31(24%)
369 0.19 25� 31(67%) 24� 30(24%)
319 0.35 29� 34(21%) 29� 35(20%) 24� 30(16%) 24� 31(16%)
319 0.35 29� 35(21%) 29� 34(20%) 24� 31(16%) 24� 30(16%)
301 1.18 29� 34(22%) 24� 31(17%) 23� 31(16%) 29� 35(12%)
301 1.18 29� 35(22%) 24� 30(17%) 23� 30(16%) 29� 34(12%)


[a] Excited states with energy less than about 3.9 eV and f greater than 0.15 are shown.







FULL PAPER N. Kobayashi et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5123 ± 51345130


� 8�(S-alkyl)� 16(O-alkyl)� 8�(O-alkyl)� 16(S-alkyl)� 8�-
(S-alkyl). Of these, points 3) and 4) are consistent with
experiments, since the Q band is nearly described as a single
transition from the HOMO to LUMO.


Conclusion


The effect of substituents on the position and intensity of the
electronic absorption and fluorescence spectra of phthalocya-
nines has been examined for 35 Pc compounds. These


compounds differ from each
other in the number, position,
and electrostatic effect of the
substituents. As electron-re-
leasing groups, mostly alkoxyl
and alkyl(phenyl)thio groups
were used, while as electron-
withdrawing groups, nitro and
phenylsulfonyl groups were
employed. When electron-re-
leasing groups are bound to
four �-benzo positions of the
Pc skeleton, the B and Q bands
shift to longer wavelength. Rel-
ative to this shift, the effect of
introducing the same electron-
releasing groups at the other
four � positions amounts to
about 1.6 ± 2.0. Although the
effect is not always clearly seen,
introduction of electron-releas-
ing groups in the �-benzo posi-
tions of the Pc skeleton gener-
ally shifts the Q band to shorter
wavelength. The effect of elec-
tron-withdrawing groups is ex-
actly the opposite, that is, four
such groups in � or � positions
shift the Q band to shorter and
longer wavelength, respective-
ly. These effects can be reason-
ably explained by taking into
account the size of the carbon
atomic orbital coefficients de-
rived from the molecular orbi-
tal calculations. Specifically,
since the coefficients of � car-
bon atoms are larger than those
of the � carbon atoms in the
HOMO, the extent of destabi-
lization of this orbital by intro-
ducing electron-releasing
groups is larger when they are
linked to the � positions, which
makes the HOMO±LUMO
gap smaller. As a result, the Q
band, which is composed main-
ly of the HOMO±LUMO tran-


sition, shifts to longer wavelength, particularly when the
electron-releasing groups are introduced at the � positions.
The following intriguing phenomena were observed in the
experiments:
1) The splitting of the Q band of metal-free species decreases


with increasing wavelength of the Q band.
2) Judging from the pyrrole proton signals in the 1H NMR


spectra, the ring current of Pcs which have the Q band at
longer wavelength have smaller ring currents.


3) The absorption coefficients of the Q bands of Pcs with 16
electron-releasing substituents are larger than those of the


Figure 8. Some frontier orbitals of pyrrole-proton-deprotonated 8�SPc2�, Pc2�, 16SPc2�, and 8�SPc2�.
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corresponding tetra- and octasubstituted Pcs by several
tens of percent.


4) Pcs showing S1 emission maxima at wavelengths longer
than about 740 nm generally have quantum yields of less
than 0.1.
Molecular orbital calculations within the framework of the


PPP approximations reproduced observations in points 1) and
3) and furthermore suggest that the absorption coefficient of
the Q band of Pcs substituted by more strongly electron
releasing substituents is larger. The second HOMO of Pcs
showing the Q band at longer wavelength has b1u symmetry, in
contrast to the a2u symmetry of normal Pcs.


Experimental Section


Measurements : Electronic spectra were measured with a Hitachi U-3410
spectrophotometer. Magnetic circular dichroism (MCD) measurements
were made with a JASCO J-725 spectrodichrometer equipped with a
JASCO electromagnet that produced magnetic fields of up to 1.09 T with
parallel and antiparallel fields. Its magnitude was expressed in terms of
molar ellipticity per tesla [�]M/104 degmol�1dm3cm�1T�1. The 400 MHz
1H NMR spectra were recorded in CDCl3 on a JEOL GSX-400
spectrometer.


Method of calculation : The Pc structures were constructed from standard
phthalocyanine X-ray structural data[29] and by making the ring perfectly
planar and adopting D4h symmetry. Molecular orbital (MO) calculations
were performed for the pyrrole proton-deprotonated dianionic species
within the framework of the Pariser ± Parr ± Pople (PPP) approximation[30]


with employment of recently published semiempirical parameters.[31] These
are atomic valence state ionization potentials of 11.16 (carbon), 20.21
(central nitrogen), and 14.21 eV (imino nitrogen), together with atomic
valence affinities of 0.03 (carbon), 5.32 (central nitrogen), and 1.78 eV
(imino nitrogen). The central nitrogen atoms were assumed to be
equivalent, supplying 1.5 electrons each to the � system. In addition, �
polarizability was taken into account according to Hammond.[32a] Reso-
nance integrals were taken to be �2.48 (�CN) and �2.42 (�CC).[31] Two-
center repulsion integrals were calculated by the method of Mataga and
Nishimoto.[32b] The choice of configuration was based on energetic
considerations, and all singly excited configurations up to 56458 cm�1 were
included.


Chemicals : THF was distilled from sodium. DMF, n-pentanol, n-butanol,
and 1-hexanol were dried over activated 4 ä molecular shieves. Pyridine
was dried over KOH and distilled. All other commercially available
reagents and solvent were used without further treatment.


The following phthalonitrile (1,2-dicyanobenzene) starting materials were
synthesized according to published procedures: 3,6-[33a] and 4,5-dibutyl-
oxy-,[33b] 4-butylthio-,[33c] 4,5-dibutylthio-,[33d] 3- and 4-phenylthio-,[33e] 3-tert-
butyl-5-phenylthio- and 3-tert-butyl-5-phenylsulfonyl-,[33f] and 3,4,5,6-tet-
rakis(2�,2�,2�-trifluoroethoxy)-1,2-dicyanobenzene.[33g] 3-n-Butyloxy-1,2-di-
cyanobenzene, 3-n-butylthio-1,2-dicyanobenzene, and 4-n-butylthio-1,2-
dicyanobenzene were prepared by a minor modification of the procedure
of Leznoff et al.[34] for the preparation of alkoxy- and alkylthio-substituted
phthalonitriles. Phthalocyanines not listed below were reported in earlier
work.[33e±g]


3-n-Butyloxy-1,2-dicyanobenzene : The crude product was purified by
column chromatography on silica gel using CH2Cl2/hexane (1:1) as eluant
to give a 47.3% yield of a white solid of 3-butyloxy-1,2-dicyanobenzene.
M.p. 131 ± 132 �C; elemental analysis (%) calcd for C12H12N2O (200.24): C
71.98, H 6.04, N 13.99; found: C 72.07, H 6.11, N 14.19; 1H NMR (400 MHz,
CDCl3, TMS): �� 0.58 ± 2.07 (m, 7H; CH2CH2CH3), 3.75 ± 4.38 (m, 2H;
OCH2), 6.85 ± 7.75 ppm (m, 3H; Ar-H).


3-n-Butylthio-1,2-dicyanobenzene : The crude product was recrystallized
from ethanol to give a 95% yield of white needles. M.p. 70 ± 71 �C;
elemental analysis (%) calcd for C12H12N2S (216.31): C 66.63, H 5.59, N
12.95, S, 14.82; found: C 66.49, H 5.62, N 12.93, S 14.52; 1H NMR
(400 MHz, CDCl3, TMS): �� 0.61 (t, 3H; CH3), 1.49 (tq, 2H;
S(CH2)2CH2), 1.69 (tt, 2H; SCH2CH2), 3.05 (t, 2H; SCH2), 7.51 ± 7.62 ppm
(m, 3H; Ar-H).


4-n-Butylthio-1,2-dicyanobenzene : After recrystallization from ethanol,
this compound was obtained as off-white needles in 93% yield. M.p. 62 ±
63 �C; elemental analysis (%) calcd for C12H12N2S (216.31): C 66.63, H 5.59,
N 12.95, S, 14.82; found: C 66.43, H 5.55, N 12.78, S 14.82; 1H NMR
(400 MHz, CDCl3, TMS): �� 0.97 (t, 3H; CH3), 1.50 (tq, 2H;
S(CH2)2CH2), 1.70 (tt, 2H; SCH2CH2), 3.01 (t, 2H; SCH2), 7.48 (d, 1H;
Ar-H, C6), 7.54 (s, 1H; Ar-H, C2), 7.63 ppm (d, 1H; Ar-H, C5).


1,2-Dicyano-3,6-bis(trifluorosulfonyl)benzene : Triethylamine (5.0 mL,
36 mmol), CH2Cl2 (25 mL), and dimethylaminopyridine (0.20 g, 1.6 mmol)
were added to 2,3-dicyanohydroquinone (2.4 g, 15 mmol) under nitrogen
while maintaining the temperature of the reaction mixture below �70 �C,
and the mixture was stirred for 24 h. Trifluoromethanesulfonic anhydride
(6.0 mL, 37 mmol) was added dropwise, and the mixture stirred for 24 h.
The reaction mixture was poured into CH2Cl2 (200 mL), 0.5� HCl (5 mL)
added, and the organic layer separated and evaporated under reduced


Figure 9. Partial energy diagram obtained by PPP calculations for the pyrrole-proton-deprotonated Pcs (Pc2�).
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pressure. The residue was subjected to chromatography on a silica gel
column with CHCl3 as eluent to give in 85% yield 5.4 g of white needles.
M.p. 106 ± 107 �C; elemental analysis (%) calcd for C10F6H2N6O6S2 (424.26):
C 28.31, H 0.48, N 6.60, S 15.12; found: C 28.02, H 0.82, N 7.77, S 15.24;
1H NMR (400 MHz, CDCl3, TMS): �� 7.87 ppm (s, 2H; Ar-H).


1,2-Dicyano-3,6-dibutylthiobenzene : 1,2-Dicyano-3,6-bis(trifluorosulfo-
nyl)benzene (3.0 g, 7.0 mmol) was added to a dry DMF (10 mL) solution
containing K2CO3 (1.2 g, 8.8 mmol) and butylmercaptan (1.4 g, 15 mmol),
and the solution was stirred at room temperature with slight bubbling of
nitrogen for 5 h, after which K2CO3 (1.2 g, 8.8 mmol) was added again, and
stirring continued for further 48 h. The reaction mixture was poured into
water (200 mL), and the solid collected by filtration and washed with water.
After recrystallization of the solid from ethanol, 0.40 g (19% yield) of the
desired dinitrile was obtained as pale yellowish needles. M.p. 85 ± 86 �C;
elemental analysis (%) calcd for C16H20N2S2 (304.48): C 63.12, H 6.62, N
9.20, S 21.06; found: C 62.86, H 6.64, N 9.03, S 20.91; 1H NMR (400 MHz,
CDCl3, TMS): �� 0.94 (t, 6H; CH3), 1.48 (tq, 4H; S(CH2)2CH2), 1.66 (tt,
4H; SCH2CH2), 3.02 (t, 4H; SCH2), 7.50 ppm (m, 2H; Ar-H).


1,2-Dicyano-4,5-diphenylthiobenzene : A mixture of 1,2-dicyano-4,5-di-
iodobenzene[35] (195 mg, 1 mmol), thiophenol (660 mg, 6 mmol), and
K2CO3 (2.36 g, 32 mmol) in dry DMSO (2 mL) was heated at 90 �C for
30 min.[36] After cooling, ice was added, and the precipitated yellow solid
was filtered off, and subjected to chromatography on silica with hexane/
CH2Cl2 (3:10) to give a 61% yield (211 mg) of the desired dinitrile as a
while solid. M.p. 197 ± 199 �C; elemental analysis (%) calcd for C20H12N2S2
(344.47): C 69.74, H 3.51, N 8.13, S 18.62; found: C 69.47, H 3.70, N 7.90, S
18.46. 1H NMR (400 MHz, CDCl3, TMS): �� 6.99 (s, 2H; Ar-H), 7.26 ±
7.57 ppm (m, 10H; Ar-H).


4�(OBu)H2Pc (mixture of regioisomers): A mixture of lithium (30 mg,
4.32 mmol) and 3-n-butyloxy-1,2-dicyanobenzene (500 mg, 2.5 mmol) in
dry n-pentanol (3 mL) was refluxed for 3 h, the solvent was evaporated to
about half-volume under reduced pressure, and the solution was refluxed
for a further 40 min. After removing the solvent under vacuum, the residue
was subjected to chromatography on a silica gel column with CH2Cl2 as
eluent to give a 25.9% yield (130 mg) of a blue solid. Elemental analysis
(%) calcd for C48H50N8O4(802.98): C 71.80, H 6.28, N 13.95; found: C 70.78,
H 6.44, N 13.69; 1H NMR (400 MHz, CDCl3, TMS): ���0.73 (m, 2H;
pyrrole), 1.13 ± 1.40 (m, 12H; CH3), 1.70 ± 2.15 (m, 8H; CH2), 2.22 ± 2.47 (m,
8H; CH2), 4.40 ± 5.00 (m, 8H; OCH2), 7.20 ± 8.10 (m, 8H; Ar-H), 8.30 ±
9.00 ppm (m, 4H; Ar-H).


4�(OBu)H2Pc (mixture of regioisomers): This compound was prepared by
the procedure described for 4�(OBu)H2Pc, but with 4-n-butyloxy-1,2-
dicyanobenzene (500 mg, 2.5 mmol) in place of 3-n-butyloxy-1,2-dicyano-
benzene. Yield: 120 mg (23.9%); elemental analysis (%) calcd for
C48H50N8O4(802.98): C 71.80, H 6.28, N 13.95; found: C 69.70, H 6.21, N
13.12. 1H NMR (400 MHz, CDCl3, TMS): ���5.24 (s, 2H; pyrrole), 1.18 ±
1.27 (t, 12H; CH3), 1.68 ± 1.79 (m, 8H; CH2), 1.93 ± 2.04 (m, 8H; CH2),
3.90 ± 4.15 (t, 8H; OCH2), 6.60 ± 8.00 ppm (m, 12H; Ar-H).


4�(OBu)ZnPc and 4�(OBu)ZnPc (mixtures of regioisomers): 4�(O-
Bu)H2Pc or 4�(OBu)H2Pc (50 mg, 0.062 mmol) and an approximately
equal volume of Zn(OAc)2 were refluxed in a mixture of 1,2-dichloro-
ethane (3 mL) and ethanol (3 mL) for 18 h in the dark. After evaporation
of the solvent, the residue was subjected to chromatography on an alumina
column with CH2Cl2 as eluent. The green-blue fraction was recrystallized
from CH2Cl2/hexane to yield 16 mg (4�(OBu)ZnPc) or 18 mg (4�(OB-
u)ZnPc) of a blue-green powder (29.7 and 33.4%, respectively). Elemental
analysis (%) calcd for C48H48N8O4Zn (866.34): C 66.55, H 5.58, N 12.93;
found for 4�(OBu)ZnPc: C 66.94, H 6.11, N 12.00; found for 4�(OB-
u)ZnPc: C 67.40, H 6.01, N 12.30.


8�- and 8�(OBu)H2Pc : These compounds were obtained from 3,6- and 4,5-
dibutyloxy-1,2-dicyanobenzene, respectively, by a method reported in the
literature.[33a, b] Elemental analysis (%) calcd for C64H82N8O8 (1091.41): C
70.43, H 7.57, N 10.27; found for 8�(OBu)H2Pc: C 70.07, H 7.63, N 10.09;
found for 8�(OBu)H2Pc: C 70.14, H 7.60, N 10.34. In the case of
8�(OBu)H2Pc, prolonged heating in n-pentanol causes substitution of
some of butoxyl groups by pentyl groups so that reaction in n-butyl
alchohol appears safer.


8�- and 8�(OBu)ZnPc : These compounds were obtained as for 4�(O-
Bu)ZnPc and 4�(OBu)ZnPc by zinc insertion into 8�- and 8�(OBu)H2Pc in
15.5 and ca. 30% yield, respectively. Elemental analysis (%) calcd for


C64H80N8O8Zn (1154.77): C 66.57, H 6.98, N 9.70; found for 8�(OBu)ZnPc:
C 67.44, H 7.37, N 9.68; found for 8�(OBu)ZnPc: C 67.31, H 7.51, N 8.93.
8�(OBu)ZnPc is unstable in solution and in air.


16(OCH2CF3)H2Pc and 16(OCH2CF3)ZnPc : These were reported in our
earlier study.[33g]


4�(SBu)H2Pc (mixture of regioisomers): 3-n-Butylthio-1,2-dicyanoben-
zene (1.0 g, 4.6 mmol) was added to lithium (20 mg, 2.88 mmol) dissolved in
dry n-pentanol (6 mL), and the solution was refluxed for 1 h. After cooling,
the solution was poured into methanol (200 mL) containing 3 drops of
concentrated HCl, and the resulting precipitate was collected by filtration
and purified on a silica gel column with pyridine as eluent. The front-
running green portion was recrystallized from CH2Cl2/methanol to give a
59% yield (0.59 g) of the desired compound as a green powder. Elemental
analysis (%) calcd for C48H50N8S4 (867.25): C 64.48, H 5.81, N 12.92, S 14.79;
found: C 64.17, H 5.98, N 12.27, S 13.77; 1H NMR (400 MHz, CDCl3, TMS):
���1.14 (s, 2H; pyrrole), 1.1 ± 1.3 (m, 12H; CH3), 1.6 ± 1.9 (m, 8H;
S(CH2)2CH2), 1.90 ± 2.20 (m, 4H; SCH2CH2), 3.41 (br, 8H; SCH2), 7.4 ± 8.1
(m, 8H; Ar-H), 8.65 ± 9.15 ppm (m, 4H; Ar-H).


4�(SBu)ZnPc (mixture of regioisomers): A mixture of 1-hexanol (5 mL),
Zn(OAc)2, and 4�(SBu)H2Pc (0.2 g, 0.23 mmol) was refluxed for 1 h and
then poured into methanol (200 mL), and the resulting precipitate was
filtered off and subjected to chromatography on a silica gel column with
CHCl3 as eluent. The front-running blue-green portion was collected and
recrystallized from CHCl3/methanol to give a 47% yield (0.10 g) of a green
solid. Elemental analysis (%) calcd for C48H48N8S4Zn (930.64): C 61.95, H
5.20, N 12.04, S 13.78; found: C 60.49, H 5.03, N 11.04, S 13.64; 1H NMR
(400 MHz, CDCl3, TMS): �� 0.90 ± 1.22 (m, 3H; CH3), 1.64 ± 2.10 (m, 4H;
S(CH2)2CH2 and SCH2CH2), 3.77 ± 3.90 (br, 2H; SCH2), 7.04 ± 7.75 (m, 3H;
Ar-H), 8.65 ± 9.15 ppm (m, 4H; Ar-H).


4�(SBu)H2Pc (mixture of regioisomers): As for the preparation of
4�(SBu)H2Pc, this compound was synthesized from 4-n-butylthio-1,2-
dicyanobenzene (1.0 g, 4.6 mmol) in 29% yield (0.29 g). Elemental analysis
(%) calcd for C48H50N8S4 (867.25): C 64.48, H 5.81, N 12.92, S 14.79; found:
C 66.02, H 5.58, N 12.79, S 14.70; 1H NMR (400 MHz, CDCl3, TMS): ��
�5.00 (s, 2H; pyrrole), 1.18 (m, 12H; CH3), 1.74 (m, 8H; S(CH2)2CH2),
1.94 (m, 4H; SCH2CH2), 3.16 (br, 8H; SCH2), 7.00 ± 7.75 ppm (m, 12H; Ar-
H).


4�(SBu)ZnPc (mixture of regioisomers): As for the preparation of
4�(SBu)ZnPc from 4�(SBu)H2Pc, zinc was inserted into 4�(SBu)H2Pc
(0.2 g, 0.23 mmol) to give 0.20 g (93%) of the desired compound.
Elemental analysis (%) calcd for C48H48N8S4Zn (930.64): C 61.95, H 5.20,
N 12.04, S 13.78; found: C 59.88, H 4.74, N 11.12, S 12.87; 1H NMR
(400 MHz, CDCl3, TMS): �� 0.93 (m, 12H; CH3), 1.27 ± 1.67 (m, 16H;
S(CH2)2CH2 and SCH2CH2), 2.60 (t, 8H; SCH2), 6.50 ± 7.80 ppm (m, 12H;
Ar-H).


8�(SBu)H2Pc : 3,6-Dibutylthio-1,2-dicyanobenzene (0.4 g, 1.3 mmol) was
added to lithium (20 mg, 2.9 mmol) dissolved in dry n-pentanol (6 mL), and
the solution was refluxed for 1 h. After cooling, the solution was poured
into methanol (100 mL) containing 3 drops of concentrated HCl, and the
resulting precipitate was collected by filtration and purified on a silica gel
column with CHCl3 as eluent. The dull green portion was recrystallized
from CHCl3/methanol to give a 38% yield (0.15 g) of a green solid.
Elemental analysis (%) calcd for C64H82N8S8 (1219.95): C 63.01, H 6.78, N
9.19, S 21.03; found: C 62.32, H 6.84, N 8.74, S 21.01; 1H NMR (400 MHz,
CDCl3, TMS): �� 0.28 (s, 2H; pyrrole), 1.04 (t, 24H; CH3), 1.65 (tq, 16H;
S(CH2)2CH2), 1.91 (tt, 16H; SCH2CH2), 3.23 (br, 16H; SCH2), 7.69 ppm
(br, 8H; Ar-H).


8�(SBu)ZnPc : A mixture of 1-hexanol (4.5 mL), pyridine (1.5 mL),
8�(SBu)H2Pc (40 mg, 0.033 mmol), and Zn(OAc)2 was refluxed for 1 h,
after which the reaction mixture was poured into methanol (80 mL), and
the precipitate formed was filtered off and subjected to chromatography on
a silica gel column with CHCl3 as eluent. The front-running colored portion
was collected and recrystallized from CH2Cl2/methanol to give a 93% yield
(39 mg) of a green solid. Elemental analysis (%) calcd for C64H80N8S8Zn
(1283.34): C 59.90, H 6.28, N 8.73, S 19.99; found: C 59.60, H 6.67, N 8.06, S
18.55; 1H NMR (400 MHz, CDCl3, TMS): �� 0.97 (t, 24H; CH3), 1.63 (br,
16H; S(CH2)2CH2), 1.56 (br, 16H; SCH2CH2), 2.89 (br, 16H; SCH2),
7.38 ppm (br, 8H; Ar-H).


8�(SPh)ZnPc : 1,2-Dicyano-4,5-diphenylthiobenzene (172 mg, 0.5 mmol)
was added to lithium (2 mg, 0.29 mmol) dissolved in dry n-pentanol (1 mL),
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and the solution was refluxed for 2 h. Then dried Zn(OAc)2 (92 mg) was
added and refluxing was continued for 2 h in the dark. After cooling, the
solution was poured into methanol (20 mL) containing 1 drop of
concentrated HCl, and the resulting precipitate was collected by filtration
and purified on an alumina column with CH2Cl2/pyridine as eluent. The
first-eluted green portion was collected and recrystallized from pyridine/
methanol to give a 19.4% yield (35 mg) of green-blue powder. Elemental
analysis (%) calcd for C80H48N8S8Zn (1443.27): C 66.58, H 3.35, N 7.76, S
17.77; found: C 65.92, H 3.59, N 7.33, S 17.12; 1H NMR (400 MHz, CDCl3,
TMS): �� 7.42 ± 7.48 (m, 24H; Ar-H), 7.62 ± 7.64 (d, 16H; Ar-H), 9.06 ppm
(s, 8H; Ar-H).
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The Open-Chain Trioxide CF3OC(O)OOOC(O)OCF3


Stefan von Ahsen,[a] Pla¬cido GarcÌa,[a] Helge Willner,*[a, c] Maximiliano Burgos Paci,[b] and
Gustavo A. Arg¸ello[b]


Abstract: The open-chain trioxide CF3OC(O)OOOC(O)OCF3 is synthesised by a
photochemical reaction of CF3C(O)OC(O)CF3, CO and O2 under a low-pressure
mercury lamp at �40 �C. The isolated trioxide is a colourless solid at �40 �C and is
characterised by IR, Raman, UVand NMR spectroscopy. The compound is thermally
stable up to �30 �C and decomposes with a half-life of 1 min at room temperature.
Between �15 and �14 �C the activation energy for the dissociation is 86.5 kJmol�1


(20.7 kcalmol�1). Quantum chemical calculations have been performed to support
the vibrational assignment and to discuss the existence of rotamers.


Keywords: fluorine ¥ matrix isola-
tion ¥ photochemistry ¥ trioxides ¥
vibrational spectroscopy


Introduction


There are many examples in chalcogen chemistry of mole-
cules such as polysulfanes, containing polyelement chains.
Single-bonded polyoxy compounds are less common, because
their stability decreases as the number of oxygen atoms
increases. Some trioxides with bulky organic substituents such
as tBuOOO-tBu,[1±3] as well as various primary ozonides, have
been studied for many years. Khalizov and co-workers
reviewed alkyl trioxides recently,[4] but perfluorinated polyoxy
compounds are still laboratory curiosities. Only a few
perfluoroalkyl trioxides such as CF3OOOCF3


[5±9] and
CF3OOOC2F5


[5, 6] have been isolated and well characterised,
whereas the first acyl compound FC(O)OOOC(O)F has been
mentioned only in recent years[10] and is still under inves-
tigation.[11]


Bis(fluoroformyl) trioxide is formed as a by-product in the
synthesis of FC(O)OOC(O)F by the reaction of F2/O2


mixtures with CO, whereby F atoms act as key species. In a
related reaction system, in which CF3O radicals catalyse
the oxidation of CO to CO2,[12, 13] the new peroxide CF3-
OC(O)OOC(O)OCF3 was isolated,[13] studied kinetically[14]


and characterised structurally.[15] Traces of CF3OC(O)OOOC-
(O)OCF3 were detected as a by-product.[13]


Both the peroxide and the trioxide are good thermal
sources for CF3O,[16, 17] as is the trioxide for CF3OC(O)OO;[18]


both of these radicals are important intermediates in the
degradation of CFCs and their replacements.


In this work, we describe improved reaction conditions that
lead to a high yield of bis(trifluoromethoxy)trioxodicarbonate
(CF3OC(O)OOOC(O)OCF3) as well as its isolation, spectro-
scopic characterisation and thermal decay in the presence of
excess N2 and CO. Molecular properties are predicted by
quantum chemical calculations, which also support the
interpretation of the observed spectra.


Results and Discussion


Synthetic aspects : In the reaction mechanism that leads to the
known peroxide CF3OC(O)OOC(O)OCF3,[13] CF3O radicals
generated by the reaction sequence represented by Equa-
tions (1) ± (3)[13] play a key role. The catalytic oxidation of CO
proceeds by the chain reaction given in Equations (4) ± (7)
and summarised in Equation (8).[12, 13]


CF3C(O)OC(O)CF3� h�� 2CF3�CO2�CO (1)


2CF3� 2O2 (� M)� 2CF3OO (� M) (2)


2CF3OO� 2CF3O�O2 (3)


2CF3O� 2CO (� M)� 2CF3OCO (� M) (4)
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2CF3OCO� 2O2 (� M)� 2CF3OC(O)OO (� M) (5)


2CF3OC(O)OO� 2CF3OCO2�O2 (6)


2CF3OCO2� 2CF3O� 2CO2 (7)


2CO�O2� 2CO2 (8)


It was possible to isolate CF3OC(O)OOCF3
[8] and CF3-


OC(O)OOC(O)OCF3
[13] from the reaction mixture. These


compounds were formed by some of the termination reactions
[Eqs. (9) ± (11)].


2CF3OCO2 (� M)�CF3OC(O)OOC(O)OCF3 (9)


CF3OCO2�CF3O (� M)�CF3OC(O)OOCF3 (10)


CF3OCO�CF3OO (� M)�CF3OC(O)OOCF3 (11)


At a reaction temperature of 0 �C, a thermally labile
compound was detected in addition to these products, but it
could not be identified clearly, because its IR spectrum was
very similar to that of CF3OC(O)OOC(O)OCF3. The most
likely candidate for the unidentified compound was the
trioxide CF3OC(O)OOOC(O)OCF3,[13] which is formed by
recombination of the rather long-lived peroxy radical CF3O-
C(O)OO, formed through Equation (5), with the short-lived
CF3OCO2 radical, generated from Equation (6), in the
termination reaction [Eq. (12)].


CF3OCO2�CF3OC(O)OO (� M)�CF3OC(O)OOOC(O)OCF3 (� M) (12)


At a lower reaction temperature (�40 �C) the trioxide can
be obtained as the main product, together with CO2 from the
catalytic cycle and the peroxydicarbonate as only a trace. As
the primary formation of CF3OC(O)OO depends on the
photolysis rate of trifluoroacetic anhydride (TFAA); its
concentration is, in a first approximation, independent of
temperature. Nevertheless, the formation of the short-lived
species CF3OCO2 [Eq. (6)] is strongly dependent on CF3-
OC(O)OO formation. Therefore, the trioxide CF3OC-
(O)OOOC(O)OCF3 is formed according to Equation (12)
as the primary product during the synthesis at any temper-
ature.


The reaction given in Equation (9) is responsible for the
formation of the peroxide and is important only if the
concentration of the short-lived CF3OCO2 radical is effec-
tively increased. Here the postulated trioxide may act as a
reservoir for this radical since, once it is formed, the
regeneration of CF3OCO2 would then be dependent on the
reaction temperature as the decay of the trioxide is an
activated process [Eq. (13)].


CF3OC(O)OOOC(O)OCF3�CF3OC(O)OO�CF3OCO2 (13)


From Equation (13) together with Equation (6) it follows
that the formation of the peroxide CF3OC(O)OOC(O)OCF3


at higher reaction temperatures (�20 to �10 �C) is only a
consequence of the thermal decay of the primarily generated
trioxide [Eq. (13)].


We conclude that radical ± radical recombination reactions,
which usually have no activation barrier and, therefore, no
temperature dependence, are not the only ones responsible
for the observations. Since unimolecular dissociation of
molecules does have an activation barrier, the observed
temperature dependence of the reaction system is now
rationalised. Moreover, as the dissociation of CF3OCO2


radicals requires a low activation energy, neither trioxide
nor peroxide is formed above room temperature.


Here, trapping of the trioxide at �40 �C, at which it is not
only thermally stable but also shows no significant vapour
pressure, gives evidence which strongly supports the reaction
system discussed above[13] and ensures that it proceeds in the
desired direction.


Spectroscopic properties : The IR spectrum of pure CF3-
OC(O)OOOC(O)OCF3 is very similar to the known IR
spectrum of CF3OC(O)OOC(O)OCF3,[13] since all the char-
acteristic bands appear in the same spectral region. The main
differences in the spectra can be found in the �(C�O),
�(C�O), �(OO) and �(OOO) modes. The IR and Raman
spectra of CF3OC(O)OOOC(O)OCF3 are presented in Fig-
ure 1.


Figure 1. IR (gas-phase) and Raman (solid, �196 �C) spectra of CF3O-
C(O)OOOC(O)OCF3.


Table 1 shows an assignment of the observed bands, which
are compared with the related peroxide. The assignment is
supported by quantum chemical calculations, which are
discussed below. Due to the similarity of the masses of all
the atoms and comparable bond strengths, all modes except
the C�O stretching are strongly mixed. Therefore, the
fundamental modes are not described in Table 1.


For CF3OC(O)OOOC(O)OCF3 only one main absorption
band occurs in the carbonyl region (1878 cm�1 in both the gas
phase and neon matrix), implying that the vibrational
coupling of the two �(C�O) bands is reduced in comparison
with CF3OC(O)OOC(O)OCF3 (where two separate bands at
1887 and 1866 cm�1 can be observed). This feature could be
interpreted in terms of the elongation and enhanced flexibility
of the enlarged oxygen chain. In general, any normal mode in
which a movement in the CF3OC(O) moieties is expected
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should give rise to two separate bands in the vibrational
spectrum as the movement can be in-phase or off-phase.
However, from our spectroscopic resolution (1 cm�1 in Ne
matrix, 2 cm�1 in the gas-phase IR spectra, 4 cm�1 in the
Raman spectrum), only overlapping bands of the correspond-
ing in-phase and off-phase modes are observed.


�s(OOO) is detected as a strong Raman band at 923 cm�1.
The antisymmetric mode �a(OOO) is strongly mixed with the
carbon ± oxygen stretching modes, as is also calculated for
�(C�O) and �(OO) in the case of the peroxide CF3-
OC(O)OOC(O)OCF3. The �(OO) fundamentals are useful
for distinguishing between the trioxide and peroxide, as the
trioxide absorbs at 974 cm�1 with moderate intensity while the
peroxide has its analogue at 989 cm�1 (both gas-phase values).


According to quantum chemical calculations, the most
stable isomer of the trioxide is the all-trans-sym-CF3-
OC(O)OOOC(O)OCF3 (Figure 2) that has C2 symmetry and


Figure 2. Calculated structure of CF3OC(O)OOOC(O)OCF3.


Table 1. Fundamental modes of CF3OC(O)OOOC(O)OCF3, compared with CF3OC(O)OOC(O)OCF3.


CF3OC(O)OOOC(O)OCF3 CF3OC(O)OOC(O)OCF3


Gas phase Ne matrix Ar matrix Raman Calcd[a] Assignment Gas phase[b] Ar matrix[b] Calcd[a]


�


[cm�1]
�


[10�20 cm2]
�


[cm�1]
�


[cm�1]
rel.
int.[c]


�


[cm�1]
int. �


[cm�1]
IR int.
[kmmol�1]


RA int.
[amuä4]


C2 sym. � [cm�1] � [cm�1] � [cm�1]


1878 277 1878.3 1872 41 1866 s 1935.1 67 10 A �1 1887 1884 1940.4
1930.9 657 1.1 B �24 1866 1857 1911.9


1293 549 1295.0 1291 47 1284.9 448 0.6 B �25 1298 1296 1286.5
1284.6 129 0.8 A �2 1288.1


1257 747 1255.3 1250 60 1242.7 535 0.3 A �3 1259 1251 1242.9
1240.9 254 0.8 B �26 1242.5


1185 170 1185.1 1224.3 114 3.0 A �4 1240.7
1181.8 1178 34 1207.4 99 1.4 B �27 1217.6


1170 174 1165.5 1169.6 348 2.9 A �5 1195 1185 1177.2
1138 815 1133.6 1132 100 1128.0 1900 1.1 B �28 1135 1131 1118.3


1010.3 1009 1.7 1013 s 1025.0 34 12 A �6 1050 1048 1069.2
974 230 975.6 974 25 976 vw 973.0 603 0.8 B �29 989 988 987.5


923 vs 956.3 1.1 34 A �7 958.9
899 35 902.2 901 4.9 900 s 901.6 122 1.4 B �30 905 906 905.5


878 s 883.2 0.55 8.1 A �8 876.8
795 48 792.8 790 13 791 m 803.5 358 5.9 B �31 ± ± ±
789 49 771.4 770 5.7 778 w 775.1 32 0.1 B �32 756 774.4
778 55 767.2 767 766 w 769.5 28 0.2 A �9 774.7


757.8 757 1.1 748 w 757.8 4.6 0.5 A �10 744 742 756.0
751.3 749 740 w 750.6 26 0.3 B �33 746.3


695 10 703.2 703 1.1 702 s 702.4 8.6 2.5 A �11 669 668 667.2
684.1 682 0.18 683 m 687.0 3.4 1.1 B �34 727 723.3
616.2 615 0.28 616 s 608.3 1.6 1.0 A �12 610 614 607.6


608.0 1.3 1.7 B �35 606.7
546 547.0 545 0.10 563 s 559.8 2.4 1.2 A �13 ± ± ±


555.9 0.54 2.7 B �36 556.6
541 541.9 541 0.07 544 s 552.7 1.8 3.2 A �14 563[d] 555.6
442 450.2 448 0.89 449 449.9 19 1.2 B �37 460 460 460.9


433 m 427.4 0.21 0.5 B �38 431 426.1
427.2 0.16 0.8 A �15 428.5


386 s 381.4 0.03 1.5 A �16 383 383.7
379.2 1.1 0.3 B �39 379.8


339 w 329.5 0.90 0.6 B �40 327.1
286 m 274.3 0.29 1.3 A �17 343[d] 340.4
252 s 243.4 0.50 2.9 A �18 242[d] 231.8
180 w 166.1 3.6 0.1 B �41 156.0


141.3 0.08 0.1 B �42 ± ± ±
121 s 116.6 0.04 0.6 A �19 161.5


100.5 0.34 0.7 A �20 108[d] 111.4
88.8 0.47 0.5 B �43 100.7


72 s 70.9 0.12 0.4 A �21 74.7
57.7 0.07 0.4 B �44 56.7
29.8 0.23 0.1 B �45 33.0
27.8 0.20 0.2 A �22 39.1
21.4 0.00 0.3 A �23 26.5


[a] B3LYP/6-311G(d,p), this work. [b] From ref. [13]. [c] Relative integrated band intensities. [d] Raman, solid at �196 �C.
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a trans configuration (close to 180�) of all the independent
dihedral angles of the 11-atom F-C-O-C-O-O-O-C-O-C-F
chain except for the C-O-O-O and O-O-O-C angles, for which
���90.13� (see Figure 2). The irreducible representation of
the 45 fundamental vibrations is given in Equation (14) and
they can be described approximately by 16 stretching, 19
deformation, two out-of-plane and eight torsion modes.


�vib� 23A (IR, Rap) � 22B (IR, Radp) (14)


The trioxide may exist in 72 possible rotamers: in each
CF3OC(O)O unit three independent dihedral angles can be
either 180� or 0�, leading to 23� 8 species for each unit. If both
parts of the molecule are identical, we get eight isomers. If
they are different, then 7�6�5�4�3�2� 1� 28 additional
isomers are possible. The two dihedral angles in the COOOC
unit, each with a gauche configuration, may be symmetric
(both 90�) or antisymmetric (90� and �90�), which leads to a
total of 2(8�28)� 72 rotamers. Moreover, the non-symmetric
isomers can exist in two enantiomeric forms, which are not
counted here.


Full calculations were performed for rotamers that are
stable and differ from the most stable form in only a few
dihedral angles. Among the possible stable rotamers, the next
higher in energy is the ttc-sym-ttt-CF3OC(O)OOOC(O)OCF3


rotamer (cis configuration of oneO-C-O-O dihedral, resulting
in C1 symmetry) and the energy difference from the most
stable isomer is 3.9 kJmol�1. The next is the ttt-asy-ttt-
CF3OC(O)OOOC(O)OCF3 (C1 symmetry), which is
7.1 kJmol�1 higher in energy than the most stable rotamer.
The most important calculated data are presented in Table 2.


The dihedral angles of the most stable all-trans-sym-
CF3OC(O)OOOC(O)OCF3 (Figure 2) were calculated to be


179.98�, 179.43� and 177.43� for FCOC, COCO and OCOO,
respectively.


For the assignment of the vibrational spectrum, the
calculations predict only small differences in the IR spectra
for the four most stable rotamers. Irrespective of the state
(either gas-phase or solid), the broad bands in the trioxide
spectra do not allow a distinction to be made between the
different rotamers, so all observed bands can be accounted for
by the expected spectrum of the all-trans-sym-CF3-
OC(O)OOOC(O)OCF3 isomer as described in Table 1.
However, in principle, resolution of more fundamental
vibrations and discovery of different rotamers should be
possible in IR matrix spectra. A rough estimation of the
Boltzmann ratio gives percentages of the order of 20% for the
ttc-sym-ttt and 5% for the ttt-asy-ttt rotamer. Since the
detection limit of our experimental set-up is in the range of
a few per cent (that is, the band intensity of an impurity or
trace compound compared with the most intense band of the
major species) and since the spectra of the rotamers are very
similar, evidence of other isomers was observed, but no proof.
Bands at 1863 and 986 cm�1 that are also seen in the matrix IR
spectrum are in agreement with the calculated data for the ttc-
sym-ttt-CF3OC(O)OOOC(O)OCF3 isomer in position and
expected intensity; a very weak band at 1888 cm�1 in the matrix
IR spectrum may be due to the all-trans-asy-CF3OC(O)OOOC-
(O)OCF3 isomer. Nevertheless, all of these bands could also
be assigned to an impurity of CF3OC(O)OOC(O)OCF3, as its
IR spectrum differs from that of the trioxide especially at
these wavenumbers. Hence, it was not possible to prove
unambiguously the existence of isomers other than the most
stable one, although the appearance of an impurity in the
20% range is very unlikely according to the NMR analysis.


The UV spectrum of CF3OC(O)OOOC(O)OCF3 in the
375 ± 200 nm region shows an unstructured absorption band


Table 2. Calculations on CF3OC(O)OOOC(O)OCF3 rotamers [B3LYP/6-311G(d,p)].


Rotamer[a]


ttt-sym-ttt ttc-sym-ttt ttt-asy-ttt ttc-sym-ctt tct-sym-ttt tct-sym-tct ctt-sym-ttt


Symmetry C2 C1 C1 C2 C1 C2


E � ZPC [hartree] � 1278.1804 � 1278.1789 � 1278.1777 � 1278.1775 � 1278.1761 � 1278.1717 non-existent
�Erel [kJmol�1] 0 3.9 7.1 7.6 11.3 22.8 �
Ratio[b] 1 0.199 0.055 0.044 0.010 � 0.001 ttt-sym-ttt
�(C�O)[c] 1935(67) 1936 (381) 1940 (531) 1919(227) 1945(297) 1948 (48)


1931(657) 1914 (412) 1912 (134) 1910(640) 1933(458) 1944 (735)
� (stretch) 1285(448) 1289 (282) 1288 (290) 1290(155) 1286(322) 1289 (315)


1285(129) 1285 (269) 1281 (274) 1289(413) 1283(529) 1279 (961)
1243(535) 1246 (439) 1244 (397) 1248(519) 1243(448) 1235 (504)
1241(254) 1243 (401) 1241 (381) 1246(244) 1230(372) 1230 (256)
1224(114) 1241 (114) 1230 (183) 1244(27) 1215(119) 1204 (574)
1207(99) 1211 (87) 1209 (42) 1229(119) 1204(214) 1204 (16)
1170(348) 1164 (376) 1169 (721) 1157(2) 1160(941) 1146 (215)
1128(1900) 1123 (1847) 1126 (1493) 1119(2471) 1124(906) 1126 (1008)
1025(34) 1008 (124) 1031 (85) 998(10) 1014(110) 996 (37)
973(603) 979 (497) 992 (408) 983(323) 963(228) 967 (2)
956(1) 959 (8) 965 (79) 940(0) 958(119) 954 (313)
902(122) 896 (34) 907 (126) 891(8) 893(55) 860 (3)
83(1) 879 (1) 878 (22) 872(0) 859(6) 857 (0)
803(349) 782 (160) 829 (171) 765(73) 807(329) 808 (351)


[a] Nomenclature: t� trans (180�), c� cis (0�). Labelling order: 1st letter: FCOC dihedral; 2nd letter: COCO dihedral; 3rd letter: OCOO dihedral for first
half of molecule, second half the reverse; sym indicates that both central dihedral angles are identical (�90�), asy means one is�90�, and one�90�. Rotamer
ctt-sym-ttt has no energetic minimum; the CF3 unit rotates into the ttt-sym-ttt structure. [b] Ratio: derived from �E Boltzmann distribution at room
temperature (294 K). [c] Wavenumbers [cm�1] (intensities [kmmol�1]).
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whose maximum should be below 200 nm. The absorption
cross sections could be estimated only approximately, because
of the experimental limitations of the matrix technique.
Nevertheless, from absorbance measurements at room tem-
perature in the gas phase, the cross sections are probably
higher than those obtained from the corresponding peroxide
CF3OC(O)OOC(O)OCF3,[13] , showing that the photochemi-
cal decomposition of the trioxide can also be important in the
above-mentioned reaction scheme including the synthesis of
the trioxide or the peroxide.


The 19F and 13C NMR spectra of CF3OC(O)OOOC-
(O)OCF3 show the expected signals and coupling patterns
(Table 3).


A more complete characterisation could not be achieved
for several experimental reasons: reliable data for melting
point, boiling point, vapour pressure and UV cross sections
cannot be given as the trioxide CF3OC(O)OOOC(O)OCF3 is
stable only up to about �30 �C. At this temperature it is still
solid, with a vapour pressure in the 0.1 mbar region. Therefore
a structural characterisation of the trioxide in the gas phase
was not possible by gas electron diffraction. We were not able
to grow crystals by crystallisation of the amorphous solid
during several weeks at �30 �C.


Kinetic aspects : The IR cell, which was maintained at
different temperatures between �15 and �14 �C, was filled
with about 1 mbar of pure CF3OC(O)OOOC(O)OCF3 and
then mixed with a large excess of either N2 or CO. Time-
spaced spectra were then recorded.


Dissociation in N2 as bath gas gave mainly CO2, C(O)F2,
CF3OOOCF3 and small amounts of CF3OC(O)OOC(O)OCF3


as products, all of which were identified by their known IR
spectra. The rate of trioxide disappearance was measured at
�5, �3, �8 and �14 �C (Figure 3). Good straight lines were
obtained at any temperature and no pressure dependence was
observed.


Dissociation in the presence of CO gave CF3OC(O)-
C(O)OCF3 and C(O)F2 as principal products besides minor
quantities of CF3OC(O)OOC(O)OCF3 and the previously
unknown anhydride CF3OC(O)OC(O)OCF3 (which absorbs
strongly at 1056 cm�1).[19] In these experiments good straight
lines were also obtained at �15, �5, 0 and �5 �C with similar
results to those shown in Figure 3.


As the Arrhenius plot gives the same activation energy
within experimental error for both bath gases, we have plotted
all the points in Figure 4.


Figure 3. Decay of CF3OC(O)OOOC(O)OCF3 in the presence of excess
N2.


Figure 4. Arrhenius plot of the decay reaction of CF3OC(O)OOOC-
(O)OCF3.


Except for the point at
�5 �C, there is no superposition
of the measured temperatures
and good correspondence be-
tween the two sets can be
observed. This points to a sim-
ple unimolecular dissociation
mechanism with an energy bar-
rier of 86.5 kJmol�1. Hence the
major pathway of the thermal
decay of CF3OC(O)OOOC-


(O)OCF3 follows Equation (13) and subsequent reactions.
The value derived for the activation energy is as expected. It is
around 40 kJmol�1 lower than the energy needed to dissociate
a typical fluorinated peroxide,[14, 20] and it is also lower than
the energy required for the dissociation of CF3OOOCF3.[21]


The activation energies for hydrogenated dialkyl trioxides,
which are all in the range 80 ± 90 kJmol�1, show excellent
correspondence with those of other known trioxides.[4] Matrix
experiments and quantum chemical calculations also demon-
strate that the central oxygen ± oxygen bond is the weakest in


Table 3. NMR data for CF3OC(O)OOOC(O)OCF3 and CF3OC(O)OOC(O)OCF3.


Species �F CF3 [ppm] �C CF3 [ppm] 1JCF [Hz] �C C�O [ppm]


CF3OC(O)OOOC(O)OCF3
[a] � 58.5 � 120.0 270.3 � 146.2


CF3OC(O)OOOC(O)OCF3
[b] � 61.3 � 119.9 268.7 � 145.7


CF3OC(O)OOC(O)OCF3
[b] � 61.3 � 119.9 268.7 � 145.5


[a] This work: 20 mg substance in 2 mL CD2Cl2 with a few percent of CFCl3 measured at �78 �C, chemical shifts
related to �FCF35Cl3 (�78 �C)� 0.0 and �CCD2Cl2 (�78 �C)� 54.0, respectively. [b] Ref. [13], CF3OC(O)OO-
C(O)OCF3 with CF3OC(O)OOOC(O)OCF3 as impurity, neat at �30 �C, with CDCl3/CFCl3 mixture as external
lock and reference.
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the trioxides and that the thermal stability decreases in the
sequence CF3OOOCF3�CF3OC(O)OOOC(O)OCF3�
FC(O)OOOC(O)F�FOOOF, which is demonstrated here
by the temperatures required for pyrolysis in matrix experi-
ments (500,[22] 160, 160 �C,[22] for the first three) and by the fact
that FOOOF does not exist.[23] Predictions for the bonding
energy in fluorinated compounds were made through quan-
tum chemical calculations on the series of symmetrical
trioxides ROOOR with R�CF3, FC(O), CF3OC(O), F,
CH3. Some properties of these trioxides were calculated
(Table 4).


Why does the fluorinated compound CF3OC(O)OOOC-
(O)OCF3 behave (in the case of its activation barrier) more
like a hydrocarbon trioxide (for example, CH3OOOCH3), and
why does CF3OOOCF3 differ so greatly from ROOOR when
R�FC(O) and CF3OC(O)? A reasonable explanation lies in
the interaction between two effects that dominate the stability
of the trioxy bridge.


From the calculated values of charges on the OOO chain in
Table 4, it may be concluded that an optimum of accumulated
charge exists: the decreasing negative charge when going
from CH3OOOCH3 to CF3OOOCF3 leads to a strong
stabilisation of the molecule. The extremely electronegative
fluorine in the hypothetic molecule FOOOF even induces a
positive charge on the oxygen atoms that destabilises the
molecule.


A carbonyl moiety bonded to the trioxy group destabilises
the trioxide chain and favours dissociation, as a resonance-
stabilised carboxy radical is formed. Hence, an asymmetric
trioxide will always dissociate according to Equation (15) and
the trioxides ROOOR with R�FC(O), CF3OC(O) are less
stable than CH3OOOCH3 and CF3OOOCF3.


ROOOC(O)R��ROO�R�CO2 (15)


Since a CF3O group behaves like a ™pseudo-fluorine
atom∫,[17] shown here by comparing CF3OC(O)OOOC-
(O)OCF3 with FC(O)OOOC(O)F[11] and also discussed in
studies of the pairs CF3OCO[17]/FCO[24] and CF3OC(O)OOC-
(O)OCF3


[13]/FC(O)OOC(O)F,[25] some still-unknown proper-
ties of the species may be foreseen: the hypothetical tetroxide
CF3OOOOCF3 would probably be stable at liquid-nitrogen
temperature but would dissociate above this temperature into
CF3OOO and CF3O, in analogy to FOOF, which decays into F


and FOO; however, the pentoxide CF3O5CF3 should not exist,
in accordance with the non-existent FOOOF.[23]


Experimental Section


The polyoxides CF3OC(O)OOOC(O)OCF3 and CF3OC(O)OOC(O)OCF3


are potentially explosive, especially in the presence of oxidisable materials.
All reactions should be carried out in millimolar quantities only and it is
important to take safety precautions, especially when these compounds are
handled in the liquid or solid state.


Synthesis : Volatile materials were manipulated in glass vacuum lines, which
were equipped with two capacitance pressure gauges (221AHS1000 and
221AHS10; MKS Baratron, Burlington, MA), three U-traps used for trap-
to-trap condensation, and valves with PTFE stems. The vacuum line was
connected to an IR gas cell (20 cm optical path length, Si windows) inside
the sample chamber of an FTIR spectrometer (Impact 400D; Nicolet,
Madison, WI). This enabled us to observe the course of reactions and the
purification process.


The synthesis of CF3OC(O)OOOC(O)OCF3 was a modification of the
published procedure for the generation of CF3OC(O)OOC(O)OCF3


[13] at
lower temperature. A Pyrex glass photoreactor (5 L) equipped with a
water-cooled mercury low-pressure lamp (15 W, TK15; Hereaus, Hanau,
Germany) in a quartz inlet was connected to a vacuum line. In a typical
experiment trifluoroacetic acid anhydride (5 mbar, 1.0 mmol, 99%; Merck,
Darmstadt, Germany) was placed in the reactor together with carbon
monoxide (150 mbar, 31 mmol, 99%; Messer Griesheim, Krefeld, Germa-
ny) and oxygen (300 mbar, 62 mmol, 99%; Messer Griesheim, Krefeld,
Germany). The reactor was cooled to �40 �C in an ethanol bath cooled
with a cryostat (Lauda-Wobser GmbH, Lauda, Germany). After about 2 h
of illumination with the mercury lamp, when the CO was nearly consumed,
more CO (150 mbar) was added to the reactor. After 5 h most of the TFAA
had reacted. The reaction gas passed the three U-traps in the vacuum line,
cooled with liquid nitrogen, while the reactor was allowed to reach room
temperature slowly. Then the products were gathered in one trap and
fractionated by warming this trap to �40 �C, while the volatile material
passed the other traps held at �90 �C and �196 �C. Pure solid trioxide
CF3OC(O)OOOC(O)OCF3 was left in the �40 �C trap. Small amounts of
the peroxide CF3OC(O)OOC(O)OCF3 could, if present, be separated from
the product by pumping it off at �37 �C.


Preparation of the matrices : A small amount of CF3OC(O)OOOC-
(O)OCF3 (approximately 0.05 mmol) was transferred into a small U-trap,
which was mounted on a quartz pyrolysis nozzle placed directly in front of
the matrix support held at 16 K for Ar or 7 K for Ne. The matrix gas Ne or
Ar was directed over the CF3OC(O)OOOC(O)OCF3 sample held at
�85 �C by means of an ethanol bath. For each matrix experiment 1 ±
3 mmol Ne or Ar was used, passing the trap within 20 ± 60 min. To study
the thermal stability of the trioxide, the pyrolysis nozzle was heated to
160 �C. Details of the matrix apparatus are given elsewhere.[26]


Kinetic measurements : The kinetic measurements were performed in a
double-walled IR gas cell placed in the sample compartment of an IR
spectrometer. The cell was maintained at different temperatures between
�15 and �14 �C. Small samples (approximately 1 mbar) of pure CF3OC-
(O)OOOC(O)OCF3 were fed into the cell from the storage vessel and
subsequently mixed with N2 (99.99%; La OxÌgena, Argentina) or CO
(99.9%; Praxair, Argentina) up to 550 mbar total pressure. Then time-
spaced spectra were recorded.


The disappearance of CF3OC(O)OOOC(O)OCF3 was measured using the
bands at 1879 and 973 cm�1. At these wavenumbers the products do not
absorb. For the analysis of most of the products observed (CO2,
CF3OOOCF3, CF2O, CF3OC(O)OOC(O)OCF3), calibrated reference
spectra from pure samples were recorded.


Instrumentation : Gas and matrix IR spectra were recorded on an IFS28
FTIR or an IFS66v/S FTIR spectrometer (Bruker, Karlsruhe, Germany)
with resolutions of 2 cm�1 (gas phase) or 1 cm�1 (matrix) in the range
5000 ± 400 cm�1 with DTGS detectors in combination with KBr beam
splitters; 64 scans were co-added for each spectrum.


Raman spectra were recorded with an RFS100/S FT Raman spectrometer
(Bruker, Karlsruhe, Germany) with a resolution of 4 cm�1. The sample was


Table 4. Calculated[a] properties of selected symmetric trioxides ROOOR for
the most stable rotamer.


R�CF3 R�CF3OC(O) R�FC(O) R�F R�CH3


�H(O-O) [kJmol�1][b] 102.4 65.1 60.4 1.8 79.8
�G(O�O) [kJmol�1] 47.0 8.7 6.7 � 50.4 25.7
d(O�O) [ä] 1.432 1.423 1.427 1.380 1.434
d(R�O) [ä] 1.395 1.383 1.375 (1.445) 1.428
�(O-O-O) [�] 107.4 106.7 106.6 109.7 108.0
q(Ocenter) [e] � 0.05 � 0.01 0.00 � 0.05 � 0.08
q (Oside) [e] � 0.18 � 0.16 � 0.15 � 0.09 � 0.22
q (C) [e] � 0.70 � 0.54 � 0.56 � 0.09


[a] B3LYP/6 ± 311G(d,p). [b] Can be seen as an activation barrier of the
unimolecular decomposition of ROOOR into RO. � ROO. .
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condensed under high vacuum on a copper finger cooled with liquid
nitrogen and excited by a 500 mW Nd YAG laser (DPY301; ADLAS,
L¸beck, Germany).


UV spectra were recorded with a Perkin ±Elmer Lambda900 UV/Vis
spectrometer (Perkin ±Elmer, Norwalk, CT) with a resolution of 1 nm and
using quartz optics for both matrix-isolated and gas-phase samples. For the
latter a 10.5 cm optical pathlength, a 100 mL gas cell was used.


Calculations : All calculations were performed with the Gaussian98
software package[27] with density functional theory (DFT).[28] The molec-
ular geometries were first optimised to standard convergence criteria by
the DFT hybrid method with Becke×s nonlocal three-parameter ex-
change,[29, 30] the Lee, Yang and Parr correction[31] (B3LYP), and a
6-311G(d,p) basis set. Then harmonic vibrational wavenumbers were
calculated using the optimised structure and an identical basis set and
method. The calculation of the most stable rotamers started with the (most
stable) all-trans-sym-CF3OC(O)OOOC(O)OCF3 and included only rotam-
ers with few changes in the molecule geometry, as other isomers show
strongly increasing energy. Relative energies of the rotamers (Table 2) and
O�O bond energies of different trioxides (Table 4) were evaluated for
standard conditions.


Nomenclature : E/Z nomenclature can be used, as well as cis/trans, to
determine the configuration of substituents at a bond. Usually this is found
to describe the connectivity around a double bond. The use of syn(-planar)/
anti(-periplanar) as part of the molecule name yields correct labelling of the
rotamer. In order to follow the nomenclature of related radicals such as
CF3OC(O)OO[18] (where the bond order in the peroxy unit is between 1
and 2, allowing the use of cis/trans) and to point out the importance of the
transoid configuration of the molecular chain, the cis/trans nomenclature is
preferred here. As the two dihedral angles in the COOOC bridge are in any
case around 90� (gauche configuration) the differentiation between
�90�, � 90� or�90�, � 90� is given by the prefix sym or asy (for symmetric
or antisymmetric), respectively.
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Synthetic and Structural Studies of Cobalt ± Pivalate Complexes
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Andrew Parkin,[c] Simon Parsons,[c] Andrew A. Smith,[a] Grigore A. Timco,*[d] and
Richard E. P. Winpenny*[a]


Abstract: The synthesis and characterisation of a range of cobalt pivalate cage
complexes are reported. The cages include: a dinuclear CoII complex; an oxo-centred
CoIII triangle; tetranuclear CoII heterocubanes and butterflies; tetranuclear hetero-
valent cobalt butterflies and hexanuclear edge-sharing bitetrahedra; heterovalent
penta-, hexa- and hepta-nuclear cages based on {M4O4} heterocubane cores; and a
tetradecanuclear cage based on heterocubanes sharing edges and vertices. Spectro-
scopic studies suggest that some of these cores are retained in solution, but that only
in the CoIII triangle is the structure including ligands retained. A scheme is proposed
to account for the many structures observed, which may be applicable to other
polymetallic cage complexes.


Keywords: cage compounds ¥
carboxylate ligands ¥ cobalt ¥
self-assembly ¥ structure elucidation
¥ X-ray diffraction


Introduction


One of the great challenges in polynuclear coordination
chemistry is to establish reliable synthetic routes to oligomeric
structures. Frequently complexes form that appear as isolated
examples of a structural motif, and where there seems no
relationship between the polynuclear cage and the substrate
used to synthesise this cage. In this paper we report our
systematic exploration of the coordination chemistry of cobalt
pivalate cages. Previously we have reported on chromium
pivalates–whereby a dodecanuclear CrIII cage,[1] an octanu-
clear CrIII wheel[2] and several smaller Cr triangles[3] could be
isolated. We have also reported the reactions of cobalt(��) and
nickel(��) with pivalate in the presence of pyridonate ligands.[4]


Here we discuss the many small clusters–dinuclear to


tetradecanuclear–that can be simply prepared which involve
cobalt and the pivalate ligand. Eremenko and co-workers
have also been investigating cobalt and nickel pivalate
chemistry.[5]


Results


Synthesis and structures : The seemingly simple system
involving cobalt and pivalate is extremely rich, and very
minor changes in reaction conditions and crystallisation
solvents lead to a range of polynuclear cages. These results
are summarised in Scheme 1. Analytical data are given in
Table 1.


The starting point for much of this chemistry are the
dinuclear complexes [Co2(�-OH2)(O2CCMe3)4(HO2CCMe3)4]
(1; Figure 1) and [Co2(�-OH2)(O2CCMe3)4(HO2CCMe3)2-
(py)2] (2 ; Figure 2). Complex 1 is made by direct reaction of
cobalt carbonate with pivalic acid, followed by crystallisation
from MeCN, while 2 is made by the addition of pyridine to a
solution of 1 in pivalic acid and CH3CN.


The cores of both 1 and 2 are very similar. In both, the two
cobalt(��) sites are bridged by two 2.11-carboxylates (Harris
notation[6]) and by an oxygen atom, which we assign as a �-
water molecule. In 1 the coordination spheres at each six-
coordinate Co site is completed by two protonated pivalate
ligands, and by one deprotonated pivalate; in 2 one of the
protonated pivalates is replaced by pyridine at each cobalt. A
similar compound, [Co2(�-OH2)(O2CCMe3)4(py)4], in which
all terminal ligands are pyridine has been reported by
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Scheme 1.


Table 1. Analytical data[a] for compounds 1 to 15.


C H N Co


1 [Co2( �-OH2)(O2CCMe3)4(HO2CCMe3)4] 50.6(50.6) 8.3(8.3) 0.0(0.0) 11.9(12.4)
2 [Co2(�-OH2)(O2CCMe3)4(HO2CCMe3)2(py)2] 53.1(53.2) 7.7(7.6) 3.2(3.1) 13.1(13.1)
A [Co(O2CCMe3)2]n 45.7(46.0) 6.9(7.0) 0.0(0.0) 22.5(22.6)
3 [Co4(�3-OMe)4(O2CCMe3)4(MeOH)4] ¥ 4.5MeOH 37.5(37.7) 6.7(7.2) 0.0(0.0) 26.8(26.4)
4 [Co4(�3-OH)2(O2CCMe3)6(EtOH)6] ¥ 2EtOH 43.8(44.4) 8.2(8.4) 0.0(0.0) 18.7(18.9)
5 [Co4(�3-OH)2(O2CCMe3)6(nPrOH)6] ¥ 2PrOH 46.8(46.6) 8.8(8.5) 0.0(0.0) 18.8(19.1)
6 [Co3(�3-O)(O2CCMe3)6(py)3]2.(O2CCMe3)2 ¥ 7HO2CCMe3 ¥ 2H2O 54.0(53.6) 7.8(7.7) 2.7(2.8) 11.6(11.7)
8 [Co5(�3-OH)2(�-OEt)2(O2CCMe3)8(HO2CCMe3)(EtOH)3] ¥HO2CCMe3 45.8(45.9) 8.0(7.8) 0.0(0.0) 18.4(18.8)
9 [Co5(�3-OH)2(�-OEt)2(O2CCMe3)8(EtOH)4] ¥ 2EtOH 44.2(44.7) 7.5(8.0) 0.0(0.0) 20.0(19.6)
10 [Co6(�4-O)2(O2CCMe3)10(EtOAc)2] ¥ 0.5EtOAc 45.5(44.6) 7.2(6.9) 0.0(0.0) 21.0(21.9)
11 [Co6(�4-O)2(O2CCMe3)10(HO2CCMe3)4] ¥ 0.25EtOAc 47.2(46.9) 7.4(7.4) 0.0(0.0) 18.6(18.7)
12 [(C4H9)4N][Co6O4(O2CCMe3)9(H2O)2(HO2CCMe3H)2] ¥ 2MeNO2 44.6(45.4) 7.8(7.7) 2.0(2.2) 16.6(18.3)
13 ¥ 14 [Co7(�4-O)3(�3-O)(O2CCMe3)9(HO2CCMe3)(H2O)3(MeCN)2]


[Co6(�4-O)2(�3-O)2(O2CCMe3)9(H2O)2] ¥ 3Me3CCO2H ¥ 2H2O
41.0(41.1) 6.7(6.7) 0.7(0.8) 22.7(23.0)


15 [Co14(�5-O)2(�3-O)2(�3-OH)12(O2CCMe3)14(HO2CCMe3)2 (H2O)6(MeCN)2] 36.3(34.8) 6.5(6.1) 0.0(1.0) [b]


16 [Co14O4(OH)12(O2CCMe3)14(H2O)8(HO2CCMe3)3] 35.0(34.5) 6.5(6.2) 0.0(0.0) [b]


[a] Calculated values are given in parentheses. [b] Not measured.


Figure 1. The structure of [Co2(�-OH2)(O2CCMe3)4(HO2CCMe3)4] (1) in
the crystal.


Figure 2. The structure of [Co2(�-OH2)(O2CCMe3)4(HO2CCMe3)2(py)2]
(2) in the crystal.
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Eremenko et al.[5] The deprotonated pivalates form strong
hydrogen bonds (2.55 ä in 1 and 2.62 ä in 2) to the �-OH2.
This raises a question of whether the more accurate descrip-
tion is as a �-OH2 and two deprotonated pivalates or as a �-O
and two HO2CCMe3 ligands. Valence-bond sum analysis–
with a method developed by Brown[7a]–supports the presence
of CoII (Table 2). The Co�O bonds then lie between those


expected for CoII�(OH) (average 1.91 ä) and CoII�(H2O)
(average 2.14 ä);[7] this is consistent with the strong hydrogen
bonding found. Further hydrogen bonds are found between
terminal HO2CCMe3 ligands and deprotonated O atoms of
pivalates. The O ¥ ¥ ¥O contacts for these bonds vary from 2.55
to 2.59 ä.


Two types of reactions starting with these dimers have been
investigated. The first is oligomerisation by means of thermal
decomposition followed by crystallisation from alcohols,
while the second is oxidation–either of the dinuclear com-
plexes or of the alcohol complexes.


Heating 1 to 180 �C leads to an ill-defined compound that
analyses well for ™Co(O2CCMe3)2∫ (A). This formula is also


supported by thermogravimetric analysis of 1. Other routes to
this compound have been reported.[8, 9] We believe this
compound is probably polymeric as it has unusually low
solubility in nonpolar solvents for complexes of pivalate.
ComplexA is extremely reactive, dissolving and reacting with
a range of alcohols. In MeOH a tetranuclear heterocubane,
[Co4(�3-OMe)4(O2CCMe3)4(MeOH)4] (3), forms with meth-
oxide supplying the O atoms at the alternate sites of the
heterocubane (Figure 3). Two 1.11-pivalates chelate to each of
Co1 and Co2. Two further pivalates act as 2.11-bridges
between Co1 and Co2, and Co3 and Co4, respectively. The
remaining coordination sites on Co3 and Co4 are occupied by
four MeOH ligands.


Figure 3. The structure of [Co4(�3-OMe)4(O2CCMe3)4(MeOH)4] (3) in the
crystal.


There are two distinct cobalt sites in 3. Two involve
chelating pivalates, while two are each bound to two terminal
solvates. The reaction of A with other alcohols also produces
tetranuclear cages in which there are two distinct cobalt sites
(Figure 4). However, in EtOH and nPrOH the differences
between the sites are more pronounced than in 3. [Co4(�3-
OH)2(O2CCMe3)6(ROH)6] (R�Et, 4 ; R� nPr, 5) contains a
rhombus of cobalt(��) sites, with the short diagonal of the
rhombus (Co2 and Co2a) bridged by two �3-hydroxides; these
OH groups also bridge to Co sites at the end of the long
diagonal (Co1 and Co1a). Two of the edges of the rhombus
are also bridged by two 2.11-pivalates, while the two
alternating edges have no bridge beyond the �3-OH. All the
metal sites are six-coordinate, with the coordination sphere at
the wing-tip sites completed by a chelating pivalate and one
ROH molecule, while at the body sites the coordination is
completed by two ROH molecules. The structures of 4 and 5
can be regarded as a dimerisation of 1 and 2, with the
™dinuclear∫ fragment comprising one body and one wing-tip
cobalt bridged by a �-OH and two pivalates that has
dimerised through the hydroxide group binding to a second
dinuclear block.


Table 2. Bond valence sum analysis for cobalt sites in 1 ± 15.


Complex Co BVS[a] Co BVS[a] Assigned
center center O.S.


1 1 2.030 2 2.027 2
2 1 2.298 2 2.298 2
3 1 1.963 2 1.946 2


3 1.991 4 2.005 2
4[b] 1 2.130 2 2.173 2
5 1 2.036 2 1.940 2


3 1.940 4 1.993 2
6 1 2.880 2 2.996 3


3 2.991 3
7 1 3.069 2 3.028 3


3 2.828 4 2.978 3
8 1 2.054 3 1.930 2


2 2.907 4 2.904 3
5 2.042 2


9 1 2.039 3 1.905 2
2 2.899 4 2.878 3
5 2.041 2


10[c] 1 1.979 2 1.848 2
3 2.871 3


11 1 1.987 2 1.959 2
3 2.770 4 2.828 3
5 1.961 6 1.951 2


12 1 2.889 2 2.944 3
3 2.930 4 2.944 3
5 1.961 6 1.951 2


13 1 1.989 3 1.989 2
2 3.001 4 2.982 3
5 2.984 6 2.953 3


14 1 1.906 2 1.909 2
3 1.900 2
4 2.938 5 2.961 3
6 2.896 7 2.960 3


15 1 2.948 2 2.841 3
3 2.890 4 3.136 3
5 1.995 6 2.011 2
7 1.969 2


[a] Values used for calculation of sum obtained from Cambridge Structure
Database using the method of I. D. Brown. Values for ro pertain to those
obtained from transition metal complexes.[7] [b] There are two cobalt sites
in the asymmetric unit. [c] There are three cobalt sites in the asymmetric
unit.
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Figure 4. The structure of [Co4(�3-OH)2(O2CCMe3)6(EtOH)6] (4) in the
crystal.


The difference in reactivity that leads to 3, 4 and 5 is
presumably related to the ease of deprotonation of MeOH,
EtOH and nPrOH. While methoxide is found in 3, no
alkoxides are found in 4 or 5. Therefore the more protic
solvent leads to a heterocubane, while the less acidic solvent
retains the proton and merely coordinates in vacant sites on
the periphery of the cage. Valence bond sum (VBS) analysis
shows in all three cages that cobalt(��) is present (Table 2).


The second reaction type investigated is oxidation of the di-
and tetranuclear cages. Complex 1 in pyridine/pivalic acid
mixture or complex 2 in pivalic acid can be readily oxidised by
air to a trinuclear cage [Co3(�3-O)(O2CCMe3)6(py)3]� (6),
while 1 is oxidised by air in MeCN/HO2CCMe3 to give a
tetranuclear cage [Co4(�3-OH)2(O2CCMe3)9(HO2CCMe3)]
(7); the structures of these two cages are closely related.
The crystals of 7 were taken directly from the reaction
solution without recrystallisation. Complex 7 is probably an
intermediate and the final product of this reaction (pro-
duct B) probably has a higher nuclearity. Complex 7 cannot be
isolated in a pure form, and recrystallisation of B leads to
penta- or hexanuclear cages depending on the solvent used
(see below).


Complex 6 is a typical oxo-centred carboxylate triangle,
featuring exclusively CoIII sites around a central �3-oxide
(Figure 5). Each edge of the triangle is further bridged by two
2.11-pivalates, with a terminal pyridine ligand completing the
coordination environment around each octahedral cobalt site.
A similar oxo-centred cobalt(���) triangle has been reported
for acetate.[10] VBS is in good agreement with the assignment
of oxidation state. There is a very large amount of co-
crystallised pivalate and pivalic acid in the lattice. The
hydrogen bonding between these species is discussed below.


Complex 7 appears to be mixed-valent; however, disorder
in the ligands creates some confusion about the exact
oxidation state. In the major component of the crystal
(Figure 6, top) all the cobalt sites are six-coordinate, and
there are seven 1,3-bridging pivalates, one chelating pivalate
and two pivalates involved in the hydrogen bonding. One of


Figure 5. The structure of [Co3(�3-O)(O2CCMe3)6(py)3] (6) in the crystal.


Figure 6. Top: The structure of the major component of [Co4(�3-
OH)2(O2CCMe3)9(HO2CCMe3)] (7) in the crystal. Bottom: the structure
of the minor component of 7 in the crystal.


these latter pivalates is a hydrogen-bond donor through O20A
(O ¥ ¥ ¥O distance 2.58 ä), while the second is a hydrogen-bond
acceptor through O18A which is interacting with a bridging







FULL PAPER R. E. P. Winpenny, G. A. Timco et al.


¹ 2003 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2003, 9, 5142 ± 51615146


hydroxide (O01) (O ¥ ¥ ¥O distance 2.45 ä). As the second O
atom of this pivalate is bound to Co3, this pivalate must also
be deprotonated, and, therefore, the formula of the major
component of the crystal is [Co4(�3-OH)2(O2CCMe3)9-
(HO2CCMe3)]. This would require one CoII and three CoIII


sites for charge balance.
In the minor component of the crystal (Figure 6, bottom)


the chelating pivalate has been displaced and is involved in a
hydrogen-bonding interaction. The bond is shown between
O16B and O18B. The atomO18B is from the pivalate that was
hydrogen bonding to the bridging hydroxide in the major
component. One of these two pivalates must, therefore, now
be protonated in the minor component, and the formula is
[Co4(�3-OH)2(O2CCMe3)8(HO2CCMe3)2]. This is requires
two CoII and two CoIII centres for charge neutrality. One
cobalt site (Co3) is five-coordinate, with a square pyramidal
geometry. The ratio of major to minor components is
approximately 3:1 in the crystal lattice.


The structure of 7 consists of a rhombus of four cobalt
atoms, containing two �-OH groups. The way the edges of the
rhombus are bridged makes the structure quite distinct from 4
and 5. Two edges (Co1 ¥ ¥ ¥Co4 and Co2 ¥ ¥ ¥Co4) are bridged by
two 1,3-pivalates in a similar manner to the edges of the oxo-
centred triangle 6. The third edge of this ™triangle∫ (Co1 ¥ ¥ ¥
Co2) is bridged by a single pivalate and the central hydroxide
of the second triangle of the rhombus (O01). The other edges
of the second triangle (Co2 ¥ ¥ ¥Co3 and Co1 ¥ ¥ ¥Co3) are each
bridged by a single carboxylate. The cobalt atoms on the short
diagonal of the rhombus are, therefore, bound exclusively to
bridging groups–two hydroxides and four pivalate oxygens.
The Co4 atom at one periphery is bound to four bridging
pivalates, one OH and a terminal protonated pivalate (O19);
there is a minor disorder in this ligand, which has two
orientations but similar hydrogen bonding in each.


VBS analysis supports all sites being CoIII with no
significant difference to the metal sites in 6. This is a failure
for VBS, and may be due to the disorder in the structure.
While the oxidation state could fit if the bridging hydroxides
were reassigned as oxide, this does not match the clearly
pyramidal bond angles about the O atoms concerned, that is,
the sum of the three Co-O-Co angles is not close to 360�.


Aerial oxidation of the solution from which crystals of the
tetranuclear cage 4 grew leads to a further complex: [Co5(�3-
OH)2(�-OEt)(�3-OEt)(O2CCMe3)8(HO2CCMe3) (EtOH)3]
(8 ; Figure 7). The nuclearity and structure are unexpected.
Complex 8 can be described based on a tetranuclear
rhomboid core, as in 4, 5 and 7, but a more natural description
is as an incomplete bicapped heterocubane. The heterocubane
contains three cobalt sites (Co2, Co3 and Co4) and two �3-
hydroxides (O10 and O13) and two �-ethoxide oxygen atoms
(O11 and O12). The hydroxides each bridge to one of the
capping cobalt atoms (Co1 and Co5). Complex 4 can easily be
related to the dimer 1 from which it was made; the same is
true of 8. Here the ™building blocks∫ Co1 ¥ ¥ ¥Co2 and Co4 ¥ ¥ ¥
Co5 are each bridged by two pivalates and a hydroxide, but
now the two hydroxides, rather than bridging to the second
dimer (as in 4) attach to an additional cobalt site (Co3). In
addition to these edges which are doubly bridged by pivalates,
single pivalates bridge the edges Co1 ¥ ¥ ¥Co3, Co3 ¥ ¥ ¥Co5 and


Figure 7. The structure of [Co5(�3-OH)2(�-OEt)2(O2CCMe3)8(HO2CC-
Me3)(EtOH)3] (8) in the crystal.


Co2 ¥ ¥ ¥Co4. Each cobalt site is six-coordinate; charge balance
requires two CoIII and three CoII ions. VBS analysis shows that
Co1, Co3 and Co5 are CoII sites, with the remaining sites CoIII.


There is significant hydrogen bonding in 8. One bridging
hydroxide interacts with the �-OEt group (O ¥ ¥ ¥O distance
2.57 ä), while the second hydrogen bonds to a pivalate
oxygen (O ¥ ¥ ¥O distance 2.77 ä). A terminal pivalic acid
group (O2) donates a proton to a hydrogen bond to O3, part
of a pivalic acid (O ¥ ¥ ¥O distance 2.60 ä). There is a hydrogen
bond from one terminal EtOH (O7) to the other (O16)
(O ¥ ¥ ¥O distance 2.84 ä), while the second also hydrogen
bonds to a pivalate oxygen (O23) (O ¥ ¥ ¥O distance 2.77 ä).
Finally, two hydrogen bonds attach a pivalic acid molecule to
the cage (O25 ¥ ¥ ¥O27 2.71 ä, O23 ¥ ¥ ¥O26 2.58 ä).


Complex 8 is a minor product isolated from slow oxidation
of the solution which gave the cobalt(��) rhombus 4. However
if B, the product of oxidation of 1 by air in MeCN/
HO2CCMe3, is dissolved in EtOH and the solution left for
one day at room temperature before cooling to �30 �C, after
approximately one week green crystals of [Co5(�3-OH)2(�-
OEt)2(O2CCMe3)8(EtOH)4] ¥ 2EtOH (9) grow. This solution
also contains a small number of pink crystals that, from a unit
cell determination, are 4. The best synthesis of 9 is from
dissolution of a hexanuclear cage, [Co6(�4-O)2(O2CC-
Me3)10(EtOAc)2] (10), in EtOH; this avoids co-crystallisation
of 4. Complex 9 contains the same incomplete bicapped
cubane core as 8, but with one terminal pivalic acid ligand
(attached to Co5 in 8) replaced by a terminal EtOH (attached
to Co1 in 9). The metal sites are again a mixture of CoII (Co1,
Co3 and Co5) and CoIII (Co2 and Co4).


As in 8 there is a large amount of hydrogen bonding. The
bridging hydroxides hydrogen bond to the bridging ethoxides
(O ¥ ¥ ¥O distances 2.57 to 2.61 ä); an oddity is that there is no
difference between the distance to the �3-OEt and to the �-
OEt. There are two pivalate ±EtOH hydrogen bonds (O ¥ ¥ ¥O
distances 2.69 and 2.80 ä), and three hydrogen bonds link
three EtOH molecules (O ¥ ¥ ¥O distances 2.687 to 2.89 ä). A
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further EtOH molecule is only attached to the cage through
hydrogen bonds, and also binds to a terminal pivalate group in
a neighbouring cage. The hydrogen bonding in 9 therefore
provides weak intermolecular interactions.


If B is recrystallised from EtOAc, crystals of 10 grow.
[Co6(�4-O)2(O2CCMe3)10(EtOAc)2] (10) contains an edge-
sharing bitetrahedron of cobalt sites (Figure 8). The molecule


Figure 8. The structure of [Co6(�4-O)2(O2CCMe3)10(EtOAc)2] (10) in the
crystal.


lies on a crystallographic twofold axis. Charge balance
requires two CoIII and four CoII sites. VBS shows that of the
three unique Co sites, Co3 is clearly CoIII and Co1 and Co2 are
CoII centres. Co1 and Co3 have octahedral coordination
spheres, while Co2 is tetrahedral. The coordination sphere of
each centre consists of one of the �4-oxides, with the
remainder consisting of pivalate O atoms, with the exception
of one site of Co1 where an EtOAc molecule is found. Each of
the ten external edges of the bitetrahedron is bridged by a
single pivalate, for example, Co2 ¥ ¥ ¥Co3 is bridged by the
pivalate containing O8 and O9. If 10 is redissolved in EtOH
and the solution cooled to �30 �C crystals of 9 form.


If an excess of peroxide is added we can generate further
pivalate cages. Use of 0.68 wt% of hydrogen peroxide,
followed by crystallisation from EtOAc generates a further
edge-sharing bitetrahedron [Co6(�4-O)2(O2CCMe3)10-
(HO2CCMe3)4] (11; Figure 9). The oxidation states are again
two CoIII and four CoII sites. VBS shows clearly that Co3 and
Co4 are in the higher oxidation state with the other sites CoII;
as in 10 it is the two cobalt centres in the shared edge that have
the higher oxidation state. In 11 all cobalt sites are six-
coordinate. The bridging motifs are very similar to 10, that is,
two �4-oxides and each edge of the polyhedron bridged by a
single pivalate; however, two pivalates have become 3.21-
bridging, for example, O2C is �2-bridging between Co4 and
Co5. The other change from 10 is that the two terminal EtOAc
molecules have been displaced, and four terminal pivalic acid
molecules are found–one attached to each of the external
vertices of the bitetrahedron.


Figure 9. The structure of [Co6(�4-O)2(O2CCMe3)10(HO2CCMe3)4] (11) in
the crystal.


While there is no significant hydrogen bonding in 10, in 11
there are four hydrogen bonds between terminal pivalic acid
groups and bridging pivalates (O ¥ ¥ ¥O distances 2.55 to
2.67 ä).


Performing the oxidation using [(C4H9)4N][MnO4] in
MeCN leads to a very dark green gel from which crystals of
[(C4H9)4N][Co6O4(O2CCMe3)9(H2O)2] (12) can be grown
(Figure 10). There is some disorder in the cation, but there


Figure 10. The structure of [(C4H9)4N][Co6O4(O2CCMe3)9(H2O)2] (12) in
the crystal.


is no doubt the hexanuclear cage is a monoanion. Complex 12
contains a central {Co4O4} heterocubane in which all the
cobalt sites are CoIII. Two of the oxides are �3-bridging–
binding only to Co centres within the heterocubane–while
two are �4-bridging–attaching two further cobalt atoms to
the core. These additional Co sites are clearly CoII. One of the
CoII sites (Co5) is five coordinate, while the second (Co6) is
four-coordinate; the difference is the presence of a bridging
pivalate (O14) attached to Co5. All the CoIII sites are six
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coordinate. Terminal water ligands are attached to Co1 and
Co2, which are also bound to three bridging oxides and two O
atoms from pivalate; Co2 and Co3 are bound to three oxides
and three pivalate oxygens. Pivalates bridge three faces of the
cubane: Co1 ¥ ¥ ¥Co2, Co1 ¥ ¥ ¥Co4 and Co3 ¥ ¥ ¥Co4. Two piva-
lates bridged from each of the ™capping∫ CoII sites to the
cubane.


Hydrogen bonding is again significant in the structure. Two
additional pivalic acid molecules are attached to the cage, in
each case through hydrogen-bond donation to a �3-oxide and
accepting a proton from a terminal water. The two terminal
water molecules also find additional contacts, for example,
O21 ¥ ¥ ¥O24� 2.62 ä.


With stronger hydrogen peroxide (30 wt%) a brown solid is
produced which dissolves in MeCN, and which crystallises to
give a pair of clusters [Co7(�4-O)3(�3-O)(O2CCMe3)9(HO2CC-
Me3)(H2O)3(MeCN)2][Co6(�4-O)2(�3-O)2(O2CCMe3)9(H2O)2]
(13 ¥ 14). We assume the {Co7} cage 13 is the cation and the
{Co6} cage 14 is the anion. Both are mixed-valent, and are
closely related.


Anion 14 has a very similar structure to 12, containing a
similar central {CoIII


4O4} heterocubane, in which two of the
oxides bind to Co centres within the heterocubane, while two
attach two CoII sites to the core. In 14 these CoII sites are four-
coordinate. Assignment of oxidation state is supported by
VBS analysis, and makes 14 a monoanion. Hydrogen bonding
is fairly restricted, with a single hydrogen bond to each of the
terminal water molecules from a pivalate.


In 13 a similar {Co4O4} heterocubane is found, but now caps
are found on three of the O atoms (Figure 11). Again it is clear
from VBS analysis (Table 2) that the four cobalt sites of the
cubane are CoIII and the three caps are CoII. The caps are five-


Figure 11. The structure of [Co7(�4-O)3(�3-O)(O2CCMe3)9(HO2CCMe3)-
(H2O)3(MeCN)2] (13) in the crystal.


coordinate, while the cubane sites are six-coordinate. As in 12
three pivalates bridge faces of the cubane (Co9 ¥ ¥ ¥Co10,
Co10 ¥ ¥ ¥Co8 and Co8 ¥ ¥ ¥Co9) and two bridge from the cubane
to each of the capping Co sites, for example, bridges are


present from Co8 to Co12 and Co7 to Co12. The caps are each
bound to one �4-oxide, two pivalate oxygens and one O atom
from a water molecule, with Co11 and Co13 each additionally
bound to a single MeCN molecule and Co12 bound to a
molecule of pivalic acid. The only hydrogen bond in the
structure also involves this pivalic acid, and is to a bridging
pivalate (O ¥ ¥ ¥O distance 2.64 ä)


The importance of the oxidant used led us to investigate to
further oxidising agents. Reaction of 1 with either tert-
butylperoxide or with potassium dichromate led to new
tetradecanuclear cages: [Co14O4(OH)12(O2CCMe3)14-
(HO2CCMe3)2(H2O)6(MeCN)2] (15) and [Co14O4(OH)12-
(O2CCMe3)14(H2O)8(HO2CCMe3)3] (16) respectively. The
crystals of 16 were twinned, and refinement did not proceed
beyond identifying that the cage was almost identical to that
in 15. Analytical data for both complexes suggest the cobalt
core is stable, but that peripheral ligands (e.g., MeCN in 15)
are displaced by water in the bulk.


Complex 15 contains four heterocubanes sharing two Co�O
edges and two further Co vertices. The core is shown in
Figure 12 and the full structure in Figure 13. The cage


Figure 12. The core of the structure of [Co14O4(OH)12(O2CCMe3)14-
(HO2CCMe3)2(H2O)6(MeCN)2] (15) in the crystal.


Figure 13. The structure of [Co14O4(OH)12(O2CCMe3)14(HO2CCMe3)2-
(H2O)6(MeCN)2] (16) in the crystal.
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crystallises about an inversion centre, and, therefore, there are
seven unique cobalt sites. Co1 and O5 (and symmetry
equivalents) lie in the shared edges, and Co3 and Co3A are
the shared vertices. The four heterocubanes account for
twelve Co atoms; the final two Co sites (Co7 and Co7A) are
found attached to the periphery through a �3-oxide group.
This oxide bridges between cubanes, and is not a vertex; the
™capping∫ cobalt atoms are, therefore, attached in a different
way to the caps in 11 ± 14. An alternate description would be
as a sodium chloride like structure, with cobalt atoms
occupying octahedral holes within an oxide structure. In this
description, Co3, Co5, Co6 and Co7 and their symmetry
equivalents form a central layer with the remaining cobalt
sites above and below the layer in the correct place for the
extended NaCl lattice.


All the cobalt sites in 15 are six-coordinate. Assigning a
precise formula to 15 is difficult. Metric parameters suggest
six CoIII sites, with bond lengths between 1.866(3) and
1.959(3) ä, and eight CoII sites, with bonds ranging from
1.982(3) to 2.256(3) ä. The bonding of, and likely hydrogen-
bonding interactions between, the organic molecules suggests
fourteen pivalates and two pivalic acids.


Assigning the single oxygen atoms in the structure presents
the difficulty. The two in the shared edge are �5-bridging, and
therefore clearly oxide. Six more are terminal, and are
assigned as water molecules (all involved in two hydrogen
bonds). This leaves fourteen �3-O atoms to assign. Four are
involved in hydrogen bonds to pivalate ligands, and, therefore,
must be hydroxide; the alternate assignment as oxide-pivalic
acid does not change the overall charge. Six more have metric
parameters almost identical to these hydroxides. Two have
markedly shorter Co�O bonds, and are assigned as �3-oxides.
The final two O atoms are intermediate with some long and
some short bounds. Charge balance works best if these are
hydroxide, which gives: [CoIII


6CoII
8(�5-O)2(�3-O)2(�3-


OH)12(O2CCMe3)14(HO2CCMe3)2(H2O)6(MeCN)2]. Previ-
ously we have shown in chromium(���) clusters[1] that partial
protonation of bridging O atoms is possible, and this appears
to be another instance in which the presence of both oxide and
hydroxide bridges is complicating assignment of oxidation
state. The pivalate ligands are divided between 2.11-bridging
and terminal ligands; when terminal they form strong intra-
molecular hydrogen bonds.


Hydrogen bonding : A very large number of hydrogen bonds
are found in these structures. In some cases they play a role in
stabilising the polymetallic cages. For example, in both 1 and 2
the bridging water molecule has very strong hydrogen bonds
to two pivalate ions, while terminal pivalic acid groups
hydrogen bond to bridging pivalates. This latter interaction
is also found in 7, 8, 11 and 13. Additional molecules of either
EtOH or pivalic acid are also found hydrogen bonded to some
cages, for example, in 9 and 12, respectively.


In the crystal lattice for 6 there is a very large amount of
hydrogen bonding between co-crystallised pivalate/pivalic
acid/water molecules (Figure 14). The hydrogen bonding
leads to two separate assemblies. In the first two water and
five pivalic acid/pivalates units are linked (Figure 14a). For
four of the five organic molecules there is a difference


Figure 14. The hydrogen bonding in the lattice of 6 : a) an assembly of
[(H5O2)(O2CCMe3)(HO2CCMe3)4] and b) [(O2CCMe3)(HO2CCMe3)3]� .


between the two C�O bonds–one short (ca. 1.23 ä) and one
long (ca. 1.32 ä)–which suggests the presence of pivalic acid
with the H atom involved in the hydrogen bonding. Thus we
can assign O30, O31, O34 and O39 as the O�H of the
carboxylic acid groups while O29, O32, O33 and O40 as the
keto-oxygen atoms. The exception is the molecule containing
O35 and O36, whereby the two C�O bonds are almost
equivalent (1.26 and 1.27 ä). We therefore assume this is the
pivalate ion. This assumption fits well with the pattern of
hydrogen bonding, allowing interactions between C-O-H
donors and C�O acceptors. O1W acts as an acceptor towards
O31, while it donates the H atom in the interaction with O33.
O2W interacts with two deprotonated oxygen sites, O29 and
O35. There is also a hydrogen bond (2.71 ä) between O1W
and O2W. The assembly therefore appears to consist of
[(O2CCMe3)(HO2CCMe3)4(H2O)2]� .


The second assembly contains four pivalic acid/pivalate
units, and no water (Figure 14b). Similar arguments to above
allows assignment of O25, O38 and O41 as the C-O-H of the
acid function, while O26, O37 and O42 belong to the O�C
groups. Again, O27 and O28 have very similar C�O bonds
lengths (1.25 and 1.28 ä); therefore we should assign this as a
pivalate. We can then explain the hydrogen-bonding pattern
simply, and the assembly consists of [(O2CCMe3)-
(HO2CCMe3)3]� .


NMR spectroscopy : NMR spectroscopy of paramagnetic
compounds constitutes a very rich area of investigation.[11]


The interaction between unpaired electrons and any nuclear
spin leads to broad (sometimes beyond detection) signals that
lack hyperfine structure and are strongly shifted from their
diamagnetic positions. While this complicates the interpreta-
tion of the spectra, information about the structural, dynamic
and electronic properties of the paramagnetic species can
sometimes be extracted from the chemical shift and the spin-
relaxation time of its nuclei. The complexes presented here
appeared suited for NMR characterisation as pivalate con-
tains nine magnetically equivalent protons and confers high
solubility on the cages. Preliminary 1H NMR investigations of
1 ± 13 ¥ 14 have been performed with the aim of establishing
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possible correlations between their solution and solid state
structures. A list of the observed chemical shifts is in Table 3.


For complex 1, only one broad signal at 4.53 ppm is
observed in the NMR spectrum, indicating that the solid-
state structure is not maintained in solution. The fact that the
compound changes color upon dissolution (from pink to


violet) supports this conclusion. However, a fluxional process
needs to be invoked to account for the high symmetry
observed in the NMR timescale. Complex 2 exhibits the
analogous behaviour, showing a large broad resonance at
10.90 ppm. For this compound, two paramagnetically shifted
signals in the 2:1 intensity ratio are also observed at 0.44 and
20.77 ppm, respectively, which are probably from the pyridine
ligands. These arise presumably from the para and meta
positions, respectively. We assume that the ortho signals are
too broadened for detection, due to the close proximity of
these protons to the paramagnetic CoII centers. The alkoxide-
bridged complexes 3, 4 and 5 are not stable in CDCl3, leading
to the formation of very fine blue precipitates; this prevents
their detection by NMR spectroscopy.


Complex 6 is the only cluster in this study in which the Co
centers are exclusively in the oxidation state 3� . It is
consequently diamagnetic as reflected by its 1H NMR spec-
trum (Figure 15, top). In this spectrum, which is consistent
with the idealized symmetry (C3h) of the molecule as is
revealed by X-ray crystallography, two sharp signals from
bound (0.93 ppm) and unbound (1.24 ppm) pivalate are
observed. The non-bonded species correspond to one pivalate
counterion and 3.5 molecules of pivalic acid per cluster, and
are manifested through one unique, averaged resonance. One
unique set of signals is observed for the pyridine ligands in
form of two triplets (7.70 and 8.13 ppm) and one doublet
(8.5 ppm) in the 2:1:2 intensity ratios, respectively. In
addition, a broad signal from the acidic protons is present at
7.35 ppm.


Complex 8 shows four signals, the strongest at �24.08 and
18.13 ppm of approximately equivalent intensity, and two
broader peaks at 0.62 and about 3 ppm, respectively (Fig-
ure 15, bottom). Surprisingly, the related complex 9 displays a
rather different behaviour, with resonances at 0.14, 2.87 and


Figure 15. The 1H NMR spectra of a) 6 and b) 8 recorded in CDCl3 at
300 MHz.


13.38 ppm. The reasons for this dramatic difference are not
clear, the only change being the replacement of one terminal
EtOH ligand in 9 by pivalic acid in 8. Complexes 10 and 11
show a spectrum similar to that obtained from 8, that is, four
distinct resonances within the�25 to 18 ppm region (Table 3),
suggesting that these three compounds converge to a very
similar system in solution. The two stronger signals, at
approximately �25 and 18 ppm, might be attributed to two
common binding modes for pivalate in this family of clusters,
such as �2 between CoII�CoII sites and �2 between CoII�CoIII


sites. The complex salt 13 ¥ 14, formed by two ionic clusters,
has a spectrum containing a large number of very weak
resonances.


From this spectroscopic study it is concluded that the
paramagnetic cobalt aggregates presented in this report do
not conserve the symmetry observed in their solid-state
structures in solution. This is probably due to the lability of
the CoII ion, which in certain cases may involve decomposition
of the core of the cluster, and in all cases leads to a fluxional
process involving exchange of ligands.


Mass spectroscopy: Electrospray mass spectra were recorded
on all clusters in MeCN. In some cases clean spectra were
obtained, for others (2 ± 5, 8 ± 10) little useful information was
obtained, presumably reflecting either instability of the
clusters in solution or when subjected to the conditions of
the ES-MS experiment. Complexes 15 and 16 are beyond the
limit of our spectrometer, and no useful information was
obtained for either complex. The useful data obtained is listed
in Table 4. It is noticeable that no good spectrum is found for
any of the homovalent CoII cages, while the homovalent CoIII


cage gives a very clean spectrum. This reflects the relative


Table 3. 1H NMR data for complexes 1 ± 13 ¥ 14 in CDCl3.


Complex List of resonances[a,b]


1 4.53
2 0.44 (py, p),[c] 10.90, 20.77 (py, m)[c]


3 , 4, 5 complex decomposes in solution
6 0.93, 1.24, 7.35 (H�),[d] 7.70 (py, m),[c] 8.13 (py, p),[c]


8.5 (py, o)[c]


8 � 24.08, 0.62, �3,[e] 18.13
9 0.14, 2.87, 13.38
10 � 23.19, 1.28, 7.89, 18.45
11 � 25.07, �1.01, �4.6,[e] 17.56
13 ¥ 14 intractable spectrum


[a] The data are given as chemical shift [ppm] on the � scale. [b] Unless
otherwise indicated, all the resonances are assigned to O2CCMe3� or
HO2CCMe3. [c] py�pyridine, o� ortho, m�meta, p� para. [d] Assigned
to the average of protons from HO2CCMe3 and H2O. [e] Obscured by
solvent.
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stabilities of complexes of the two oxidation states. The
spectra were obtained in the positive ion mode unless
otherwise stated.


Complex 1 has a peak at m/z 948, which fits well with the
molecular ion. Higher mass peaks are also observed, which is
consistent with the reactivity these cobalt cages show;
presumably in solution larger species are forming. The
homovalent cobalt(���) cage 6 also has the molecular ion
(m/z 1036) and a peak at m/z 957, which corresponds to the
loss of one terminal pyridine ligand. Complex 7 has a single
peak at m/z 1326, which fits with the molecular ion, while 11
has a large number of peaks around m/z 1354; the peaks are
close to the molecular ion, and it appears complex fragmen-
tation is occurring, probably involvingMeCN. Complex 12 has
a peak for [M��H2O] atm/z 1325, while the complex salt 13 ¥
14 gives the most satisfying result; in the negative ion
spectrum a peak is found at m/z 1362–which fits well with
[M�] for 14–while in the positive ion spectrum a single peak
is found at m/z 1507. This latter peak is a heptanuclear
fragment of 13 [M�� 2O2CCMe3� 2H2O� 2MeCN]. While
the absence of the molecular ion for the cation is disappoint-
ing, the very different negative and positive ion spectra
support the crystallographic assignment of this as an ion pair.


Discussion


Part of the intent behind this work was to use a combination
of metal and ligand that would allow solution reactions to
occur, without immediate precipitation of products or inter-
ference from solvent, and where characterisation of the
solution complexes may be possible. Cobalt was chosen as the
metal, because it is known that in one oxidation state (CoIII) it
forms stable complexes, while as CoII it is highly reactive. We
hoped that it may be possible to carry out site specific
reactions, performing substitutions at CoII sites, while CoIII


sites retained their structure. Pivalate was chosen because it
makes the clusters soluble in non-coordinating solvents, and
because it should be ideal for NMR studies. Other spectro-
scopic tools, for example, electronic or vibrational spectros-
copy, do not give much structural information when poly-
metallic complexes are involved.


The results are intriguing, and a great deal more compli-
cated than initially expected. The cobalt ± pivalate reaction
system is extremely rich, with seven different nuclearities
found from the reactions performed. The solvent used is vital;
protic solvents tend to become involved in the reaction, while


the polarity of aprotic solvents
can influence whether neutral or
charged clusters crystallise.
Which clusters are present in
solution is not established, with
the exception of 6, which con-
tains exclusively cobalt(���). It is
unfortunate that the paramag-
netic cages are also those that
contain the more reactive oxida-
tion state as this makes it diffi-
cult to interpret NMR spectra


for precisely those cages for which the nuclearity in solution is
questionable. The ES-MS results suggest that the core of the
higher nuclearity cages is retained in solution, even if the
peripheral ligands are exchanging.


The many structures found suggest a pattern, outlined in
Scheme 2. The curious feature is that while hexa- and
heptanuclear cages (12, 13, 14) feature a complete {Co4O4}
cube capped on two or three sites, the {Co5} cages (8, 9) have
one vertex of the heterocubane missing, but still two caps. A
possible explanation is to derive the structure from addition of
a cobalt vertex to the {Co4} rhombus; this hypothesis led us to
the remainder of Scheme 2.


Table 4. Mass spectral data.


Formula m/z Fragment


1 [Co2(H2O)(O2CCMe3)4(HO2CCMe3)4] � 948 [M�]
6 [Co3O(O2CCMe3)6(py)3] � 1036 [M�]


� 957 [M�� py]
7 [Co4(OH)2(O2CCMe3)9(HO2CCMe3)3] � 1326 [M�]
11 [Co6O2(O2CCMe3)10(HO2CCMe3)4] � 1354 [M��MeCN]
12 [Co6O4(O2CCMe3)9(H2O)2(HO2CCMe3H)2] � 1325 [M��H2O]
13 [Co6O4(O2CCMe3)9(H2O)2] � 1362 [M�]
14 [Co7O4(O2CCMe3)9(H2O)3(MeCN)2] � 1508 [Co7O4(O2CCMe3)9(H2O)�]


Scheme 2.
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Beginning with the dimeric structure 1, we can have two
possible steps–either addition of a cobalt ion and oxidation
to the {CoIII


3} triangle (process ii in Scheme 2), which reacts
no further, or dimerisation to a {Co4} rhombus (process i in
Scheme 2), which can grow metal-by-metal to larger clusters.
Two further steps occur–addition of a CoII ion (process iii) or
oxidation and concomitant addition of oxide (process iv).
Once oxidised to all CoIII, it appears the cages are stable (e.g.,
6), and in the heterovalent cages the oxidised core appears
unreactive, with growth and oxidation steps occurring at the
CoII exterior.


Scheme 2 includes all the structures other than the meth-
oxide-bridged cubane 3. It also leads us to propose other cages
should be present in the reaction, or which should be
accessible through this or related chemistry. Some of these
putative cores are related to known compounds. The clearest
examples are F and H, both of which are cores known for
cobalt. The core of F has been reported by Christou and co-
workers,[12] with benzoate as the ligand; while the core of H
has been reported by both the Christou group[13] and Beattie
et al.[14]In both of these cages the carboxylate present is
acetate. The core of C has been found in heterometallic
pentanuclear cages made by Timco and co-workers,[15] and the
core ofD has been found in a {Ni11} cage reported by Brechin
et al.[16] The only cores for which we are unaware of precedent
are E and G.


Scheme 2 also suggests further growth sequences. For
example, we have reported a dodecanuclear CrIII cage,[17]


which features a face-sharing triple-cubane capped on the
four external oxide sites; that is, coreH capped in the manner
of F. Isolation of the intermediate nuclearities with capped-
cubane structures, either for cobalt or other metal ions, would
support the proposal.


The tetradecanuclear cages 15 and 16 do not readily
conform to this pattern. Our present hypothesis is that these
are formed from ™dimerisation∫ of a heptanuclear cage, rather
than by stepwise addition of cobalt atoms. This suggests that
as the clusters grow bond formation between clusters becomes
a competitive process with atom by atom growth. This is
unsurprising, and similar to growth of colloids of either metals
or metal oxides.


Conclusion


The cobalt ± pivalate system is remarkably fecund. This is
probably because of the very high solubility of the cages,
which allows slow reactions to take place before insoluble
precipitates form. The many structures have allowed us to
™map∫ the many possible products, and to propose a growth
sequence for these cages (Scheme 2). Whether this sequence
can be generalised or extended remains to be proven.


Valence bond analysis has been useful in assigning oxida-
tion states of cobalt sites in the various clusters, and with one,
disordered, exception matches well expectations from charge
balance. It is generally the case that the higher oxidation state
is found near the centre of the cluster, with lower oxidation
states on the periphery. This suggests that heterometallic
cages could be targeted, using �3 ions at the centre decorated
with �2 ions on the periphery.


Experimental Section


Preparation of compounds : All reagents, metal salts and ligands were used
as obtained from Aldrich. Analytical data, listed in Table 1, were obtained
by the microanalytical service of the University of Manchester. Mass
spectra, data listed in Table 4, were obtained by electrospray techniques on
a using a 30 V cone voltage in MeCN as the carrier phase. All
manipulations in the synthesis of compounds 1, 2 and A were carried out
under a nitrogen atmosphere.


[Co2(�-OH2)(O2CCMe3)4(HO2CCMe3)4] (1): Cobalt carbonate (4.0 g,
34 mmol) was treated with an excess of pivalic acid (20.0 g, 196 mmol) in
the presence of water (3 mL) at 100 �C for 24 h, leading to dissolution of the
carbonate salt. The solution was cooled to room temperature, MeCN
(50 mL) was added and the mixture stirred briefly. The solution was filtered
and cooled to 5 �C, giving pink crystals of 1 suitable for X ray analyses in
one day. The solution was then cooled to �18 �C for 2 days to give a second
crop of 1. The second crop was collected by filtration, washed with cold
MeCN and dried in a slow flow of N2. Complex 1 has a high solubility at
room temperature in a wide range of organic solvents (from MeCN to
pentane) giving a violet unstable solution. Complex 1 dissolves in H2O to
give a pink solution. Yield: 65.8%, 10.5 g.


[Co2(�-OH2)(O2CCMe3)4(HO2CCMe3)2(py)2] (2): Compound 1 (1.00 g,
1.05 mmol) and pivalic acid (1.50 g, 14.7 mmol) were dissolved in MeCN
(5 mL) at room temperature, then pyridine (0.5 g, 6.32 mmol) was added.
The solution was cooled to 5 �C, giving pink crystals of 2 that were collected
after 2 days by filtration, then washed with cold MeCN. Yield: 38.9%,
0.37g.


[Co(O2CCMe3)2]n (A): Compound 1 (3.0 g, 3.2 mmol) was heated to 180 �C
under a flow of nitrogen during which time the sample changed colour from
pink to violet, and decomposed to give a microcrystalline solid. Yield:
99.3% 1.64 g. From TG/DTA investigation between 25 �C to 600 �C in a
flow of N2, 1 loses 45% of its weight on heating to 108 �C, which represents
loss of one H2O and four pivalic acid molecules (calcd 44.95%) to give the
formula of A. Little further weight is lost until 270 �C, at which point the
residual sample sublimes.


[Co4(�3-OMe)4(O2CCMe3)4(MeOH)4] ¥ 4.5MeOH (3 ¥ 4.5MeOH): Com-
pound A (0.5 g, 1.9 mmol) was dissolved in MeOH (3.0 mL) at room
temperature, and the solution allowed to stand at room temperature.
Crystals of 3 begin to form after 0.5 h. Complex 3was collected by filtration
after 2 days and washed with cold MeOH. The crystals very easily lose the
solvate of crystallisation. Yield for 3 : 32.8%, 0.14 g.


[Co4(�3-OH)2(O2CCMe3)6(EtOH)6] ¥ 2EtOH (4 ¥ 2EtOH): Complex A
(0.5 g, 1.9 mmol) was dissolved in EtOH (10.0 mL) at 35 ± 40 �C, and the
solution allowed to stand at 5 �C. Crystals of 4 began to form after 1 h.
Complex 4 was collected by filtration after 2 days and washed with cold
EtOH. Yield: 25.2%, 0.15 g.


[Co4(�3-OH)2(O2CCMe3)6(nPrOH)6] ¥ 2PrOH (5 ¥ 2PrOH): Complex A
(0.5 g, 1.9 mmol) was dissolved in nPrOH (3.0 mL) at 35 ± 40 �C, and the
solution was cooled to 5 �C. Pink crystals of 5 were collected by filtration
after 2 days and washed with cold nPrOH. The crystals very easily lose the
solvate of crystallisation and the% yield is calculated excluding lattice
solvent. Yield: 20.3%, 0.12 g.


[Co3(�3-O)(O2CCMe3)6(py)3] ¥O2CCMe3 ¥H2O ¥ 3.5HO2CCMe3 (6 ¥O2CC-
Me3 ¥H2O ¥ 3.5HO2CCMe3): Complex 1 (4.0 g, 4.2 mmol) was dissolved in
pyridine (2.0 g, 25.3 mmol) and pivalic acid (20.0 g, 195.8 mmol) at 80 �C.
Air was passed through the solution during 7 h, which changed colour from
pink to brown and large dark brown crystals of 6 formed. The crystals were
collected by filtration and washed with CCl4. Yield: 40.0%, 1.70 g.


[Co4(�3-OH)2(O2CCMe3)9(HO2CCMe3)] ¥MeCN (7 ¥MeCN): Complex 1
(4.0 g, 4.2 mmol) was dissolved in pivalic acid (20.0 g, 195.8 mmol) and
MeCN (75 mL) at 60� C. Air was passed through the solution during 72 h,
which changed colour from violet to green brown; brown crystals of 7
suitable for X-ray study are deposited during this time. The solution was
allowed to cool to room temperature and a product, B, was collected by
filtration after 1 day and washed with CH3CN until the washings became
green. Yield: 1.1 g. A pure sample of 7 could not be obtained.


[Co5(�3-OH)2(�-OEt)2(O2CCMe3)8(HO2CCMe3)(EtOH)3] ¥HO2CCMe3
(8 ¥HO2CCMe3): Complex A (0.5 g, 1.9 mmol) was dissolved in EtOH
(10.0 mL) at 35 ± 40 �C, and the solution allowed to stand at room
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temperature in a flask for 2 years, during which time the solution changed
colour from violet to green and green crystals suitable for X-ray study were
formed. Yield: 18.3%, 0.11 g.


[Co5(�3-OH)2(�-OEt)2(O2CCMe3)8(EtOH)4] ¥ 2EtOH (9 ¥ 2EtOH): Com-
plex 10 (1.00 g, 0.62 mmol) was dissolved in ethanol (10 mL) at room
temperature and the solution allowed to stand at room temperature for


three days and then left to stand at �30�. Green crystals of 9 formed in
5 days, and were collected by filtration after 2 weeks and washed with cold
EtOH. The crystals very easily lose the solvate of crystallisation. Yield
calculated for 9 : 19.7%, 0.22 g.


[Co6(�4-O)2(O2CCMe3)10(EtOAc)2] ¥ 0.5EtOAc (10 ¥ 0.5EtOAc): Complex
B (1.00 g, 0.84 mmol) was dissolved in ethyl acetate (30 mL) at room


Table 5. Experimental data for the X-ray studies of 1 ± 15.


1 2 3 4 5


formula C40H78Cl8Co2O17 C40H68Co2N2O13 C28H64Co4O16 ¥ 4.5CH4O C42H92Co4O20 ¥ 2C2H6O C48H104Co4O20 ¥
2C3H8O


M 948.9 902.8 1036.7 1245.0 1357.2
crystal system monoclinic monoclinic orthorhombic monoclinic triclinic
space group P21/n C2/c Pbca P21/n P1≈


a [ä] 12.149(4) 24.715(2) 16.019(3) 12.745(6) 12.470(2)
b [ä] 20.027(7) 19.5088(19) 15.450(3) 13.920(7) 13.126(2)
c [ä] 23.097(8) 9.8201(10) 42.279(8) 18.571(9) 13.793(2)
� [�] 90 90 90 90 115.79(1)
� [�] 103.410(7) 96.725(2) 90 92.540(10) 114.01(1)
� [�] 90 90 90 90 93.39(1)
V [ä3] 5466(3) 4702.2(8) 10463(3) 3291(3) 1778.7(5)
T [K] 220.0(2) 150.0(2) 150.0(2) 220.0(2) 120.0(2)
Z 4 4[c] 8 2[d] 1[d]


�calcd [g�1 cm�3] 1.153 1.275 1.316 1.256 1.267
shape and colour pink block red block pink lath pink block pink rhomb
size [mm] 0.40� 0.18� 0.08 0.32� 0.14� 0.14 0.42� 0.15� 0.06 0.23� 0.21� 0.19 0.45� 0.25� 0.15
� [mm�1] 0.665 0.764 1.310 1.054 0.981
unique data 11138 4786 13139 6681 9979
absorption correction Sadabs7 Sadabs7 Sadabs7 Sadabs7 none
transmission max/min 0.928/0.783 1.000/0.753 0.928/0.621 0.928/0.655
unique data [Fo� 4�(Fo)] 8308 4037 8546 5167 7999
parameters/restraints 754/2400 394/0 532/30 365/77 426/0
R1/wR2[a] 0.0454/0.1420 0.0262/0.0659 0.0477/0.1433 0.0807/0.2623 0.0352/0.0980
weighting scheme[b] [w�1] �2(F 2


o� � (0.0873P)2 �2(F 2
o � � (0.0450P)2 �2(F 2


o� � (0.0780P)2 �
0.1307P


�2(F 2
o� � (0.0854P)2 �


20.0045P
�2(F 2


o� � (0.0618P)2


goodness of fit 1.077 0.946 1.063 1.169 1.026
largest residuals [eä�3] � 0.470/� 0.492 � 0.356/� 0.242 � 0.662/� 0.519 � 1.118/� 0.618 � 0.994/� 0.389


6 7 8 9 10


formula 2C45H69Co3N3O13 ¥H5O2 ¥
2C5H9O2 ¥ 7C5H10O2


C50H92Co4O22 ¥ 0.5C5H12 C55H112Co5O25 ¥C5H10O2 C52H108Co5O24 ¥ 2C2H6O C58H106Co6O26 ¥
0.5C4H8O2


M 3026.8 1317.0 1570.2 1504.2 1617.1
crystal system orthorhombic monoclinic monoclinic monoclinic tetragonal
space group Pca21 P21/n P21/c P21/c P4≈n2
a [ä] 25.392(8) 15.670(4) 15.709(4) 17.205(4) 22.295(5)
b [ä] 25.853(8) 18.882(5) 18.629(5) 15.612(4) � a
c [ä] 24.736(8) 23.575(6) 28.307(8) 29.818(7) 15.127(3)
� [�] 90 90 90 90 90
� [�] 90 98.83(1) 103.23(1) 99.45(1) 90
� [�] 90 90 90 90 90
V [ä3] 16238(9) 6893(3) 8064(4) 7901(3) 7519(3)
T [K] 120.0(2) 120.0(2) 120.0(2) 120.0(2) 120.0(2)
Z 4 4 4 4 4[c]


�calcd [g�1 cm�3] 1.238 1.269 1.293 1.265 1.428
shape and colour green-black block black block green block green plate purple prism
size [mm] 0.26� 0.28� 0.30 0.60� 0.30� 0.20 0.23� 0.20� 0.10 0.37� 0.36� 0.08 0.50� 0.18� 0.15
� [mm�1] 0.674 1.011 1.076 1.094 1.367
unique data 28597 12148 21388 20957 10917
absorption correction Sadabs7 integration Sadabs7 integration integration
transmission max/min 0.858/0.828 0.823/0.582 0.900/0.821 0.916/0.726 0.836/0.598
unique data [Fo� 4�(Fo)] 24142 9927 12765 15815 9481
parameters/restraints 1717/1 744/37 862/60 903/13 464/2
R1/wR2[a] 0.0671/0.1976 0.0609/0.2050 0.0534/0.1337 0.0475/0.1237 0.0307/0.0721
weighting scheme[b] [w�1] �2(F 2


o� � (0.1000P)2 �
5.07P


�2(F 2
o � � (0.0871P)2 �


2.203P
�2(F 2


o� � (0.0409P)2 �
11.8653P


�2(F 2
o� � (0.0493P)2 �


0.9666P
�2(F 2


o� � (0.0445P)2


goodness of fit 1.364 1.661 1.029 1.310 0.985
largest residuals [eä�3] � 1.257/� 0.845 � 1.192/� 1.188 � 0.791/� 0.657 � 0.897/� 0.714 � 0.597/� 0.270


[a] R1 based on observed data, wR2 on all unique data. [b] P� 1³3[max(F 2
o, 0) � 2Fc]. [c] The molecule lies on a twofold axis. [d] The molecules lies on an


inversion centre. [e] There are two molecules in the asymmetric unit.
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temperature and the solution allowed to stand at room temperature.
Crystals of 10 formed the next day, which were collected after 3 days, and
washed with EtOAc. Yield (calculated from 1 used to make B): 22.8%,
0.47 g.


[Co6(�4-O)2(O2CCMe3)10(HO2CCMe3)4] ¥ 0.25EtOAc (11 ¥ 0.25EtOAc):
Complex 1 (3.0 g, 3.2 mmol) was dissolved in MeCN (150 mL). A 0.68
wt% solution of H2O2 in water (2.998 g) was dissolved in MeCN (10 mL)
and added to the reaction mixture. The solution changed colour from
purple to green within a few seconds. After about an hour a small amount
of green precipitate was observed to form. This was filtered off and the
acetonitrile solution allowed to evaporate to dryness at room temperature.
The residue was dissolved in ethyl acetate (50 mL) and left to stand. After
five days dark brown/orange crystals of 11 were collected. Yield: 31.4%,
0.60 g.


[(C4H9)4N][Co6O4(O2CCMe3)9(H2O)2] ¥ 2HO2CCMe3H (12): Complex 1
(2.05 g, 2.0 mmol) was dissolved in MeCN (80 mL) and treated with a
solution of tetrabutylammonium permanganate (0.26 g) in MeCN (20 mL).
A very dark green solution was obtained which was stirred for three hours
and then allowed to evaporate to dryness overnight to give a green gel. The
gel was extracted withMeNO2 to give a green solution and a brown residue.
The green solution was cooled to �18 �C for eight days after which large
green hexagonal crystals of 12 were obtained. Yield: 13.0%, 0.15 g. Electro
spray MS showed the molecular ion less water at 1325.


[Co7(�4-O)3(�3-O)(O2CCMe3)9(HO2CCMe3)(H2O)3(MeCN)2] ¥ [Co6(�4-
O)2(�3-O)2(O2CCMe3)9(H2O)2] ¥ 3Me3CCO2H ¥ 2H2O (13 ¥ 14 ¥ 3Me3CCO2-
H ¥ 2H2O): Complex 1 (0.60 g 0.63 mmol) was dissolved in acetonitrile
(50 mL). 30 wt% hydrogen peroxide solution in water (0.5 mL) was added.
The solution changed colour from purple to green within a few seconds.
After about an hour a small amount of green precipitate was observed to
form and was removed by filtration. Slow evaporation of the filtrate over
several days gave dark brown/orange crystals of 13 ¥ 14 which were
collected. Yield: 74%, 0.22 g.


[Co14O4(OH)12(O2CCMe3)14(HO2CCMe3)2(H2O)6(MeCN)2] (15): Com-
plex 1 (0.52 g, 0.55 mmol) was dissolved in acetonitrile (25 mL) and
treated with tert-butylperoxide (1 mL of a 70% aqueous solution,


6.7 mmol). The solution turned from blue to green and a precipitate
formed. The precipitate was collected by filtration and dissolved in a 1:1
mixture of MeCN and Et2O. The solution was allowed to evaporate and
after several days small green needles were formed suitable for X-ray study.
Yield: 8.0%, 0.02 g.


[Co14O4(OH)12(O2CCMe3)14(H2O)8(HO2CCMe3)3] (16): Complex 1
(0.52 g, 0.55 mmol) was dissolved in MeCN (50 mL) and potassium
dichromate (0.036 g, 0.12 mmol) was added as a solid. The solution
gradually turned a deep purple colour and after three days most of the
potassium dichromate had dissolved and the solution was brown. On
standing for 21 days small dark crystals were obtained. The crystals proved
to be twinned, but of sufficient quality to allow the connectivity of the cage
to be established. Refinement was not completed due to the poor quality of
the data, compared with the better data obtained for the analogous
structure 14. Yield: 30.8%, 0.07 g.


Crystallography : Crystal data and data collection and refinement param-
eters for compounds 1 ± 15 are given in Table 5, selected bond lengths and
angles are given in Tables 6 ± 18.


Data collection and processing : Data were collected with a Bruker Smart
APEX CCD area detector equipped with an Oxford Cryosystems low-
temperature device,[18] using MoK� radiation: � ±� scans for 1, 2 and 4 ; �
scans for all other structures. Data were corrected for Lorentz and
polarisation factors. Absorption corrections were applied to all data, except
that for 5.


Structure analysis and refinement : Structures 2 and 5 ± 15 were solved by
direct methods using SHELXS-97;[19] structures 1 and 4 were solved by
heavy atom methods using DIRDIF;[20] the structure of 3 was solved from
the isostructural Ni complex.[21] All structures were completed by iterative
cycles of �F syntheses and full-matrix least-squares refinement. All non-
hydrogen atoms were refined anisotropically in all structures except for: all
part-weight C atoms in 6, 7 and 10 ; C atoms with 0.25 occupancy in 8 and
with 0.15 and 0.5 occupancy in 9 ; atoms of disordered solvent molecules in
6, 10 and 11. All hydrogen atoms were located in difference maps, and
freely refined in 2. In all other structures difference Fourier syntheses were
employed in positioning idealised methyl-hydrogen atoms, which were


Table 5. (cont.)


11 12 13 ¥ 14 15


formula C70H130Co6O30 ¥
0.25C4H8O2


C16H36N ¥C45H85Co6O24 ¥
2C5H10O2 ¥ 3CH3NO2


C54H103Co7N2O27 ¥C45H85Co6O24 ¥
2.5C5H10O2 ¥ 3.5C2H3N ¥ 2.5H2O


C84H154Co14N2O54 ¥
2C2H3N ¥ 4H2O


M 1827.4 1866.3 3432.7 3035.3
crystal system triclinic triclinic triclinic monoclinic
space group P1≈ P1≈ P1≈ P21/n
a [ä] 15.653(3) 14.988(4) 15.971(3) 14.0661(19)
b [ä] 22.664(5) 15.958(5) 21.979(4) 25.130(4)
c [ä] 28.887(6) 22.907(6) 24.837(5) 19.809(7)
� [�] 109.19(1) 77.626(9) 76.37(1) 90
� [�] 104.60(1) 89.268(7) 79.89(1) 104.712(2)
� [�] 94.55(1) 74.794(6) 84.91(1) 90
V [ä3] 9217(3) 5159(3) 8331(3) 6772(2)
T [K] 120.0(2) 100.0(2) 120.0(2) 100(2)
Z 4[e] 2 2 2[c]


�calcd [g�1 cm�3] 1.317 1.201 1.368 1.489
shape and colour bronze plate dark green lath dark green trapezoid black prisms
size [mm] 0.34� 0.20� 0.07 0.30� 0.20� 0.10 0.40� 0.10� 0.05 0.55� 0.30� 0.25
� [mm�1] 1.126 1.310 1.336 1.749
unique data 48085 17807 38282 13639
absorption correction integration semiempirical integration Sadabs7


transmission max/min 0.917/0.748 0.906/0.751 0.940/0.618 0.669/0.446
unique data [Fo� 4�(Fo)] 33125 12827 25256 10879
parameters/restraints 1964/30 945/459 1851/93 769/0
R1/wR2[a] 0.0556/0.1412 0.0785/0.2347 0.0596/0.1858 0.0586/0.1633
weighting scheme[b] [w�1] �2(F 2


o � �
(0.0439P)2 � 2.08P


�2(F 2
o� � (0.161P)2 �2(F 2


o� � (0.0800P)2 �2(F 2
o� � (0.0960P)2 � 8.399P


goodness of fit 1.283 1.024 1.198 1.052
largest residuals [eä�3] � 1.206/� 0.747 � 1.750/� 1.120 � 1.315/� 0.655 � 1.776/� 1.030


[a] R1 based on observed data, wR2 on all unique data. [b] P� 1³3[max(F 2
o, 0) � 2Fc]. [c] The molecule lies on a twofold axis. [d] The molecules lies on an


inversion centre. [e] There are two molecules in the asymmetric unit.
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Table 6. Bond lengths [ä] and angles [�] for 1 and 2.


1 2


Co1�O1E 2.0567(15) Co1�O1A2 2.0233(9)
Co1�O1D 2.0613(15) Co1�1A1#1 2.0256(9)
Co1�O12 2.0800(14) Co1�O1B2 2.1147(9)
Co1�O1C 2.0962(15) Co1�N11 2.1327(12)
Co1�O1B 2.0992(16) Co1�O1H 2.1596(8)
Co1�O1A 2.1274(15) Co1�O1C2 2.1898(9)
Co2�O2D 2.0376(15)
Co2�O2E 2.0598(16)
Co2�O1F 2.0873(15)
Co2�O12 2.0983(16)
Co2�O1G 2.1113(17)
Co2�O1H 2.1330(16)
O1E-Co1-O1D 93.20(6) O1A2-Co1-O1A1#1 93.82(4)
O1E-Co1-O12 98.09(6) O1A2-Co1-O1B2 176.34(4)
O1D-Co1-O12 91.34(6) O1A1#1-Co1-O1B2 87.36(4)
O1E-Co1-O1C 87.40(6) O1A2-Co1-N11 88.34(4)
O1D-Co1-O1C 177.99(6) O1A1#1-Co1-N11 168.57(4)
O12-Co1-O1C 90.47(6) O1B2-Co1-N11 89.83(4)
O1E-Co1-O1B 86.90(6) O1A2-Co1-O1H 94.79(3)
O1D-Co1-O1B 89.18(6) O1A1#1-Co1-O1H 94.69(4)
O12-Co1-O1B 174.94(6) O1B2-Co1-O1H 88.56(3)
O1C-Co1-O1B 88.94(6) N11-Co1-O1H 96.31(4)
O1E-Co1-O1A 173.56(6) O1A2-Co1-O1C2 89.01(4)
O1D-Co1-O1A 87.82(6) O1A1#1-Co1-O1C2 83.44(4)
O12-Co1-O1A 88.24(6) O1B2-Co1-O1C2 87.68(4)
O1C-Co1-O1A 91.37(6) N11-Co1-O1C2 85.38(4)
O1B-Co1-O1A 86.75(7) O1H-Co1-O1C2 175.87(3)
O2D-Co2-O2E 95.84(7) Co1-O1H-Co1#1 108.44(6)
O2D-Co2-O1F 90.99(7)
O2E-Co2-O1F 172.05(6)
O2D-Co2-O12 95.46(5)
O2E-Co2-O12 91.72(6)
O1F-Co2-O12 91.67(6)
O2D-Co2-O1G 91.49(6)
O2E-Co2-O1G 86.73(6)
O1F-Co2-O1G 89.04(6)
O12-Co2-O1G 173.00(6)
O2D-Co2-O1H 175.05(6)
O2E-Co2-O1H 87.85(7)
O1F-Co2-O1H 85.11(6)
O12-Co2-O1H 87.71(6)
O1G-Co2-O1H 85.41(6)
Co1-O12-Co2 110.23(6)


Table 7. Bond lengths [ä] and angles [�] for 3.


Co1�O1B 2.0454(18) Co3�O1D 2.0664(19)
Co1�O123 2.0711(17) Co3�O123 2.0751(18)
Co1�O124 2.0727(17) Co3�O31 2.100(2)
Co1�O134 2.0889(18) Co3�O134 2.1000(18)
Co1�O1A 2.1532(19) Co3�O234 2.1020(17)
Co1�O2A 2.1767(19) Co3�O32 2.1177(19)
Co2�O2B 2.0305(18) Co4�O2D 2.0585(18)
Co2�O234 2.0543(18) Co4�O124 2.0647(18)
Co2�O123 2.1010(17) Co4�O41 2.075(2)
Co2�O124 2.1033(17) Co4�O134 2.0816(18)
Co2�O1C 2.1556(18) Co4�O234 2.1168(17)
Co2�O2C 2.1889(19) Co4�O42 2.1555(19)
O1B-Co1-O123 93.52(7) O1D-Co3-O123 169.35(7)
O1B-Co1-O124 94.04(7) O1D-Co3-O31 90.68(7)
O123-Co1-O124 89.67(7) O123-Co3-O31 96.12(7)
O1B-Co1-O134 170.76(7) O1D-Co3-O134 93.91(7)
O123-Co1-O134 79.85(7) O123-Co3-O134 79.51(7)
O124-Co1-O134 79.60(7) O31-Co3-O134 175.26(7)
O1B-Co1-O1A 90.76(7) O1D-Co3-O234 91.75(7)
O123-Co1-O1A 103.66(7) O123-Co3-O234 79.66(7)


Table 7 (cont.)


O124-Co1-O1A 165.54(7) O31-Co3-O234 93.81(8)
O134-Co1-O1A 97.03(7) O134-Co3-O234 87.22(7)
O1B-Co1-O2A 90.82(7) O1D-Co3-O32 90.86(7)
O123-Co1-O2A 163.40(7) O123-Co3-O32 97.80(7)
O124-Co1-O2A 106.01(7) O31-Co3-O32 85.68(8)
O134-Co1-O2A 97.34(7) O134-Co3-O32 93.07(8)
O1A-Co1-O2A 60.23(8) O234-Co3-O32 177.34(7)
O2B-Co2-O234 171.26(7) O2D-Co4-O124 169.88(7)
O2B-Co2-O123 93.94(7) O2D-Co4-O41 90.94(8)
O234-Co2-O123 80.15(7) O124-Co4-O41 95.26(7)
O2B-Co2-O124 93.42(7) O2D-Co4-O134 93.95(7)
O234-Co2-O124 80.03(7) O124-Co4-O134 79.95(7)
O123-Co2-O124 88.05(7) O41-Co4-O134 175.10(8)
O2B-Co2-O1C 90.11(7) O2D-Co4-O234 92.26(7)
O234-Co2-O1C 97.49(7) O124-Co4-O234 79.48(7)
O123-Co2-O1C 103.38(7) O41-Co4-O234 92.86(8)
O124-Co2-O1C 167.79(7) O134-Co4-O234 87.31(7)
O2B-Co2-O2C 91.13(7) O2D-Co4-O42 89.60(7)
O234-Co2-O2C 96.40(7) O124-Co4-O42 98.76(7)
O123-Co2-O2C 162.65(7) O41-Co4-O42 86.18(8)
O124-Co2-O2C 108.22(7) O134-Co4-O42 93.49(8)
O1C-Co2-O2C 59.98(7) O234-Co4-O42 177.92(7)


Table 8. Bond lengths [ä] and angles [�] for 4 and 5.


4 5


Co1�O4 2.0341(14) Co1�O4 2.0325(11)
Co1�O1 2.0447(13) Co1�O1 2.0663(10)
Co1�O2 2.0932(14) Co1�O8 2.0944(11)
Co1�O6 2.1298(15) Co1�O1 2.1069(11)
Co1�O8 2.1426(15) Co1�O2 2.1124(11)
Co1�O7 2.2656(13) Co1�O9 2.1608(11)
Co2�O5 2.0287(13) Co2�O1 2.0370(10)
Co2�O1 2.0772(13) Co2�O5 2.0381(11)
Co2�O3 2.1083(14) Co2�O3 2.1012(11)
Co2�O1#1 2.1109(13) Co2�O10 2.1147(12)
Co2�O10 2.1157(13) Co2�O6 2.1703(10)
Co2�O9 2.1709(15) Co2�O7 2.1847(11)
O4-Co1-O1 105.94(5) O4-Co1-O1 98.62(4)
O4-Co1-O2 92.27(6) O4-Co1-O8 91.35(5)
O1-Co1-O2 93.01(5) O1-Co1-O8 169.19(4)
O4-Co1-O6 161.29(5) O4-Co1-O1 177.65(4)
O1-Co1-O6 92.77(5) O1-Co1-O1 82.17(4)
O2-Co1-O6 86.75(5) O8-Co1-O1 87.71(4)
O4-Co1-O8 90.98(6) O4-Co1-O2 87.49(5)
O1-Co1-O8 87.63(5) O1-Co1-O2 98.26(4)
O2-Co1-O8 176.38(5) O8-Co1-O2 86.29(4)
O6-Co1-O8 89.66(6) O1-Co1-O2 94.59(4)
O4-Co1-O7 101.94(5) O4-Co1-O9 86.93(5)
O1-Co1-O7 151.51(5) O1-Co1-O9 87.12(4)
O2-Co1-O7 91.60(5) O8-Co1-O9 89.26(5)
O6-Co1-O7 59.44(5) O1-Co1-O9 90.91(4)
O8-Co1-O7 86.17(5) O2-Co1-O9 172.78(4)
O5-Co2-O1 97.41(6) O1-Co2-O5 102.90(4)
O5-Co2-O3 91.12(5) O1-Co2-O3 91.44(4)
O1-Co2-O3 97.66(5) O5-Co2-O3 92.94(4)
O5-Co2-O1#1 177.89(5) O1-Co2-O10 90.03(4)
O1-Co2-O1#1 81.63(5) O5-Co2-O10 90.16(5)
O3-Co2-O1#1 90.88(5) O3-Co2-O10 176.20(4)
O5-Co2-O10 89.33(6) O1-Co2-O6 155.58(4)
O1-Co2-O10 169.99(5) O5-Co2-O6 101.52(4)
O3-Co2-O10 89.56(5) O3-Co2-O6 87.81(4)
O1#1-Co2-O10 91.38(5) O10-Co2-O6 89.41(4)
O5-Co2-O9 87.12(5) O1-Co2-O7 95.49(4)
O1-Co2-O9 88.10(5) O5-Co2-O7 161.57(4)
O3-Co2-O9 174.15(5) O3-Co2-O7 85.27(4)
O1#1-Co2-O9 90.96(5) O10-Co2-O7 91.10(4)
O10-Co2-O9 84.84(5) O6-Co2-O7 60.12(4)
Co1-O1-Co2 107.51(6) Co2-O1-Co1 109.01(5)
Co1-O1-Co2#1 129.60(6) Co2-O1-Co1 128.95(5)
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assigned isotropic thermal parameters (U(H)� 1.5 Ueq(C) in 1, 3, 4, 12 and
15) or a common isotropic thermal parameter (in 5 ± 11 and 13.14), and
allowed to ride on their parent C atoms (C�H 0.93 ä). OH atoms were
located and refined in 1, 4, 5 and 6.


Some or all of the pivalate groups in each of 5 ± 15 show rotational disorder.
Details of the disorder, and modelling strategies used are given in the
supplementary crystallographic data deposited at CCDC (see below). In 7
two pivalate ligands are disordered between two positions in a 3:1 ratio; for
one of these pivalates the coordination mode is different in the two
positions–bidentate for the major component and monodentate for the
minor (see Results section for full discussion). For 11 the first of two
hexanuclear clusters in the asymmetric unit (i.e., Co1 ±Co6) is super-
imposed on its mirror image in a ratio of 93.6:6.4. Of the minor component
only Co1�, Co2�, Co5� and Co6� could be located; they were refined
isotropically. For 13 ¥ 14 one carboxylate group was disordered over two
orientations, and there was a large amount of disordered solvent in the
lattice. All refinements were against F 2 and used SHELXL-97.[19]


Table 9. Bond lengths [ä] and angles [�] for 6.


Co1�O01 1.861(4) Co2�O11A 1.911(7)
Co1�O1A 1.900(8) Co2�O9A 1.933(7)
Co1�O12A 1.918(7) Co2�N2 2.004(5)
Co1�O10A 1.935(7) Co3�O01 1.866(4)
Co1�O3A 1.957(9) Co3�O4A 1.884(9)
Co1�N1 2.001(5) Co3�O2A 1.893(8)
Co2�O01 1.835(4) Co3�O6A 1.917(9)
Co2�O5A 1.897(9) Co3�O7A 1.920(8)
Co2�O8A 1.904(9) Co3�N3 2.003(4)
O01-Co1-O1A 92.7(3) O8A-Co2-O9A 160.0(4)
O01-Co1-O12A 95.4(2) O11A-Co2-O9A 93.5(4)
O1A-Co1-O12A 159.6(4) O01-Co2-N2 179.5(2)
O01-Co1-O10A 92.0(2) O5A-Co2-N2 84.6(3)
O1A-Co1-O10A 69.1(4) O8A-Co2-N2 86.9(3)
O12A-Co1-O10A 91.9(4) O11A-Co2-N2 84.8(3)
O01-Co1-O3A 95.6(3) O9A-Co2-N2 84.3(2)
O1A-Co1-O3A 92.9(4) O01-Co3-O4A 94.3(3)
O12A-Co1-O3A 104.9(4) O01-Co3-O2A 95.7(3)
O10A-Co1-O3A 160.8(4) O4A-Co3-O2A 93.3(4)
O01-Co1-N1 179.6(2) O01-Co3-O6A 93.3(3)
O1A-Co1-N1 87.0(3) O4A-Co3-O6A 172.3(4)
O12A-Co1-N1 84.9(2) O2A-Co3-O6A 86.9(4)
O10A-Co1-N1 87.7(3) O01-Co3-O7A 96.4(3)
O3A-Co1-N1 84.7(3) O4A-Co3-O7A 88.1(4)
O01-Co2-O5A 95.7(3) O2A-Co3-O7A 167.7(4)
O01-Co2-O8A 92.7(3) O6A-Co3-O7A 90.1(4)
O5A-Co2-O8A 93.8(5) O01-Co3-N3 178.91(18)
O01-Co2-O11A 94.8(2) O4A-Co3-N3 86.5(3)
O5A-Co2-O11A 159.2(4) O2A-Co3-N3 83.4(3)
O8A-Co2-O11A 67.8(4) O6A-Co3-N3 86.0(3)
O01-Co2-O9A 96.0(2) O7A-Co3-N3 84.5(3)
O5A-Co2-O9A 103.2(4) Co2-O01-Co1 120.79(19)
Co1-O01-Co3 118.93(19) Co2-O01-Co3 120.24(19)


Table 10. Bond lengths [ä] and angles [�] for 7.


Co1�O02 1.803(3) Co2�O02 1.802(3)
Co1�O9 1.888(3) Co2�O13 1.893(3)
Co1�O1 1.897(3) Co2�O11 1.893(3)
Co1�O01 1.904(3) Co2�O2 1.908(3)
Co1�O3 1.917(3) Co2�O01 1.908(3)
Co1�O7 1.918(3) Co2�O5A 1.936(4)
Co3�O6A 1.879(4) Co4�O02 1.797(3)
Co3�O15A 1.887(3) Co4�O10 1.901(3)
Co3�O4 1.908(3) Co4�O12 1.901(3)
Co3�O16A 1.922(4) Co4�O14 1.903(3)
Co3�O01 1.942(3) Co4�O8 1.922(3)
Co3�O17A 1.964(4) Co4�O19A 2.015(6)
O02-Co1-O9 98.03(13) O02-Co2-O13 92.38(13)
O02-Co1-O1 88.78(13) O02-Co2-O11 97.79(13)
O9-Co1-O1 172.98(13) O13-Co2-O11 90.23(15)
O02-Co1-O01 82.73(12) O02-Co2-O2 87.19(13)
O9-Co1-O01 91.12(12) O13-Co2-O2 87.27(14)
O1-Co1-O01 91.43(11) O11-Co2-O2 174.52(13)
O02-Co1-O3 176.33(12) O02-Co2-O01 82.66(12)
O9-Co1-O3 85.63(12) O13-Co2-O01 174.94(13)
O1-Co1-O3 87.58(13) O11-Co2-O01 89.46(13)
O01-Co1-O3 96.89(12) O2-Co2-O01 93.46(12)
O02-Co1-O7 91.01(12) O02-Co2-O5A 173.23(18)
O9-Co1-O7 90.75(12) O13-Co2-O5A 89.29(16)
O1-Co1-O7 87.42(12) O11-Co2-O5A 88.76(18)
O01-Co1-O7 173.66(12) O2-Co2-O5A 86.34(17)
O3-Co1-O7 89.29(12) O01-Co2-O5A 95.75(15)
O6A-Co3-O15A 92.73(15) O02-Co4-O10 100.22(12)
O6A-Co3-O4 173.85(15) O02-Co4-O12 99.99(13)
O15A-Co3-O4 87.77(15) O10-Co4-O12 88.52(14)
O6A-Co3-O16A 88.44(16) O02-Co4-O14 87.49(14)
O15A-Co3-O16A 68.64(15) O10-Co4-O14 172.20(15)
O4-Co3-O16A 86.04(14) O12-Co4-O14 88.94(15)


Table 10 (cont.)


O6A-Co3-O01 89.69(14) O02-Co4-O8 86.73(13)
O15A-Co3-O01 107.38(13) O10-Co4-O8 88.22(13)
O4-Co3-O01 96.01(12) O12-Co4-O8 172.96(14)
O16A-Co3-O01 175.50(14) O14-Co4-O8 93.47(14)
O6A-Co3-O17A 88.63(18) O02-Co4-O19A 178.1(2)
O15A-Co3-O17A 162.14(16) O10-Co4-O19A 81.4(2)
O4-Co3-O17A 89.03(18) O12-Co4-O19A 81.01(19)
O16A-Co3-O17A 93.62(17) O14-Co4-O19A 90.9(2)
O01-Co3-O17A 90.43(15) O8-Co4-O19A 92.33(19)
Co1-O01-Co2 92.50(11) Co4-O02-Co2 123.30(16)
Co1-O01-Co3 125.00(14) Co4-O02-Co1 123.43(15)
Co2-O01-Co3 122.66(14) Co2-O02-Co1 99.64(13)


Table 11. Bond lengths [ä] for 8 and 9.


8 9


Co1�O10 2.050(3) Co1�O7 2.030(2)
Co1�O5 2.066(3) Co1�O3 2.066(2)
Co1�O8 2.066(3) Co1�O5 2.0751(19)
Co1�O3 2.090(3) Co1�O1 2.0773(17)
Co1�O1 2.107(3) Co1�O19 2.106(2)
Co1�O7 2.115(3) Co1�O20 2.165(2)
Co2�O12 1.885(2) Co2�O6 1.8968(18)
Co2�O9 1.899(3) Co2�O22 1.8979(17)
Co2�O6 1.902(2) Co2�O4 1.9013(18)
Co2�O10 1.905(2) Co2�O1 1.9048(18)
Co2�O14 1.918(2) Co2�O9 1.9097(18)
Co2�O11 1.923(2) Co2�O21 1.9268(17)
Co3�O17 2.017(3) Co3�O8 2.0217(18)
Co3�O4 2.034(3) Co3�O11 2.0357(19)
Co3�O13 2.080(3) Co3�O1 2.0993(17)
Co3�O10 2.097(3) Co3�O2 2.1296(18)
Co3�O16 2.221(3) Co3�O23 2.178(2)
Co3�O11 2.235(2) Co3�O21 2.2455(18)
Co4�O13 1.887(2) Co4�O2 1.8944(19)
Co4�O21 1.892(3) Co4�O15 1.8974(18)
Co4�O12 1.894(2) Co4�O13 1.9005(18)
Co4�O19 1.902(3) Co4�O22 1.9011(17)
Co4�O15 1.924(2) Co4�O21 1.9309(17)
Co4�O11 1.937(2) Co4�O10 1.9319(18)
Co5�O18 2.037(3) Co5�O16 2.035(2)
Co5�O13 2.043(3) Co5�O14 2.074(2)
Co5�O25 2.059(3) Co5�O2 2.0860(18)
Co5�O22 2.076(3) Co5�O17 2.0893(19)
Co5�O20 2.076(3) Co5�O24 2.097(2)
Co5�O23 2.251(3) Co5�O12 2.129(3)
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Table 12. Selected bond angles [�] for 8 and 9.
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O10-Co1-O5 97.08(10) O7-Co1-O3 177.60(9)
O10-Co1-O8 83.99(11) O7-Co1-O5 92.35(9)
O5-Co1-O8 90.71(11) O3-Co1-O5 90.04(9)
O10-Co1-O3 97.95(11) O7-Co1-O1 95.02(8)
O5-Co1-O3 87.19(11) O3-Co1-O1 84.94(8)
O8-Co1-O3 177.29(12) O5-Co1-O1 94.83(7)
O10-Co1-O1 170.68(11) O7-Co1-O19 90.61(9)
O5-Co1-O1 88.41(11) O3-Co1-O19 89.30(9)
O8-Co1-O1 88.43(11) O5-Co1-O19 88.16(8)
O3-Co1-O1 89.80(11) O1-Co1-O19 173.50(8)
O10-Co1-O7 86.38(11) O7-Co1-O20 88.45(9)
O5-Co1-O7 175.11(11) O3-Co1-O20 89.15(8)
O8-Co1-O7 93.10(12) O5-Co1-O20 173.40(8)
O3-Co1-O7 88.91(12) O1-Co1-O20 91.63(8)
O1-Co1-O7 88.62(12) O19-Co1-O20 85.27(9)
O12-Co2-O9 93.14(11) O6-Co2-O22 174.68(8)
O12-Co2-O6 175.38(11) O6-Co2-O4 90.50(8)
O9-Co2-O6 90.85(11) O22-Co2-O4 94.13(8)
O12-Co2-O10 85.39(11) O6-Co2-O1 97.18(8)
O9-Co2-O10 97.44(11) O22-Co2-O1 84.85(8)
O6-Co2-O10 96.41(11) O4-Co2-O1 97.15(8)
O12-Co2-O14 90.22(10) O6-Co2-O9 86.60(8)
O9-Co2-O14 86.97(11) O22-Co2-O9 91.18(8)
O6-Co2-O14 87.67(10) O4-Co2-O9 85.27(8)
O10-Co2-O14 173.92(11) O1-Co2-O9 175.48(7)
O12-Co2-O11 85.05(10) O6-Co2-O21 91.44(7)
O9-Co2-O11 177.20(11) O22-Co2-O21 83.78(7)
O6-Co2-O11 90.87(10) O4-Co2-O21 176.08(8)
O10-Co2-O11 84.55(10) O1-Co2-O21 85.98(7)
O14-Co2-O11 90.90(10) O9-Co2-O21 91.45(7)
O12-Co2-Co4 42.50(7) O8-Co3-O11 86.10(7)
O9-Co2-Co4 133.89(8) O8-Co3-O1 88.79(7)
O6-Co2-Co4 133.03(8) O11-Co3-O1 174.79(7)
O10-Co2-Co4 91.53(8) O8-Co3-O2 173.91(7)
O14-Co2-Co4 82.39(7) O11-Co3-O2 92.39(7)
O11-Co2-Co4 43.87(7) O1-Co3-O2 92.59(7)
O17-Co3-O4 88.69(11) O8-Co3-O23 100.69(8)
O17-Co3-O13 93.10(11) O11-Co3-O23 91.20(8)
O4-Co3-O13 177.87(11) O1-Co3-O23 90.73(7)
O17-Co3-O10 176.29(11) O2-Co3-O23 85.23(7)
O4-Co3-O10 89.76(10) O8-Co3-O21 102.81(7)
O13-Co3-O10 88.39(10) O11-Co3-O21 106.32(7)
O17-Co3-O16 92.70(11) O1-Co3-O21 73.85(6)
O4-Co3-O16 91.05(11) O2-Co3-O21 71.94(6)
O13-Co3-O16 90.01(10) O23-Co3-O21 151.44(7)
O10-Co3-O16 90.70(10) O2-Co4-O15 96.50(8)
O17-Co3-O11 104.31(10) O2-Co4-O13 97.49(8)
O4-Co3-O11 105.18(9) O15-Co4-O13 92.05(8)
O13-Co3-O11 73.27(9) O2-Co4-O22 86.77(8)
O10-Co3-O11 72.86(9) O15-Co4-O22 91.31(8)
O16-Co3-O11 156.52(10) O13-Co4-O22 174.24(8)
O13-Co4-O21 96.44(11) O2-Co4-O21 84.47(7)
O13-Co4-O12 86.07(11) O15-Co4-O21 174.75(7)
O21-Co4-O12 174.90(11) O13-Co4-O21 92.93(7)
O13-Co4-O19 97.42(11) O22-Co4-O21 83.58(7)
O21-Co4-O19 91.40(11) O2-Co4-O10 175.50(7)
O12-Co4-O19 92.67(11) O15-Co4-O10 86.77(8)
O13-Co4-O15 174.19(11) O13-Co4-O10 85.45(8)
O21-Co4-O15 86.88(11) O22-Co4-O10 90.08(8)
O12-Co4-O15 90.26(10) O21-Co4-O10 91.99(7)
O19-Co4-O15 87.25(10) O16-Co5-O14 88.86(11)
O13-Co4-O11 84.78(10) O16-Co5-O2 90.77(8)
O21-Co4-O11 91.38(10) O14-Co5-O2 91.74(8)
O12-Co4-O11 84.42(10) O16-Co5-O17 92.73(10)
O19-Co4-O11 176.24(11) O14-Co5-O17 173.50(8)
O15-Co4-O11 90.37(10) O2-Co5-O17 81.94(7)
O18-Co5-O13 95.74(11) O16-Co5-O24 88.77(10)
O18-Co5-O25 89.09(12) O14-Co5-O24 93.96(10)


Table 12 (cont.)
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O13-Co5-O25 170.52(12) O2-Co5-O24 174.27(9)
O18-Co5-O22 93.39(13) O17-Co5-O24 92.38(9)
O13-Co5-O22 94.98(11) O16-Co5-O12 177.95(10)
O25-Co5-O22 92.86(12) O14-Co5-O12 91.24(10)
O18-Co5-O20 177.42(11) O2-Co5-O12 91.27(8)
O13-Co5-O20 85.48(11) O17-Co5-O12 87.39(9)
O25-Co5-O20 89.38(12) O24-Co5-O12 89.18(10)
O22-Co5-O20 88.77(12)
O18-Co5-O23 86.10(11)
O13-Co5-O23 85.40(10)
O25-Co5-O23 86.80(11)
O22-Co5-O23 179.39(11)
O20-Co5-O23 91.74(11)
Co2-O10-Co1 115.50(12)
Co2-O10-Co3 104.06(12)
Co1-O10-Co3 124.37(12)
Co2-O11-Co4 92.66(10)
Co2-O11-Co3 98.53(10)
Co4-O11-Co3 97.39(9)
Co2-O12-Co4 95.25(11)
Co4-O13-Co5 118.53(13)
Co4-O13-Co3 104.55(11)
Co5-O13-Co3 120.99(12)


Table 13. Bond lengths [ä] and angles [�] for 10.


Co1�O1 2.0165(14) Co3�O1 1.8665(13)
Co1�O13 2.0403(14) Co3�O1 1.8845(13)
Co1�O7 2.0451(15) Co3�O10 1.9189(14)
Co1�O4 2.0709(15) Co3�O12 1.9223(14)
Co1�O2 2.1569(15) Co3�O6 1.9283(14)
Co1�O6 2.3222(14) Co3�O9 1.9311(14)
Co2�O1 1.9432(14) Co2�O5 1.9796(14)
Co2�O5 1.9796(14) Co2�O8 1.9805(14)
O1-Co1-O13 96.67(5) O1-Co3-O1 83.80(6)
O1-Co1-O7 95.00(5) O1-Co3-O10 97.62(6)
O13-Co1-O7 166.53(6) O1-Co3-O10 88.87(6)
O1-Co1-O4 97.88(5) O1-Co3-O12 97.17(6)
O13-Co1-O4 88.47(6) O1-Co3-O12 174.32(6)
O7-Co1-O4 96.59(6) O10-Co3-O12 85.46(6)
O1-Co1-O2 173.32(6) O1-Co3-O6 85.42(6)
O13-Co1-O2 84.04(6) O1-Co3-O6 96.84(6)
O7-Co1-O2 83.60(6) O10-Co3-O6 173.81(6)
O4-Co1-O2 88.77(6) O12-Co3-O6 88.82(6)
O1-Co1-O6 72.40(5) O1-Co3-O9 173.51(6)
O13-Co1-O6 82.01(5) O1-Co3-O9 94.74(6)
O7-Co1-O6 95.17(5) O10-Co3-O9 88.66(6)
O4-Co1-O6 165.37(5) O12-Co3-O9 84.90(6)
O2-Co1-O6 101.18(5) O6-Co3-O9 88.48(6)
O1-Co2-O5 111.65(6) Co3-O1-Co3 96.01(6)
O1-Co2-O8 104.77(6) Co3-O1-Co2 119.42(7)
O5-Co2-O8 96.37(6) Co3-O1-Co2 105.73(6)
O1-Co2-O11 103.73(6) Co3-O1-Co1 103.12(6)
O5-Co2-O11 102.65(6) Co3-O1-Co1 123.52(7)
O8-Co2-O11 136.63(6) Co2-O1-Co1 109.48(6)
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Table 14. Bond lengths [ä] and angles [�] for 11.


Co1�O1 2.020(2) Co4�O2 1.884(2)
Co1�O1C 2.034(2) Co4�O1 1.884(2)
Co1�O1A 2.048(2) Co4�O1I 1.924(2)
Co1�O1B 2.075(2) Co4�O1G 1.932(2)
Co1�O1K 2.180(3) Co4�O2F 1.935(2)
Co1�O1D 2.267(2) Co4�O2C 1.937(2)
Co2�O1F 2.013(2) Co5�O2 2.029(2)
Co2�O1 2.031(2) Co5�O2D 2.054(3)
Co2�O1E 2.045(2) Co5�O2I 2.058(3)
Co2�O2A 2.106(2) Co5�O1J 2.079(2)
Co2�O1L 2.182(3) Co5�O1M 2.166(3)
Co2�O1G 2.291(2) Co5�O2C 2.254(2)
Co3�O1 1.878(2) Co6�O2 2.003(2)
Co3�O2 1.881(2) Co6�O2G 2.027(3)
Co3�O1H 1.938(2) Co6�O2H 2.045(3)
Co3�O1D 1.942(2) Co6�O2J 2.062(3)
Co3�O2E 1.947(2) Co6�O1N 2.197(3)
Co3�O2B 1.961(2) Co6�O2E 2.410(2)
O1-Co1-O1C 97.09(9) O1-Co4-O2F 96.50(9)
O1-Co1-O1A 100.00(9) O1I-Co4-O2F 83.49(10)
O1C-Co1-O1A 97.54(10) O1G-Co4-O2F 88.78(10)
O1-Co1-O1B 97.13(9) O2-Co4-O2C 86.16(10)
O1C-Co1-O1B 164.46(10) O1-Co4-O2C 98.24(10)
O1A-Co1-O1B 86.12(9) O1I-Co4-O2C 88.84(11)
O1-Co1-O1K 175.32(9) O1G-Co4-O2C 174.22(10)
O1C-Co1-O1K 81.01(10) O2F-Co4-O2C 86.48(10)
O1A-Co1-O1K 84.51(10) O2-Co5-O2D 96.69(10)
O1B-Co1-O1K 84.33(10) O2-Co5-O2I 96.05(10)
O1-Co1-O1D 74.13(9) O2D-Co5-O2I 166.19(11)
O1C-Co1-O1D 95.15(9) O2-Co5-O1J 99.90(10)
O1A-Co1-O1D 166.61(9) O2D-Co5-O1J 94.63(11)
O1B-Co1-O1D 82.77(9) O2I-Co5-O1J 88.38(10)
O1K-Co1-O1D 101.72(9) O2-Co5-O1M 173.53(10)
O1F-Co2-O1 96.84(9) O2D-Co5-O1M 82.26(12)
O1F-Co2-O1E 164.28(10) O2I-Co5-O1M 84.48(12)
O1-Co2-O1E 97.01(9) O1J-Co5-O1M 86.56(11)
O1F-Co2-O2A 88.89(10) O2-Co5-O2C 74.88(8)
O1-Co2-O2A 97.48(9) O2D-Co5-O2C 93.95(10)
O1E-Co2-O2A 96.64(9) O2I-Co5-O2C 84.27(9)
O1F-Co2-O1L 84.70(10) O1J-Co5-O2C 170.44(10)
O1-Co2-O1L 175.55(9) O1M-Co5-O2C 98.78(10)
O1E-Co2-O1L 80.95(9) O2-Co6-O2G 96.93(10)
O2A-Co2-O1L 86.71(9) O2-Co6-O2H 97.64(10)
O1F-Co2-O1G 84.78(9) O2G-Co6-O2H 159.60(12)
O1-Co2-O1G 73.45(9) O2-Co6-O2J 100.78(10)
O1E-Co2-O1G 92.08(9) O2G-Co6-O2J 102.77(11)
O2A-Co2-O1G 168.17(9) O2H-Co6-O2J 88.44(10)
O1L-Co2-O1G 102.60(9) O2-Co6-O1N 175.68(11)
O1-Co3-O2 83.88(9) O2G-Co6-O1N 79.18(11)
O1-Co3-O1H 173.32(10) O2H-Co6-O1N 85.69(12)
O2-Co3-O1H 96.77(9) O2J-Co6-O1N 82.01(11)
O1-Co3-O1D 85.40(9) O2-Co6-O2E 72.37(8)
O2-Co3-O1D 98.69(10) O2G-Co6-O2E 90.79(9)
O1H-Co3-O1D 87.92(10) O2H-Co6-O2E 80.13(9)
O1-Co3-O2E 99.35(9) O2J-Co6-O2E 165.59(10)
O2-Co3-O2E 86.58(10) O1N-Co6-O2E 105.64(10)
O1H-Co3-O2E 87.34(10) Co3-O1-Co4 96.29(9)
O1D-Co3-O2E 173.30(10) Co3-O1-Co1 101.66(10)
O1-Co3-O2B 95.68(9) Co4-O1-Co1 120.68(11)
O2-Co3-O2B 172.66(10) Co3-O1-Co2 120.19(10)
O1H-Co3-O2B 84.51(9) Co4-O1-Co2 101.33(10)
O1D-Co3-O2B 88.57(10) Co1-O1-Co2 116.13(10)
O2E-Co3-O2B 86.27(10) Co3-O1-Co1� 121.5(2)
O2-Co4-O1 83.63(9) Co3-O2-Co4 96.18(10)
O2-Co4-O1I 97.30(10) Co3-O2-Co6 104.35(10)
O1-Co4-O1I 172.92(10) Co4-O2-Co6 120.19(12)
O2-Co4-O1G 98.63(10) Co3-O2-Co5 120.97(12)
O1-Co4-O1G 85.57(10) Co4-O2-Co5 100.10(9)
O1I-Co4-O1G 87.35(10) Co6-O2-Co5 114.63(10)


Table 15. Bond lengths [ä] and angles [�] for 12.


Co1�O7 1.844(3) Co3�O14 1.930(3)
Co1�O5 1.873(4) Co4�O5 1.857(3)
Co1�O1 1.907(4) Co4�O20 1.873(3)
Co1�O6 1.911(3) Co4�O6 1.905(3)
Co1�O3 1.929(4) Co4�O16 1.915(3)
Co1�O8 1.945(3) Co4�O10 1.919(3)
Co2�O5 1.850(3) Co4�O18 1.940(4)
Co2�O7 1.861(3) Co5�O15 1.952(3)
Co2�O20 1.902(3) Co5�O6 1.956(3)
Co2�O2 1.927(3) Co5�O17 1.969(4)
Co2�O9 1.936(4) Co5�O22 2.017(5)
Co2�O11 1.937(3) Co5�O21 2.391(6)
Co3�O7 1.865(3) Co6�O20 1.926(3)
Co3�O6 1.877(3) Co6�O23 1.947(4)
Co3�O20 1.912(3) Co6�O19 1.952(4)
Co3�O4 1.912(3) Co6�O13 1.959(4)
Co3�O12 1.922(3)
O7-Co1-O5 85.78(15) O20-Co4-O6 82.89(14)
O7-Co1-O1 88.02(15) O5-Co4-O16 91.11(15)
O5-Co1-O1 90.90(15) O20-Co4-O16 177.18(14)
O7-Co1-O6 86.39(13) O6-Co4-O16 97.42(15)
O5-Co1-O6 80.44(14) O5-Co4-O10 91.65(15)
O1-Co1-O6 170.01(15) O20-Co4-O10 90.11(14)
O7-Co1-O3 89.75(15) O6-Co4-O10 170.14(15)
O5-Co1-O3 172.51(13) O16-Co4-O10 89.23(15)
O1-Co1-O3 94.96(16) O5-Co4-O18 177.46(15)
O6-Co1-O3 93.29(14) O20-Co4-O18 95.25(14)
O7-Co1-O8 177.58(16) O6-Co4-O18 97.06(15)
O5-Co1-O8 95.80(15) O16-Co4-O18 87.50(15)
O1-Co1-O8 90.12(16) O10-Co4-O18 90.47(15)
O6-Co1-O8 95.67(15) O15-Co5-O6 101.33(13)
O3-Co1-O8 88.86(15) O15-Co5-O17 122.66(18)
O5-Co2-O7 85.96(15) O6-Co5-O17 101.85(15)
O5-Co2-O20 85.52(13) O15-Co5-O22 130.56(19)
O7-Co2-O20 80.85(14) O6-Co5-O22 100.87(18)
O5-Co2-O2 89.24(16) O17-Co5-O22 94.8(2)
O7-Co2-O2 89.61(15) O15-Co5-O21 90.94(16)
O20-Co2-O2 169.40(14) O6-Co5-O21 158.53(19)
O5-Co2-O9 90.11(15) O17-Co5-O21 85.8(2)
O7-Co2-O9 172.14(15) O22-Co5-O21 58.2(2)
O20-Co2-O9 92.08(14) O20-Co6-O23 129.97(16)
O2-Co2-O9 97.14(15) O20-Co6-O19 102.36(14)
O5-Co2-O11 179.09(14) O23-Co6-O19 100.99(17)
O7-Co2-O11 94.43(14) O20-Co6-O13 103.75(14)
O20-Co2-O11 95.35(14) O23-Co6-O13 103.71(16)
O2-Co2-O11 89.94(16) O19-Co6-O13 117.26(15)
O9-Co2-O11 89.60(15) Co2-O5-Co4 94.11(14)
O7-Co3-O6 86.81(14) Co2-O5-Co1 93.17(16)
O7-Co3-O20 80.48(14) Co4-O5-Co1 100.81(15)
O6-Co3-O20 82.60(14) Co3-O6-Co4 97.03(14)
O7-Co3-O4 91.87(14) Co3-O6-Co1 90.92(15)
O6-Co3-O4 90.18(14) Co4-O6-Co1 97.74(14)
O20-Co3-O4 169.73(13) Co3-O6-Co5 122.07(16)
O7-Co3-O12 90.97(14) Co4-O6-Co5 113.81(18)
O6-Co3-O12 177.36(15) Co1-O6-Co5 128.56(17)
O20-Co3-O12 98.44(14) Co1-O7-Co2 93.77(15)
O4-Co3-O12 88.47(14) Co1-O7-Co3 93.42(15)
O7-Co3-O14 177.30(14) Co2-O7-Co3 100.90(16)
O6-Co3-O14 95.24(14) Co4-O20-Co2 91.96(13)
O20-Co3-O14 98.01(14) Co4-O20-Co3 96.95(14)
O4-Co3-O14 89.89(14) Co2-O20-Co3 97.76(15)
O12-Co3-O14 87.03(14) Co4-O20-Co6 122.66(17)
O5-Co4-O20 86.16(14) Co2-O20-Co6 128.32(16)
O5-Co4-O6 81.00(14) Co3-O20-Co6 112.61(15)
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Table 16. Bond lengths [ä] and angles [�] for 13.


Co7�O29 1.872(3) Co10�O30 1.908(3)
Co7�O28 1.881(3) Co10�O45 1.919(3)
Co7�O30 1.886(3) Co10�O43 1.937(3)
Co7�O36 1.929(3) Co10�O48 1.951(3)
Co7�O32 1.937(3) Co11�O33 1.992(3)
Co7�O34 1.945(3) Co11�O47 1.996(3)
Co8�O31 1.807(3) Co11�O28 2.018(3)
Co8�O28 1.909(3) Co11�O7 2.035(3)
Co8�O29 1.913(3) Co11�N1 2.166(4)
Co8�O42 1.921(3) Co12�O41 1.982(3)
Co8�O38 1.923(3) Co12�O29 1.989(3)
Co8�O40 1.934(3) Co12�O35 2.032(3)
Co9�O31 1.803(3) Co12�O8 2.067(3)
Co9�O28 1.904(3) Co12�O50 2.162(3)
Co9�O30 1.907(3) Co13�O37 1.977(3)
Co9�O39 1.929(3) Co13�O49 1.979(3)
Co9�O44 1.935(3) Co13�O30 2.019(3)
Co9�O46 1.936(3) Co13�O9 2.040(3)
Co10�O31 1.801(3) Co13�N2 2.214(4)
Co10�O29 1.905(3)
O29-Co7-O28 84.63(12) O29-Co10-O48 97.83(12)
O29-Co7-O30 84.35(12) O30-Co10-O48 100.13(12)
O28-Co7-O30 83.89(11) O45-Co10-O48 91.35(12)
O29-Co7-O36 173.84(12) O43-Co10-O48 88.17(13)
O28-Co7-O36 89.93(12) O33-Co11-O47 148.19(14)
O30-Co7-O36 97.98(12) O33-Co11-O28 96.42(12)
O29-Co7-O32 88.28(12) O47-Co11-O28 95.84(12)
O28-Co7-O32 98.21(12) O33-Co11-O7 98.28(13)
O30-Co7-O32 172.12(13) O47-Co11-O7 110.22(14)
O36-Co7-O32 89.63(12) O28-Co11-O7 93.13(12)
O29-Co7-O34 96.00(13) O33-Co11-N1 83.66(15)
O28-Co7-O34 173.03(12) O47-Co11-N1 82.00(15)
O30-Co7-O34 89.25(12) O28-Co11-N1 175.69(14)
O36-Co7-O34 89.74(13) O7-Co11-N1 91.12(15)
O32-Co7-O34 88.76(12) O41-Co12-O29 99.05(12)
O31-Co8-O28 85.09(12) O41-Co12-O35 149.51(13)
O31-Co8-O29 84.56(11) O29-Co12-O35 98.04(11)
O28-Co8-O29 82.74(12) O41-Co12-O8 111.40(14)
O31-Co8-O42 87.29(13) O29-Co12-O8 91.13(12)
O28-Co8-O42 170.33(12) O35-Co12-O8 93.27(13)
O29-Co8-O42 90.63(12) O41-Co12-O50 79.54(13)
O31-Co8-O38 86.38(12) O29-Co12-O50 175.31(14)
O28-Co8-O38 92.62(12) O35-Co12-O50 85.18(13)
O29-Co8-O38 170.14(12) O8-Co12-O50 85.26(14)
O42-Co8-O38 92.83(12) O37-Co13-O49 147.12(14)
O31-Co8-O40 173.23(13) O37-Co13-O30 97.30(12)
O28-Co8-O40 94.90(12) O49-Co13-O30 95.39(12)
O29-Co8-O40 102.17(12) O37-Co13-O9 98.74(15)
O42-Co8-O40 93.37(13) O49-Co13-O9 110.33(15)
O38-Co8-O40 86.86(12) O30-Co13-O9 94.59(12)
O31-Co9-O28 85.37(12) O37-Co13-N2 82.61(15)
O31-Co9-O30 84.93(12) O49-Co13-N2 82.78(15)
O28-Co9-O30 82.68(11) O30-Co13-N2 176.18(14)
O31-Co9-O39 86.77(13) O9-Co13-N2 89.19(15)
O28-Co9-O39 91.80(12) Co7-O28-Co9 96.79(12)
O30-Co9-O39 170.37(13) Co7-O28-Co8 96.10(13)
O31-Co9-O44 86.18(13) Co9-O28-Co8 90.82(11)
O28-Co9-O44 170.21(13) Co7-O28-Co11 110.41(13)
O30-Co9-O44 91.64(12) Co9-O28-Co11 121.67(14)
O39-Co9-O44 92.67(12) Co8-O28-Co11 133.38(14)
O31-Co9-O46 173.75(13) Co7-O29-Co10 96.55(12)
O28-Co9-O46 100.82(13) Co7-O29-Co8 96.26(13)
O30-Co9-O46 96.58(13) Co10-O29-Co8 91.26(11)
O39-Co9-O46 92.19(13) Co7-O29-Co12 108.66(13)
O44-Co9-O46 87.71(13) Co10-O29-Co12 137.25(15)
O31-Co10-O29 84.95(12) Co8-O29-Co12 118.58(13)
O31-Co10-O30 84.97(12) Co7-O30-Co10 96.02(12)
O29-Co10-O30 82.85(12) Co7-O30-Co9 96.50(12)
O31-Co10-O45 86.16(12) Co10-O30-Co9 91.02(12)
O29-Co10-O45 170.37(12) Co7-O30-Co13 111.69(13)


Table 16 (cont.)


O30-Co10-O45 92.71(12) Co10-O30-Co13 121.63(14)
O31-Co10-O43 86.99(13) Co9-O30-Co13 132.29(15)
O29-Co10-O43 90.20(12) Co10-O31-Co9 98.05(13)
O30-Co10-O43 169.79(12) Co10-O31-Co8 98.28(13)
O45-Co10-O43 93.02(13) Co9-O31-Co8 97.53(13)
O31-Co10-O48 174.44(13)


Table 17. Bond lengths [ä] and angles [�] for 14.


Co1�O3 1.854(3) Co3�O20 1.919(3)
Co1�O4 1.874(3) Co3�O18 1.920(3)
Co1�O1 1.891(3) Co4�O4 1.847(3)
Co1�O5 1.906(3) Co4�O3 1.875(3)
Co1�O12 1.929(3) Co4�O2 1.899(3)
Co1�O10 1.940(3) Co4�O17 1.913(3)
Co2�O3 1.867(3) Co4�O13 1.917(3)
Co2�O1 1.871(3) Co4�O6 1.926(3)
Co2�O11 1.910(3) Co5�O15 1.940(3)
Co2�O2 1.915(3) Co5�O1 1.940(3)
Co2�O22 1.916(3) Co5�O24 1.942(3)
Co2�O14 1.927(3) Co5�O19 1.949(3)
Co3�O4 1.849(3) Co6�O2 1.932(3)
Co3�O2 1.871(3) Co6�O26 1.945(3)
Co3�O16 1.908(3) Co6�O21 1.952(3)
Co3�O1 1.911(3) Co6�O23 1.955(3)
O3-Co1-O4 86.30(13) O4-Co4-O3 86.49(13)
O3-Co1-O1 85.69(13) O4-Co4-O2 85.92(12)
O4-Co1-O1 81.20(12) O3-Co4-O2 80.56(13)
O3-Co1-O5 178.13(15) O4-Co4-O17 89.54(13)
O4-Co1-O5 94.78(14) O3-Co4-O17 172.28(13)
O1-Co1-O5 95.98(14) O2-Co4-O17 92.57(13)
O3-Co1-O12 89.61(16) O4-Co4-O13 87.36(14)
O4-Co1-O12 89.41(14) O3-Co4-O13 92.48(15)
O1-Co1-O12 169.74(15) O2-Co4-O13 170.60(15)
O5-Co1-O12 88.88(16) O17-Co4-O13 93.95(15)
O3-Co1-O10 89.30(15) O4-Co4-O6 177.25(14)
O4-Co1-O10 172.13(13) O3-Co4-O6 93.49(15)
O1-Co1-O10 91.98(13) O2-Co4-O6 96.79(13)
O5-Co1-O10 89.81(15) O17-Co4-O6 90.80(14)
O12-Co1-O10 97.08(15) O13-Co4-O6 89.89(15)
O3-Co2-O1 85.88(13) O15-Co5-O1 101.09(12)
O3-Co2-O11 91.02(14) O15-Co5-O24 101.53(13)
O1-Co2-O11 89.97(14) O1-Co5-O24 125.56(15)
O3-Co2-O2 80.35(13) O15-Co5-O19 121.78(14)
O1-Co2-O2 82.89(12) O1-Co5-O19 103.43(12)
O11-Co2-O2 169.14(13) O24-Co5-O19 105.28(15)
O3-Co2-O22 90.99(14) O2-Co6-O26 128.27(14)
O1-Co2-O22 176.82(14) O2-Co6-O21 101.91(12)
O11-Co2-O22 89.54(15) O26-Co6-O21 102.37(14)
O2-Co2-O22 97.15(13) O2-Co6-O23 103.19(14)
O3-Co2-O14 177.72(14) O26-Co6-O23 104.29(15)
O1-Co2-O14 95.65(12) O21-Co6-O23 118.18(14)
O11-Co2-O14 90.67(13) Co2-O1-Co1 92.50(13)
O2-Co2-O14 98.14(12) Co2-O1-Co3 96.77(13)
O22-Co2-O14 87.49(13) Co1-O1-Co3 97.34(12)
O4-Co3-O2 86.68(12) Co2-O1-Co5 123.19(14)
O4-Co3-O16 90.95(13) Co1-O1-Co5 128.20(15)
O2-Co3-O16 89.91(12) Co3-O1-Co5 112.15(14)
O4-Co3-O1 81.32(12) Co3-O2-Co4 91.48(12)
O2-Co3-O1 82.99(12) Co3-O2-Co2 96.67(13)
O16-Co3-O1 169.76(13) Co4-O2-Co2 98.23(13)
O4-Co3-O20 176.83(12) Co3-O2-Co6 122.06(14)
O2-Co3-O20 95.54(12) Co4-O2-Co6 128.60(15)
O16-Co3-O20 91.32(12) Co2-O2-Co6 113.16(14)
O1-Co3-O20 96.68(12) Co1-O3-Co2 93.87(14)
O4-Co3-O18 90.35(13) Co1-O3-Co4 92.82(14)
O2-Co3-O18 176.42(12) Co2-O3-Co4 100.84(15)
O16-Co3-O18 88.14(12) Co4-O4-Co3 93.88(13)
O1-Co3-O18 98.54(12) Co4-O4-Co1 93.04(13)
O20-Co3-O18 87.51(12) Co3-O4-Co1 100.14(13)
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CCDC-206549 ± 206562 contain the supplementary crystallographic data
for the structures reported in this paper. The structure of 4 has been
recollected at 120 K since this paper was originally submitted. The
refinement is improved but does not alter conclusions reached above. This
re-determination has the code CCDC 211456. All crystallographic data can
be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (�44)1223-336033; or e-mail : deposit@
ccdc.cam.ac.uk).


Physical measurements : FTIR spectra were collected on a Perkin ±Elmer
Spectrum RXI spectrometer. Electronic ionization mass spectrometry was
performed with a Hewlet ± Packard 5890 Series II gas chromatograph
coupled to a Fisons Instruments VG TRIO spectrometer. 300 MHz
1H NMR spectra were measured on a Varian Unity Inova 300 instrument.
Elemental analysis was performed in house with a Carlo Erba Instruments
CHNS-O EA-1108 elemental analyzer.
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Table 18. Bond lengths [ä] and angles [�] for 15.


Co1�O1 1.866(3) Co4�O15 2.103(3)
Co1�O2 1.887(3) Co4�N1 2.123(4)
Co1�O5 1.900(3) Co4�O3 2.256(3)
Co1�O6 1.905(3) Co5�O21a 2.004(3)
Co1�O4 1.919(3) Co5�O17 2.028(3)
Co1�O3 1.926(3) Co5�O8 2.055(3)
Co2�O1 1.875(3) Co5�O19 2.057(3)
Co2�O2 1.895(3) Co5�O2 2.155(3)
Co2�O9 1.918(3) Co5�O5 2.357(3)
Co2�O7 1.918(3) Co6�O21 1.998(3)
Co2�O8 1.922(3) Co6�O12 2.027(3)
Co2�O11 1.959(3) Co6�O16a 2.035(3)
Co3�O1 1.867(3) Co6�O22 2.121(3)
Co3�O12 1.901(3) Co6�O4a 2.141(3)
Co3�O8 1.906(3) Co6�O5a 2.285(3)
Co3�O5a 1.906(3) Co7�O21 2.034(3)
Co3�O5 1.930(3) Co7�O18a 2.081(3)
Co3�O3a 1.938(3) Co7�O23 2.097(3)
Co4�O13 1.982(3) Co7�O27 2.098(3)
Co4�O12a 2.090(3) Co7�O20a 2.119(3)
Co4�O4 2.092(3) Co7�O25 2.168(3)
O1-Co1-O2 85.87(12) O8-Co5-O2 73.57(11)
O1-Co1-O5 84.83(12) O19-Co5-O2 162.38(11)
O2-Co1-O5 87.81(12) O21a-Co5-O5 85.44(10)
O1-Co1-O6 90.49(12) O17-Co5-O5 160.81(11)
O2-Co1-O6 90.50(12) O8-Co5-O5 77.31(10)
O5-Co1-O6 175.12(12) O19-Co5-O5 96.38(10)
O1-Co1-O4 173.48(12) O2-Co5-O5 71.02(10)
O2-Co1-O4 92.87(12) O21-Co6-O12 165.63(11)
O5-Co1-O4 88.73(12) O21-Co6-O16a 97.68(12)
O6-Co1-O4 95.92(12) O12-Co6-O16a 96.07(11)
O1-Co1-O3 96.85(12) O21-Co6-O22 94.13(11)
O2-Co1-O3 171.99(12) O12-Co6-O22 87.79(11)
O5-Co1-O3 84.93(12) O16a-Co6-O22 99.18(12)
O6-Co1-O3 97.00(12) O21-Co6-O4a 93.09(11)
O4-Co1-O3 83.58(12) O12-Co6-O4a 81.59(11)
O1-Co2-O2 85.38(12) O16a-Co6-O4a 94.74(11)
O1-Co2-O9 88.31(12) O22-Co6-O4a 163.31(11)
O2-Co2-O9 172.61(13) O21-Co6-O5a 87.53(11)
O1-Co2-O7 90.96(12) O12-Co6-O5a 78.18(10)
O2-Co2-O7 90.13(12) O16a-Co6-O5a 168.01(11)
O9-Co2-O7 93.82(13) O22-Co6-O5a 91.17(11)
O1-Co2-O8 83.55(12) O4a-Co6-O5a 74.12(10)
O2-Co2-O8 82.71(12) O21-Co7-O18a 96.88(11)
O9-Co2-O8 92.77(12) O21-Co7-O23 177.75(12)
O7-Co2-O8 171.28(12) O18a-Co7-O23 85.34(12)
O1-Co2-O11 172.87(13) O21-Co7-O27 90.96(11)
O2-Co2-O11 88.22(13) O18a-Co7-O27 172.15(12)
O9-Co2-O11 97.85(13) O23-Co7-O27 86.82(12)
O7-Co2-O11 92.20(13) O21-Co7-O20a 91.83(11)
O8-Co2-O11 92.54(13) O18a-Co7-O20a 91.30(12)
O1-Co3-O12 93.86(12) O23-Co7-O20a 88.47(12)
O1-Co3-O8 84.17(12) O27-Co7-O20a 88.11(12)
O12-Co3-O8 91.14(12) O21-Co7-O25 90.57(11)
O1-Co3-O5a 94.63(12) O18a-Co7-O25 87.12(13)
O12-Co3-O5a 91.45(11) O23-Co7-O25 89.18(12)
O8-Co3-O5a 177.22(12) O27-Co7-O25 93.16(13)
O1-Co3-O5 83.94(12) O20a-Co7-O25 177.26(11)
O12-Co3-O5 175.74(11) Co1-O1-Co3 97.22(12)
O8-Co3-O5 92.27(12) Co1-O1-Co2 93.94(12)
O5-Co3-O5a 85.10(12) Co3-O1-Co2 97.48(12)
O1-Co3-O3a 178.34(12) Co1-O2-Co2 92.62(13)
O12-Co3-O3a 84.80(11) Co1-O2-Co5 104.24(13)
O8-Co3-O3a 96.82(12) Co2-O2-Co5 99.71(12)
O5a-Co3-O3a 84.43(11) Co1-O3-Co3a 94.28(12)
O5-Co3-O3a 97.33(12) Co1-O3-Co4 98.81(12)
O13-Co4-O12a 99.51(12) Co3a-O3-Co4 97.39(11)
O13-Co4-O4 177.84(13) Co1-O4-Co4 104.96(12)
O12a-Co4-O4 81.32(11) Co1-O4-Co6a 100.60(12)
O13-Co4-O15 96.02(13) Co4-O4-Co6a 92.50(11)


Table 18 (cont.)


O12a-Co4-O15 93.37(11) Co1-O5-Co3a 96.16(12)
O4-Co4-O15 85.90(11) Co1-O5-Co3 93.98(12)
O13-Co4-N1 84.25(14) Co3a-O5-Co3 94.90(12)
O12a-Co4-N1 168.42(13) Co1-O5-Co6a 96.28(11)
O4-Co4-N1 94.55(12) Co3a-O5-Co6a 90.30(11)
O15-Co4-N1 97.13(13) Co3-O5-Co6a 167.94(14)
O13-Co4-O3 106.19(13) Co1-O5-Co5 96.64(11)
O12a-Co4-O3 73.00(10) Co3a-O5-Co5 166.54(14)
O4-Co4-O3 72.10(10) Co3-O5-Co5 88.34(10)
O15-Co4-O3 155.43(11) Co6a-O5-Co5 84.20(9)
N1-Co4-O3 95.44(12) Co3-O8-Co2 94.60(12)
O21a-Co5-O17 100.33(12) Co3-O8-Co5 98.52(12)
O21a-Co5-O8 160.26(11) Co2-O8-Co5 102.39(13)
O17-Co5-O8 93.21(11) Co3-O12-Co6 98.81(12)
O21a-Co5-O19 99.47(12) Co3-O12-Co4a 104.49(12)
O17-Co5-O19 100.64(12) Co6-O12-Co4a 95.95(11)
O8-Co5-O19 91.98(11) Co6-O21-Co5a 102.13(13)
O21a-Co5-O2 91.91(11) Co6-O21-Co7 127.31(14)
O17-Co5-O2 90.39(11) Co5a-O21-Co7 109.63(13)
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